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Matrine, a naturally occurring heterocyclic compound, has been shown to enhance the 
pathogenicity of the entomopathogenic fungus Beauveria brongniartii against Spodoptera 
litura. In the current study, the biological impacts and synergism activities of these two 
agents on nutritional efficiency and antioxidant enzymes in S. litura were explored. Our 
results showed a high antifeedant activity of B. brongniartii and matrine on S. litura. The 
S. litura larvae were unable to pupate and emerge when treated with combinations of 
matrine and B. brongniartii. Following on, we measured the activities of five important 
antioxidant enzymes [superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), 
acetylcholinesterase (AChE), and glutathione-S-transferase (GST)] when treated with 
B. brongniartii SB010 (1 × 109 spores/ml), matrine (0.5 mg/ml), and B. brongniartii SB010 
(1 × 109 spores/ml) + matrine (0.5 mg/ml). The results indicated the detoxification activity 
of the five enzymes in the fat body and hemolymph of S. litura when facing a combined 
B. brongniartii and matrine challenge. The activities of the enzymes were significantly 
lower than that of the control group 7 days post-treatment, indicating the inhibitory effect 
of the two xenobiotics. Matrine had better inhibition effects than B. brongniartii in a majority 
of the trials. The improved detoxification activity of the five enzymes may be the internal 
mechanism of synergism of matrine on B. brongniartii.

Keywords: Spodoptera litura, matrine, Beauveria brongniartii, antioxidant enzymes, nutritional efficiency

INTRODUCTION

The tobacco cutworm, Spodoptera litura (Fabricius; Lepidoptera: Noctuidae), is a serious 
polyphagous herbivore, which has caused significant economic damage to cropping systems 
around the world. As a result, over the past decades large quantities of chemical pesticides 
have been applied for the control of S. litura. However, overuse of synthetic pesticides has 
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resulted in reports of adverse effects, such as pesticide resistance 
and pest resurgence, and also the contribution to negative 
impacts on human health and other components of the 
environment (Cuthbertson and Murchie, 2005; Ishtiaq et al., 2012; 
Ahmad and Mehmood, 2015). Due to these reasons, finding 
alternate control methods including the use of natural control 
agents is continuing to play an important role in developing 
management strategies for S. litura (Revathi et  al., 2014).

Entomogenous fungi are important agents for the biological 
control of S. litura (Chaudhari et  al., 2016; Nguyen et  al., 
2017; Yang et  al., 2019). As one of the most common insect 
pathogenic fungal species, fungi belonging to the genus Beauveria 
(Hypocreales: Cordycipitaceae) have shown high insecticidal 
activity against S. litura (Borja et  al., 2018; Dhar et  al., 2019; 
Yang et  al., 2019). Among them, Beauveria brongniartii is one 
of the most effective pathogenic species and has been widely 
used in insect control (Fan et  al., 2013; Liu et  al., 2016). 
Previous studies have shown that B. brongniartii isolate SB010 
has high pathogenic activity against different insect species 
(Huang, 2019; Ou, 2019).

Matrine, a naturally occurring heterocyclic compound, is 
isolated from the roots of Sophora flavescens (Kushen) and 
Sophora alopecuroides (Fabales: Fabaceae; Mao and Henderson, 
2007; Zhang et  al., 2012; Cheng et  al., 2018). Since matrine 
was discovered, its biological activity has received worldwide 
attention. It has been shown that matrine has a wide range 
of biological properties including antitumor activity, antiviral 
activity, and antifungal activity (Li et  al., 2010; Liu et  al., 
2014; Zanardi et  al., 2015). As a well-known traditional 
medicine in China, matrine has also been shown to have 
broad spectrum insecticidal activity, as well as being relatively 
non-toxic to the environment (Huang and Xu, 2016; Ali et al., 
2017). Based on the research of Wu et  al. (2019), matrine 
could significantly increase the pathogenicity of B. brongniartii 
isolate SB010 and as such is considered as a potential control 
agent against S. litura.

Insects are known to cope with threats of both insecticide 
and pathogen through the action of different enzyme systems 
(Terriere, 1984; Roslavtseva et  al., 1993; Serebrov et  al., 2006; 
Dubovskiy et  al., 2012). General esterases (ESTs), glutathione-
S-transferase (GST), and multi-function oxidases (MFOs) are 
most commonly involved in insect defense (Li et  al., 2007). 
MFOs involved in the P450 pathways are involved in 
detoxification of natural and synthetic xenobiotics (Feyereisen, 
2005). GST plays a pivotal role in detoxification and cellular 
antioxidant defenses against oxidative stress by conjugating 
reduced glutathione to the electrophilic centers of natural and 
synthetic exogenous xenobiotics, including insecticides, 
allelochemicals, and endogenously activated compounds (Ortelli 
et  al., 2003; Enayati et  al., 2005; Lumjuan et  al., 2005). ESTs 
play an important role in insect defense through catabolism 
of the esters of higher fatty acids that influence flight as well 
in the degradation of inert metabolic esters (Terriere, 1984; 
Roslavtseva et  al., 1993) and various xenobiotics, including 
insecticides. Changes in the activities of these enzymes are 
reflected in insect resistance to insecticides as well as in 
degradation of toxic molecules produced during M. anisopliae 

infection and, therefore, play a key role in the protection of 
insects against pathogens (Terriere, 1984; Roslavtseva et al., 1993; 
Serebrov et  al., 2006; Dubovskiy et  al., 2012).

Several other insect enzymes [including antioxidant enzymes 
such as superoxide dismutase (SOD), catalase (CAT), and 
peroxidase (POD)] provide defenses against pathogens and 
insecticides (Felton and Summers, 1995). Previous studies 
showed that these enzymes can be  quickly upregulated in 
response to xenobiotic threats and that increase in the activities 
of these enzymes are related to pesticide resistance and 
melanization in insects (Campa-Córdova et  al., 2002; Müller 
et  al., 2007; Gopalakrishnan et  al., 2011; Wu et  al., 2011).  
The phenol oxidase (PO) cascade protects insects from  
microbial infections through its involvement in the melanization 
of hemocytes attached to parasite surfaces (Cerenius and 
Söderhäll, 2004). Increased PO activity can improve immunity 
to xenobiotics and promote wound healing (Liu et  al., 2009). 
Acetylcholinesterase (AChE) is a key enzyme catalyzing the 
hydrolysis of the neurotransmitter acetylcholine (Ach) in the 
nervous system of various organisms (Oehmichen and Besserer, 
1982). AChE is affected by organophosphate and carbamate 
insecticides, botanical insecticides, and secondary fungal 
metabolites (Zibaee et al., 2009). Although previous experiments 
by Wu et al. (2019) showed that the combination of B. brongniartii 
and matrine had a synergistic effect; however, the specific 
antioxidant defense response in S. litura is not clear when 
facing a combined B. brongniartii and matrine challenge.

In this study, the biological impacts of B. brongniartii 
and matrine on nutritional efficiency and detoxification 
enzymes (GST, AChE, SOD, CAT, and POD) in S. litura 
were explored. Our results provide further information in 
support of the combined application of entomopathogenic 
fungi and natural chemicals in the development of S. litura 
control strategies.

MATERIALS AND METHODS

Insects
Larvae of S. litura were reared on a semi-synthetic artificial 
diet prepared following the method of David et  al. (1975) and 
kept under laboratory conditions of 26 ± 2°C, 65 ± 5% relative 
humidity (r.h.), and 16:8  h (light:dark) photoperiod at South 
China Agricultural University (SCAU), Guangzhou, China.

Chemicals and Fungal Preparations
Matrine (95% purity) was obtained from Guangdong New 
Scene Bioengineering Company, Yangjiang, China. Five different 
concentrations of matrine (0.05, 0.125, 0.25, 0.5, and 1.0  mg/
ml) were prepared by dissolving matrine powder in methanol.

Beauveria brongniartii isolate SB010 was used in the trials. 
This isolate was obtained from soil samples taken from the 
experimental farm fields of SCAU and kept in the Key 
Laboratory of Biopesticides Innovation and Application of 
Guangdong Province, SCAU. A fungal spore suspension 
(1  ×  109conidia/ml) was then prepared following the method 
of Ali et  al. (2017).

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Wu et al. Matrine and B. brongniartii Effects Physiology of S. litura

Frontiers in Physiology | www.frontiersin.org 3 November 2020 | Volume 11 | Article 584405

SCHEME OF EXPERIMENTS

The efficacy and nutrition trails were conducted by applying 
nine different individual or combined treatments of B. brongniartii 
and matrine as outlined in Table  1. In case of enzymatic 
studies, four different individual or combined treatments of 
B. brongniartii and matrine as shown in Table  2 were applied 
to study the variations in enzymatic studies.

Nutrition Analysis
Newly molted third instar larvae of S. litura from the same 
batch were used for the nutrition experiment. Individual or 
combined treatments of B. brongniartii and matrine as outlined 
in Table  1 were added during the molten state of artificial 
diet preparation. Artificial diet without the addition of fungal 
conidia or matrine designated as T1  in Table  1 served as 
control. The larvae (10 individuals) were individually placed 
in plastic cups (diameter: 3  cm and height: 4  cm) to feed on 
1  g of pre-treated as well as control diet. The experimental 
setup was incubated at 25  ±  2°C, 80  ±  5% relative humidity, 
and 16:8  h (light:dark) photoperiod. The whole experimental 
setup was repeated thrice, thus each treatment was repeated 
30 times. The larvae and artificial diet were weighed everyday 
by using an electronic balance (precision: 0.0001  g) to record 
the larvae weight gain and food weight loss until 21  days 
post application. The weight of the third instar larvae after 
12  h of molting was used as the starting weight. The pupation 
rate and emergence rate were also recorded.

Nutritional indices were calculated according to Koul et  al. 
(1997, 2004):

Relative growth rate (RGR)  =  (change in the larval dry 
weight per day/starting larval dry weight).

Relative consumption rate (RCR)  =  change in the larval 
diet dry weight per day/starting larval dry weight.

Efficiency of conversion of ingested food (ECI) = 100 × dry 
weight gain of the insect/dry weight of food consumed.

The number of successfully pupated S. litura larvae treated 
with individual or combined treatments of B. brongniartii and 
matrine was recorded after 30  days of treatment. The rate of 
pupation (%) was calculated by following equation.

Percent pupation = (Number of pupated larvae/Total number 
of larvae)  ×  100.

The number of successfully emerged adults from S. litura 
larvae treated with individual or combined treatments of 
B. brongniartii and matrine was recorded after 45 days of treatment. 
The rate of emergence (%) was calculated by following equation.

Percent adult emergence = (Number of adults/Total number 
of pupae)  ×  100.

Enzyme Analysis
Newly molted fourth instar larvae of S. litura were fed on a 
fresh artificial diet treated with a combined matrine and fungal 
conidia suspension as shown in Table  2. For control larvae, 
the worms were fed with artificial diet without the addition 
of fungal conidia or matrine. The treated larvae were placed 
in plastic cups followed by incubation at 26 ± 2°C and 65 ± 5% 
r.h. Following 3, 5, and 7  days, the samples (larvae) were 
collected and dissected to get access to their fat bodies and 
hemolymph. Each treatment consisted of three replicates and 
each replicate consisted of 10 larvae.

Fat body homogenates for enzyme assays were prepared by 
dissolving 0.6  g of fat bodies in 1.0  ml of specific buffers for 
each enzyme [0.05  mol/L Tris-HCL (pH 7.5) for GSTs assay; 
0.02  mol/L PBS (pH 7.0) for AChE assay; 0.05  mol/L PBS 
(pH 7.8) for SOD assay; and 0.15  mol/L PBS (pH 7.0) for 
CAT assay; and 0.2  mol/L PBS (pH  =  6.0) for POD assay] at 
4°C followed by grinding with glass homogenizer on ice bath. 
The homogenates were centrifuged at 11,000  rpm for 10  min 
at 4°C, and the supernatant was taken as an enzyme source.

The hemolymph was sampled with a glass capillary through 
an incision in the cuticle and placed in cooled tubes to which 
4  mg/ml phenylthiourea was added to prevent melanization. 
The hemolymph was centrifuged at 4°C for 10 min at 11,000 rpm, 
and the cell-free plasma fraction was used to determine the 
enzyme activity.

The GSTs were conducted using the procedures developed 
by Habig (1981). Incubation was carried out at 25°C for 5 min 
in 0.1  M Na-phosphate buffer (pH 6.5) containing 1  mM 
glutathione, 1 mM DNCB, and 20 μl of the sample. The reaction 
was initiated by adding DNCB solution in acetone. Concentration 
of 5-(2,4-dinitrophenyl) glutathione produced during the reaction 
was measured spectrophotometrically at the wavelength of 
340  nm. One unit of enzyme will conjugate 10.0  nmol of 
CDNB with reduced glutathione per minute.

AChE activity was assayed by following Ellman et al. (1961) 
with some slight modifications. The reaction mixture contained 
50 μl sample solution, 100 μl 45 μM 5-5-dithiobis-(2-nitrobenzoic 
acid), 100 μl acetylthiocholine iodide, and 90 μl sodium phosphate 
buffer. The change in absorbance at 405  nm was recorded for 

TABLE 1 | Combinations of Beauveria brongniartii and matrine tested during 
nutrition analysis.

Treatment Beauveria brongniartii 
(conidia/ml)

Matrine(mg/L)

T1 0 0
T2 0 0.5
T3 0 1.0
T4 1 × 108 0
T5 1 × 109 0
T6 1 × 108 0.5
T7 1 × 108 1.0
T8 1 × 109 0.5
T9 1 × 109 1.0

TABLE 2 | Different treatments of Beauveria brongniartii and matrine applied 
during enzyme analysis.

Treatment Beauveria brongniartii 
(conidia/ml)

Matrine (mg/L)

T1 0 0
T2 0 0.5
T3 1 × 109 0
T4 1 × 109 0.5
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40  min. One milliunit of AChE activity is the amount of 
enzyme that will generate 1.0  nmol of choline per minute.

SOD activity was measured in cell free extracts by nitro 
blue tetrazolium (NBT) reduction (Beauchamp and Fridovich, 
1971). The assay mixture contained 0.2  ml 0.1M ethylene 
diamine tetraacetic acid (EDTA) containing 0.3  mM sodium 
cyanide (0.2  ml), 0.1  ml 1.5  mM nitroblue tetrazolium (NBT), 
3  ml 0.067M potassium phosphate buffer, pH 7.8, and a series 
of samples ranging from 0.1 to 10  mg protein in different 
tubes. The tubes were placed in a light box providing uniform 
light intensity. The tubes were incubated for 5–8 min to achieve 
a standard temperature. At zero time, 0.05 ml 0.12 mM riboflavin 
was added and all the tubes were incubated for 12  min and 
absorbance was read at 560  nm after 1  min interval. One 
unit of SOD activity was defined as the amount of SOD required 
for inhibition of the reduction of NBT by 50% (A560) and was 
expressed as units per mg protein (U/mg protein).

CAT activity was assayed by the method described by  
Beers and Sizer (1952), in which the decomposition of H2O2 
was analyzed spectrophotometrically at 240  nm. Reagent grade 
water (1.9  ml) and 0.059M hydrogen peroxide (1.0  ml) were 
pipetted into the cuvette. The cuvette was incubated in 
spectrophotometer for 4–5  min to achieve temperature 
equilibration and to establish blank rate if any. After 5  min, 
0.1 ml of sample was added and change in absorbance at 240 nm 
was observed for 2–3  min. Change in absorbance per minute 
was calculated from the initial (45  s) linear portion of curve. 
One unit of CAT activity was defined as the amount of enzyme 
that decomposes 1 mmol H2O2/min at an initial H2O2 concentration 
of 30 mM at pH 7.0 and 25°C and was expressed as U/mg protein.

POD activity assay was performed by following 
Shannon et al. (1966). Briefly, 3.00 ml of reaction mixture having 
2.1 ml H2O, 0.32 ml 14 mM potassium phosphate buffer, 0.16 ml 
0.027% (v/v) hydrogen peroxide, and 0.32 ml 0.5% (w/v) pyrogallol 
was incubated 20°C for 10 min. The 0.1 ml of 14 mM potassium 
phosphate buffer and 0.1  ml of sample was added and followed 
by mixing through inversion. Change in absorbance was measured 
spectrophotometrically at the wavelength of 420  nm. Enzyme 
activity was expressed as U/mg protein.

The protein concentrations in the supernatants were 
determined by following the method of Bradford (1976) using 
bovine serum albumin as standard.

DATA ANALYSIS

Data were subjected to one-way ANOVA and mean values 
were compared using Tukey’s HSD test (p  <  0.05). All data 
analysis was performed using SPSS 19.0 software.

RESULTS

Effect on the Feeding and Food Utilization 
Efficiency of Spodoptera litura
After feeding the S. litura larvae on the treated diets, nutritional 
analysis results showed significant differences in RGRs of S. litura 

in response to individual or combined treatment of B. brongniartii 
and matrine after 7  days (F8,261  =  45.77; p  <  0.01), 15  days 
(F8,261  =  38.04; p  <  0.01), and 21  days (F8,261  =  54.89; p  <  0.01). 
The results of the RGR are shown in Table  3. Individual RGR 
values of S. litura larvae in combined treatments of B. brongniartii 
and matrine were significantly lower than those observed for 
individual treatments of B. brongniartii or matrine at different 
time intervals. The lowest RGR value of 0.05  ±  0.004  g/(g/day) 
was observed for T9 at different time intervals. Highest RGR 
values were observed for T1 (control) having mean values of 
16.17  ±  2.37, 19.26  ±  0.54, and 23.93  ±  0.12  g/(g/day) after 
7, 14 and 21  days of treatment, respectively. The RGR values 
observed for different combined treatments of B. brongniartii 
and matrine (T6–T8) were statistically at par with each other 
after 7, 14 and 21  days of treatment.

The analysis of RCR of S. litura in response to individual 
or combined treatment of B. brongniartii and matrine revealed 
significant differences after 7  days (F8,261  =  39.67; p  <  0.01), 
15  days (F8,261  =  41.23; p  <  0.01), and 21  days (F8,261  =  69.51; 
p  <  0.01) of application as shown in Table  4. Individual RCR 
values of S. litura larvae in combined treatments of B. brongniartii 

TABLE 3 | Effect of Beauveria brongniartii and matrine on relative growth rate 
(RGR) of Spodoptera litura.

Treatment RGR [g/(g/day)]

7 days 14 days 21 days

T1 16.17 ± 2.37a 19.26 ± 0.54a 23.93 ± 0.12a
T2 2.18 ± 0.03c 1.81 ± 0.40c 1.61 ± 0.04d
T3 2.02 ± 0.0005d 1.72 ± 0.03c 1.57 ± 0.05de
T4 8.48 ± 0.65b 7.55 ± 1.65b 5.55 ± 0.33b
T5 7.54 ± 0.16bc 7.07 ± 0.50b 5.23 ± 0.38bc
T6 1.13 ± 0.05c 1.13 ± 0.04c 0.81 ± 0.03e
T7 1.06 ± 0.04c 1.41 ± 0.02c 0.70 ± 0.04e
T8 1.41 ± 0.26c 1.23 ± 0.20c 0.37 ± 0.12e
T9 0.05 ± 0.004d 0.05 ± 0.004d 0.05 ± 0.004f

The data in the table are mean ± standard error. Following Tukey’s test, different 
lowercase letters indicate significant differences between different combinations of 
concentrations at the same time period (p < 0.05).

TABLE 4 | Effect of Beauveria brongniartii and matrine on relative consumption 
rate (RCR) of Spodoptera litura.

Treatment RCR [g/(g/day)]

7 days 14 days 21 days

T1 1.88 ± 0.02a 2.07 ± 0.05a 2.29 ± 0.07a
T2 1.74 ± 0.06a 2.03 ± 0.06a 2.17 ± 0.03a
T3 1.11 ± 0.04b 2.11 ± 0.04a 0.70 ± 0.01c
T4 0.94 ± 0.04bc 1.03 ± 0.03c 1.00 ± 0.04c
T5 1.07 ± 0.04bc 0.63 ± 0.02d 1.55 ± 0.05b
T6 1.03 ± 0.04bc 1.34 ± 0.04b 1.46 ± 0.05b
T7 0.93 ± 0.03bc 1.13 ± 0.05c 1.00 ± 0.02c
T8 0.93 ± 0.03bc 1.03 ± 0.04c 1.00 ± 0.04c
T9 0.82 ± 0.05c 1.00 ± 0.05c 0.69 ± 0.05c

The data in the table are mean ± standard error. Following Tukey’s test, different 
lowercase letters indicate significant differences between different combinations of 
concentrations at the same time period (p < 0.05).
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and matrine were significantly lower than those observed for 
individual treatments of B. brongniartii or matrine at different 
time intervals. The RCR values observed for different combined 
treatments of B. brongniartii and matrine (T7–T9) were 
statistically at par with each other after 7, 14, and 21  days 
of treatment. The lowest RCR values (0.82 ± 0.05, 1.00 ± 0.05, 
and 0.69 ± 0.05 g/(g/day) after 7, 14, and 21 days of treatment, 
respectively) were observed for T9 at different time intervals. 
Highest RCR values were observed for T1 (control) having 
mean values of 1.88  ±  0.02, 2.07  ±  0.05, and 2.29  ±  0.07  g/
(g/day) after 7, 14, and 21  days of treatment, respectively. 
On the 7th day after treatment, the RCR value of S. litura 
in the T2 treatment was not significantly different from T1 
(control). However, the other treatments were significantly 
lower than the control. Following 14  days after treatment, 
there was no significant difference among T1 (control), T2, 
and T3 treatments. However, the other treatments were 
significantly lower than T1 (control). On 21 days after treatment, 
the RCR values of treatment groups were significantly lower 
than the control group.

The analysis of the ECI of S. litura in response to individual 
or combined treatment of B. brongniartii and matrine revealed 
significant differences after 7  days (F8,261  =  43.23; p  <  0.01), 
15  days (F8,261  =  45.89; p  <  0.01), and 21  days (F8,261  =  63.31; 
p  <  0.01) of application as shown in Table  5. Individual ECI 
values of S. litura larvae in combined treatments of B. brongniartii 
and matrine were significantly lower than those observed for 
individual treatments of B. brongniartii or matrine at different 
time intervals. The RCR values observed for different combined 
treatments of B. brongniartii and matrine (T6–T8) were 
statistically at par with each other after 14 and 21  days of 
treatment. The lowest ECI values (2.19  ±  0.01, 1.91  ±  0.01, 
and 1.23  ±  0.01% after 7, 14, and 21  days of treatment, 
respectively) were observed for T9. Highest ECI values were 
observed for T1 (control) having mean values of 65.47  ±  7.70, 
34.02  ±  4.40, and 13.04  ±  0.61% after 7, 14, and 21  days of 
treatment, respectively. At three different time points, the ECI 
values of S. litura in the T4 treatment were not significantly 
different from that of the blank control (T1).

Effects of Beauveria brongniartii and 
Matrine on Pupation and Emergence 
Rates in Spodoptera litura
Percent pupation of S. litura larvae treated with individual or 
combined treatment of B. brongniartii and matrine differed 
significant among different treatments after 30 days of application 
(F8,261  =  31.07; p  <  0.01). The effects of B. brongniartii and 
matrine on the pupation rate of are shown in Figure  1. The 
pupation rates of S. litura treated with B. brongniartii SB010 
and matrine were significantly lower than the control (T1). 
When feed with combinations of SB010 and matrine (0.5 and 
1.0  mg/L), the pupation rates were zero, except those in T6.

Percent pupation of S. litura larvae treated with individual 
or combined treatment of B. brongniartii and matrine differed 
significant among different treatments after 45 days of application 
(F8,261  =  26.83; p  <  0.01). As can be  seen in Figure  2, the 
emergence rates of adult S. litura fed with B. brongniartii were 
significantly reduced compared to the control (T1). Also, the 
higher the concentration of fungal conidia and matrine, the 
higher the reduction in emergence rate. The results show that 
combined treatments of B. brongniartii and matrine can 
dramatically reduce the rate of emergence of S. litura to zero.

Effects of Beauveria brongniartii and 
Matrine on the Enzyme Activities in 
Spodoptera litura
After exposure of the fourth instar larvae to the treated diet, 
GST activity was also affected both in the fat body and in 
the hemolymph (Figure 3). In the fat body, the highest activity 
was found on the 3rd day following treatment by matrine and 

TABLE 5 | Effects of Beauveria brongniartii and matrine on efficiency of 
conversion (ECI) of ingested food of Spodoptera litura.

Treatment ECI (%)

7 days 14 days 21 days

T1 65.47 ± 7.70a 34.02 ± 4.40a 13.04 ± 0.61a
T2 15.61 ± 0.64b 21.64 ± 2.04b 6.60 ± 0.39b
T3 11.12 ± 0.001b 15.49 ± 0.16bc 3.46 ± 0.10b
T4 62.35 ± 9.17a 33.11 ± 3.12a 12.32 ± 0.87a
T5 22.47 ± 0.93b 28.75 ± 3.04a 10.3 ± 0.73a
T6 10.22 ± 0.72bc 6.26 ± 0.37c 4.13 ± 0.29b
T7 10.04 ± 0.71bc 5.63 ± 0.60c 4.6 ± 0.35b
T8 4.76 ± 0.34c 4.72 ± 0.28c 4.23 ± 0.17b
T9 2.19 ± 0.01d 1. 91 ± 0.01d 1.23 ± 0.01c

The data in the table are mean ± standard error. Following Tukey’s test, different 
lowercase letters indicate significant differences between different combinations of 
concentrations at the same time period (p < 0.05).

FIGURE 1 | Effect of Beauveria brongniartii and matrine on the pupation rate 
of Spodoptera litura. Bars having different letters show significant differences 
between treatments. T1 = Control; T2 = Matrine 0.5 mg/L; T3 = Matrine 
1.0 mg/L; T4 = B. brongniartii 1 × 108 conidia/ml; T5 = B. brongniartii 1 × 108 
conidia/ml; T6 = B. brongniartii 1 × 108 conidia/ml + Matrine 0.5 mg/L; 
T7 = T6 = B. brongniartii 1 × 108 conidia/ml + Matrine 1.0 mg/L; 
T8 = B. brongniartii 1 × 109 conidia/ml + Matrine 0.5 mg/L; and 
T9 = B. brongniartii 1 × 109 conidia/ml + Matrine 1.0 mg/L.
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B. brongniartii. The lowest activity was found on the 7th day 
after being treated by SB010 (Figure  3A). In the hemolymph 
(Figure  3B), GST activity showed a decreasing trend and was 

significantly lower than the control in all cases except on the 
5th day when treated by B. brongniartii.

The AChE activities in the fat body and in the hemolymph 
of S. litura showed the same trend (Figure  4). The results 
indicated that AChE activities decreased as time went by. The 
lowest activity in both the fat body and hemolymph was noted 
on the 7th day after feeding matrine and B. brongniartii. 
Activities of all treatments were significantly lower than 
the control.

Following exposure of the fourth instar larvae of S. litura 
to treated diets with B. brongniartii and matrine, the enzyme 
activity of SOD differed significantly after 3, 5, and 7  days of 
feeding both in the fat body and in the hemolymph when 
compared to the control (Figure  5). The results showed that 
the activity of SOD following treatments was significantly 
different from that of the control. On days 3 and 5 after 
treatment, the activity of SOD in the fat body was significantly 
higher than that of the control (Figure  5A). The SOD activity 
then decreased significantly on day 7 compared to the control. 
The SOD activity in the hemolymph of the control showed 
an upward trend (Figure  5B). However, the values under 
different treatments decreased and showed a minimum activity 
7  days post-treatment.

As can be  seen in Figure  6, feeding B. brongniartii and 
matrine could significantly affect the activity of CAT. On the 

FIGURE 2 | Effect of Beauveria brongniartii and matrine on the emergence 
rate of Spodoptera litura. Bars having different letters show significant 
differences between treatments. T1 = Control; T2 = Matrine 0.5 mg/L; 
T3 = Matrine 1.0 mg/L; T4 = B. brongniartii 1 × 108 conidia/ml; 
T5 = B. brongniartii 1 × 108 conidia/ml; T6 = B. brongniartii 1 × 108 conidia/
ml + Matrine 0.5 mg/L; T7 = B. brongniartii 1 × 108 conidia/ml + Matrine 
1.0 mg/L; T8 = B. brongniartii 1 × 109 conidia/ml + Matrine 0.5 mg/L; and 
T9 = B. brongniartii 1 × 109 conidia/ml + Matrine 1.0 mg/L.

A

B

FIGURE 3 | Changes in glutathione-S-transferase (GST) activity of Spodoptera litura following treatment with Beauveria brongniartii and matrine (A) in the fat body 
and (B) in hemolymph. Bars having different letters show significant differences between treatments at different time intervals.
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3rd and 5th days after treatment, CAT activity in the fat 
body showed an increasing trend and was significantly higher 
than the control after treatment by matrine, B. brongniartii 
and their combination. In comparison, the CAT activity 
decreased and was significantly lower in the control (Figure 6A). 
In the hemolymph (Figure  6B), only the CAT activity of 
S. litura feeding with matrine increased on the 3rd and 5th 
days following treatment. On the 7th day after treatment, 
CAT activity showed a decrease both in the fat body and in 
the hemolymph.

The exposure of the fourth instar larvae to the treated diet 
also resulted in varied values of POD both in the fat body 
and in the hemolymph (Figure  7). In the fat body, the highest 
activity was found on the 5th day after treatment by matrine 
and the lowest activity was noted on the 7th day after combined 
treatment by B. brongniartii and matrine. The values decreased 
gradually and became lowest in all treatments on the 7th day 
following treatment (Figure  7A). In the hemolymph, POD 
activity also showed a decreasing trend. On the 3rd and 5th 
days after treatment, POD activity in the hemolymph decreased 
when feed B. brongniartii and matrine separately, which was 
significantly lower than the combined treatment (Figure  7B).

DISCUSSION

Development of integrated control programs against S.litura 
involving B. brongniartii and chemical pesticides requires a clear 
understanding concerning the effects of chemicals on the 
physiology and pathogenicity of entomopathogenic fungi. Previous 
studies on B. brongniartii have only explained the pathogenic 
ability as well as lethal and sub lethal effects of this fungus 
against different insect pests (Fan et  al., 2013; Goble et  al., 
2015; Mayerhofer et  al., 2015; Soni et  al., 2017). However, very 
few studies have elaborated the possible compatibility of 
B. brongniartii with natural chemicals (derived from plant or 
any other living organism) and other chemicals with novel mode 
of action (Sushil et  al., 2018; Wu et  al., 2019). Our previous 
findings revealed the synergistic interaction of B. brongniartii 
with matrine (plant derived chemical) against S. litura under 
laboratory as well as semi field conditions (Wu et  al., 2019). 
This study reports the biological impacts of B. brongniartii and 
matrine on nutritional efficiency indices and detoxification 
enzymes (GST, AChE, SOD, CAT, and POD) in S. litura.

In the present study, the individual or joint applications of 
B. brongniartii and matrine caused reduction in nutritional 

A

B

FIGURE 4 | Changes in acetylcholinesterase (AChE) activity of Spodoptera litura after treatment with Beauveria brongniartii and matrine (A) in the fat body and (B) 
in hemolymph. Bars having different letters show significant differences between treatments at different time intervals.
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efficiency indices (RGR, RCR, and ECI) of S. litura when 
compared with control although the nutritional efficiency indices 
(RGR, RCR, and ECI) observed for individual treatments of 
B. brongniartii and matrine were higher than those observed 
for joint applications of B. brongniartii and matrine. These 
results are in line with the findings of Rizwan-ul-Haq et al. (2009) 
who observed similar changes in RGR, RCR, and ECI of S. 
exigua in response to individual or joint treatments of ricinine 
(a botanical extract) and Bt (microbial pesticide). The reduction 
in RGR, RCR, and ECI of S. litura in response to B. brongniartii 
application alone or in combination with matrine can also 
be related to the degradation of insect gut peritrophic membrane 
by chitinase. Brandt et al. (1978) proposed that chitinases cause 
perforations in the membranes, thus facilitating entry of the 
pathogens into the tissues of susceptible insects. The addition 
of exogenous chitinase from Streptomyces griseus to the blood 
meal of the mosquito, Anopheles freeborni, prevented the 
peritrophic membrane from forming (Shahabuddin et al., 1993). 
Perforation of peritrophic membranes occurred in vivo after 
Spodoptera fifth instar larvae were fed on a diet containing 
recombinant ChiAII, a recombinant endochitinase encoded by 
Serratia marcescens (Regev et  al., 1996).

Lower RGR, RCR, and ECI probably lead to a delay in 
larval growth, and the resulting formation of smaller pupa 
will have a direct relation to fecundity and longevity of the 
adult insect and even make them more susceptible to diseases 
and natural enemies (Khosravi et  al., 2010). The rates of 
successful pupation as well as adult emergence of S. litura 
observed during this study were 0 when treated with 
B. brongniartii SB010 and 1.0  mg/ml matrine solution. Farooq 
and Freed (2016) studied the effect of a mixture of B. bassiana 
and six different insecticides, such as acetamiprid, methylamino 
avermectin, imidacloprid, and lufenuron, on the mortality of 
Musca domestica. Their results revealed that the lifespan, 
fecundity, egg hatching rate, percentage of pupation, pupal 
weight, and adult emergence rate of houseflies were significantly 
reduced, while the larval and pupal stages were prolonged.

GST is one of the main enzymes responsible for detoxification 
of insecticides or pathogens by insects (Claudianoc et al., 2006). 
Our findings showed an increase in GSTs activities during the 
initial 3  days following matrine treatment. This increase in 
enzyme activity in response shows the possible involvement of 
GSTs enzymes in the insecticide detoxification mechanism of 
S.litura (Jia et  al., 2016). Luo and Zhang (2003) also observed 

A

B

FIGURE 5 | Changes in superoxide dismutase (SOD) activity of Spodoptera litura after treatment with Beauveria brongniartii and matrine (A) in the fat body and 
(B) in hemolymph. Bars having different letters show significant differences between treatments at different time intervals.
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similar fluctuation of GSTs in Plutella xylostella in response to 
matrine treatment. Although few reports are available on changes 
in GSTs activity following matrine treatment, the extent of 
changes can vary with change in the insect species targeted 
and the concentration of matrine used. In this study, we  found 
that GSTs increased during initial periods following B. brongniartii 
treatment, which is similar to the findings of Ali et  al. (2017) 
who also observed similar changes in GSTs activity of B. tabaci 
following Lecanicillium muscarium applications. They observed 
increases in activity of the said enzymes until 96  h post fungal 
application after which enzyme activities were restrained leading 
to metabolic imbalance and insect death. The treatment of 
S.litura with a combination of matrine and B. brongniartii resulted 
in a significant reduction of GSTs activities throughout the 
experimental period post 72  h of application. These results are 
in line with the findings of Ali et  al. (2017) who have shown 
a similar reduction of enzyme activity in B. tabaci following 
joint application of matrine and L. muscarium. The changes in 
activities of detoxifying enzymes explained above can make the 
target pest more susceptible to fungal infection (Hall, 1963). 
The reduction in GSTs activities in response to joint application 

of matrine and B. brongniartii can be  related to the sequence 
of chemical’s/pathogen’s action against B. tabaci. Insecticides 
normally act as a stressor increasing the susceptibility of a target 
pest to an entomopathogenic fungus (Furlong and Groden, 2001).

The enzyme AchE rapidly terminates nerve impulses by 
catalyzing the hydrolysis of the neurotransmitter, Ach at peripheral 
and central synapses of the insects’ nervous system (Bourne 
et al., 2016). AchE is also an important target site for insecticide 
action in the central nervous system of insects (Nathan et  al., 
2008). During this study, AchE activities of S. litura decreased 
throughout the experimental period following treatment with 
matrine and B. brongniartii alone or in combination. These 
results are in line with the findings of Ali et  al. (2017) who 
have shown a similar reduction of AchE activities in B. tabaci 
following individual or joint application of matrine and L. 
muscarium. The decrease in AchE activities can be  related to 
the mode of action of both agents. Matrine, an alkaloid extracted 
from S. flavescens is known to target insect Ach receptors 
which in turn effects AchE production (Liu et  al., 2008). 
Luo et  al. (1997) observed similar inhibition of AchE activity 
in  turnip aphid (L. erysimi) following matrine application. 

A

B

FIGURE 6 | Changes in catalase (CAT) activity of Spodoptera litura following treatment with Beauveria brongniartii and matrine (A) in the fat body and (B) in 
hemolymph. Bars having different letters show significant differences between treatments at different time intervals.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Wu et al. Matrine and B. brongniartii Effects Physiology of S. litura

Frontiers in Physiology | www.frontiersin.org 10 November 2020 | Volume 11 | Article 584405

The reduction in AchE activity of S. litura following B. brongniartii 
application is in line with the findings of Zibaee et  al. (2009) 
who observed similar inhibition of AchE activity when Beauveria 
bassiana and its secondary metabolites were applied against 
sunn pest (Eurygaster integriceps). These changes in AchE activity 
of S. litura can be  related to the production of a secondary 
metabolite named bassianolide by different species of Beauveria. 
Bassianolide can inhibit Ach receptors of insect muscles reducing 
the production of AchE (Xu et  al., 2009).

Antioxidant enzymes (SOD, CAT, and POD) are also known 
as protective cellular system because SOD is known to increase 
the production of H2O2 from O2 through dismutation, while 
CAT and POD can catalyze H2O production from H2O2. These 
reactions can reduce the bio-membrane damage through reactive 
oxygen species (ROS; Ding et  al., 2001). In our study, the 
activities of antioxidant enzymes (SOD, CAT, and POD) increased 
during the initial 3  days followed by a decrease when treated 
with B. brongniartii alone or in combination with matrine. 
The decreased activities of antioxidant enzymes (SOD, CAT, 
and POD) during the later experimental period can result in 
a reduced elimination of ROS which in turn can denature 
different biomolecules of the insect body. The denaturation of 

biomolecules can stop all the cellular processes, so leading to 
the death of the insect (Felton and Summers, 1995).

CONCLUDING REMARKS

In summary, our results showed a high antifeedant activity of 
B. brongniartii and matrine on S. litura. The results suggest 
that combined treatments of matrine and B. brongniartii cause 
significant reduction in pupation (%) and adult emergence 
(%) of S. litura. The enzymatic response of S. litura to combined 
matrine and B. brongniartii treatment displayed a reduction 
in GSTs, SOD, POD, and CAT after 3  days of infection. The 
changes in enzymatic activities suggest that the probability of 
B. brongniartii infection was increased by matrine and 
B. brongniartii which in turn enervated the insect defense 
against matrine. The chemical basis of this strong synergistic 
effect is possibly related to the disturbance of the Ach balance 
and changes in AchE activities of the S. litura as both matrine 
and B. brongniartii can target insect Ach receptors which in 
turn effects AchE production. Therefore, our results have revealed 
the complex biochemical processes involved in the synergistic 

A

B

FIGURE 7 | Changes in peroxidase (POD) activity of Spodoptera litura following treatment with Beauveria brongniartii and matrine (A) in the fat body and (B) in 
hemolymph. Bars having different letters show significant differences between treatments at different time intervals.
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action of matrine and B. brongniartii against S. litura. These 
findings can provide baseline information to explain the complex 
biochemical processes involved in the synergistic action of 
matrine and B. brongniartii against S. litura.
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