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Abstract
Pests have caused substantial damage to the human environments; therefore, studying insecticidal
mechanisms is crucial for improving pest control. However, irreversible secondary damage caused by
chemical pesticides must be considered. In this study, we used network pharmacology to determine that
Sophora flavescens Alt. mainly acts on glucose-6-phosphate 1-dehydrogenase, thymidylate synthase, and
translocation protein in aphids, thereby resulting in effective pest control. The stability and reliability of
target proteins were analyzed by molecular docking and dynamics simulations. Enzyme activity assays
validated the feasibility of network pharmacology to obtain actionable targets. We used interdisciplinary
integration to study pest control and used network pharmacology to identify how Sophora flavescens Alt.
resists aphids. The results show that network pharmacology increases the accuracy and specificity of
predicted molecules targeted by insecticides. Our approach will facilitate improved, environmentally
friendly pest control.

1. Introduction
In recent years, pests have negatively impacted human life and greatly reduced the overall quality of
life (Islam et al. 2020). Owing to parthenogenesis and alternation of generations, aphid elimination is a
worldwide problem. Aphids feed on plant sap using their sharp mouthparts, resulting in plaque and wilt,
reducing plant growth, and ultimately lead to the death of the plant (Ling et al. 2020). For many years,
insect pests were mainly controlled using chemical pesticides. However, the use of highly toxic and
persistent chemical pesticides leads to excessive pesticide accumulation in farmland and agricultural
products, and can result in poisoning of livestock and consumers (Lambert et al. 2020; Shaalan and
Canyon 2018). Thus, it is urgently necessary to replace chemical insecticides with better alternatives.
Compared with chemical pesticides, most botanical pesticides are non-destructive and have low green
residue and high selectivity (Ling et al. 2020). Thus, botanical pesticides can be considered an
environmentally friendly alternative to chemical pesticides in controlling agricultural pests.

Sophora flavescens Alt (Sophora flavescens). is a plant that is often used in traditional Chinese medicine
to treat a variety of diseases. This species was first described in the Compendium of Shennong Materia
Medica and has a long history of use (Chen et al. 2020). Owing to its insecticidal activity and
environmental friendliness, Sophora flavescens is among the most widely used plant insecticides. For
example, Cao et al. (2019) investigated the indoor and field insecticidal activities of Phyllostachys
pubescens leaves, while Xu et al. (2020) studied the mechanism of matrine-cholesterol derivatives.
Additional studies investigated the effects of two types of matrine on pea aphids (Ling et al. 2020). In our
previous study (2018-2020), we investigated farms in eastern Inner Mongolia where local vegetation was
sprayed with the aboveground part of Sophora flavescens in water to control aphids. Most people only
pay attention to the value of the Sophora flavescens root and seldom use the aboveground part. Although
the alkaloids in the aboveground part of Sophora flavescens are valuable, people do not attach great
importance to them, leading to a serious waste of resources. Therefore, we investigated the aboveground
part of Sophora flavescens for potential applications in environmental protection and energy recycling.
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Currently, most research on the insecticidal mechanism of Sophora flavescens focuses on enzymatic
activity (Al-Ayedh et al. 2016; Almeida et al. 2021; Clark 2018). Traditional methods cannot keep pace
with environmental degradation. Network pharmacology is widely used in humans, mice, rats, and other
organisms; however, the lack of pest labeling data and the subjectivity of artificially tagged data have
greatly impacted agricultural development. Furthermore, investigating the mechanism of action of
harmful insects is challenging. Thus, we investigated the insecticidal mechanism of the aboveground
part of Sophora flavescens using network pharmacology, molecular docking, and molecular dynamics
simulation. We provide the first complete and comprehensive description of how Sophora flavescens
targets aphids. Subsequently, we tested how glucose-6-phosphate 1-dehydrogenase (G6PD), thymidylate
synthase (TS), and translocation protein (TSPO) activity changes in aphids treated with the aboveground
part of Sophora flavescens.

2. Materials and methods
2.1 Plant material

The aboveground part of Sophora flavescens was dried, crushed, filtered through a 0.25-mm (60 mesh)
sieve, mixed with 60% ethanol containing 0.02% ammonia (1:6), and stirred overnight at 60 °C. The
extract was sonicated using 19-kHz ultrasonic waves, and filtered. The filtrate was collected and the solid
portion was re-extracted as described above. Subsequently, the water in the filtrate was removed by
vacuum rotary evaporation. The crude extract of the aboveground part of Sophora flavescens was
obtained by centrifugation at 3,000 rpm for 10 minutes.

2.2 Aphids and reagents

Myzus persicae (Sulzer) was reared at 25 °C and 70% humidity (Akca et al. 2015; Mseddi et al. 2022). The
host plants Brassica campestris L. ssp. chinensis Makino (var. communis Tsen et Lee) (A) and Datura
stramonium Linn. (B) were reared at low density. The photoperiod was set at 12:12 (light:dark) (Colizzi et
al. 2021; Nakazato et al. 2021). M. persicae grown on pakchoi and mandala were used as the
experimental insects. Uniform M. persicae were selected for the experiment. The crude extract of the
aboveground part of Sophora flavescens, matrine, oxymatrine, sophocarpine, and sophoridine (95%
purity) (Chengdu Desite Biotechnology Co., Ltd.) were dissolved in acetone solution containing
20% (Colizzi et al. 2021; Nakazato et al. 2021). The compounds were tested at 100 μM, 1 mM, 10 mM,
and 100 mM to determine the activity of G6PD, TS, and TSPO using a kit (Jiangsu enzyme industry Co.,
Ltd) (Ma et al. 2020). Each experimental compound or blank (5 μL per aphid) was locally applied to early
third instar aphids. Sixty aphids were treated per experiment, and each experiment was repeated 3 times.
Aphids in the control group were only exposed to the solvent (20% acetone). G6PD activity was
examined 12 and 24 h after treatment; TS activity was tested 0.5, 24, and 36 h after treatment, and TSPO
activity was tested at 0.5, 12, and 24 h. The collected samples were frozen in liquid nitrogen for 10
minutes and stored in a freezer at -80 °C.

2.3 High-performance liquid chromatography/mass spectrometry
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Sophora flavescens powder (100 mg) was added to 1 mL water. The mixture was sonicated and
centrifuged at high speed for 10 min. Chromatographic analysis of crude Sophora flavescens extracts
was performed using SCIEX X500 QTOF system (SCIEX, USA). The high performance liquid
chromatography (HPLC) conditions were mobile phase A: 0.05% formic acid in H2O and B 0.05% formic
acid in methanol:acetonitrile (1:1). Gradient elution was set for 30 minutes at a flow rate of 0.3 mL/mim
and an injection volume of 1 μL. Separation was performed using a T3 column (100 × 2.1 mm, 1.7 μm).
Table 1 shows the specific time and flow rate equalization parameters for gradient elution. Subsequently,
we set the mass spectrometer (MS) to scan m/z 100–1300 (MS1), MS/MS mode to 10 ms/MS, MS2 to
scan m/z 50–1300, and dynamic background subtraction. The source gas parameters were set to 55 psi
for ion source gas 1 and 55 psi for ion source gas 2. Curtain gas was set at 30 psi,  and the temperature
was set at 550 °C.

Table 1. Flow program of HPLC.

  Time Flow A-phase B-phase

1 0.00 0.3000 100.0 0.0

2 2.00 0.3000 100.0 0.0

3 5.00 0.3000 95.0 5.0

4 15.00 0.3000 80.0 20.0

5 21.00 0.3000 50.0 50.0

6 23.00 0.3000 10.0 90.0

7 25.00 0.3000 10.0 90.0

2.4 Screening common targets of active components in Sophora flavescens and protein-protein
interaction network construction

Compounds identified by HPLC-MS/MS were searched on the PubChem
website (https://pubchem.ncbi.nlm.nih.gov/). Subsequently, the 2D structures and chemical formulae
were imported into SwissADME (http://www.swissadme.ch/). If the drug-likeness score was≥3, the
compound was imported into SwissTargetPrediction to predict possible
targets (http://www.swisstargetprediction.ch/). The predicted target information was compared to aphid
target information from the Uniprot database (https://www.uniprot.org/) to identify the common target
(Szklarczyk et al. 2021). The obtained target protein was input into the string webtool (https://string-
db.org/) to obtain the protein interaction diagram for each compound in Sophora flavescens (Boutet et al.
2016). We set the lowest correlation coefficient of protein interactions to 0.15 to construct an interaction
network to identify the pathways targeted by Sophora flavescens compounds. The core targets were
visualized using Cytoscape software.

2.5 Construction of Sophora flavescens-aphid interaction networks
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The chemical composition-target interaction network between aphid disease and the aboveground part of
Sophora flavescens was constructed using Cytoscape 3.7.2 software to explore the potential
pharmacological mechanism of the identified compounds. In the network map, a node represents a drug,
diseases, active ingredient, or target. Edges represent the relationship between active aphids, the
aboveground parts of Sophora flavescens, and the molecular targets.

2.6 Molecular docking simulations

The chemical formula of each active compound was downloaded from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/) and used as input for the Swiss model to predict the
tertiary structure of large molecules in aphids targeted by the compound. For target sequences with
template sequence consistency >30%, PyMOL software was used to remove water and phosphate from
the protein (Pinzi and Rastelli 2019). AutoDockTools 1.5.6 software was used to convert the PDB format
of drug active ingredients and core protein gene files to PDBQT format. Subsequently, the structures of
the binding pockets were retrieved. Finally, a Vina script was used to calculate the molecular binding
energy.

2.7 Molecular dynamics simulations

GROMACS v2021.03 (a Theoretical Biophysics, Science for Life Laboratory, KTH Royal Institute of
Technology, Solna, Sweden) molecular dynamics simulation software was used to model
compound/target binding (http://creativecommons.org/licenses/by/4.0/). The predicted protein complex
from the docking analysis was used as the initial conformation. All-atom molecular dynamics
simulations of action were used to verify the reliability of the binding mode (Van Der Spoel et al.
2005). Amber99SB-ILDN force field parameters were used for the receptor protein. Topology of the gaff-2
type ligand molecules were generated using AnteChamber PYthon Parser interfacE and Antechamber
programs. The dodecahedral solvation box was selected. The closest distance between the system
boundary and the complex was set to 1.1 nm. The TIP3P water model was selected and 15 Na+ were
randomly added to the system according to the verlet cut-off method to counteract the protein charge.
Subsequently, the system energy was minimized, the canonicalensemble temperature was controlled, and
the constant-pressure, constant-temperature was set to maintain the system temperature at 300 K and
the pressure at 101.325 kPa. Subsequently, a 0-100 ns free kinetic simulation was performed for this
equilibrium system. The binding free energy between protein and ligand was calculated using the
Molecular Mechanics-Poisson Bolzmann Surface Area (MM-PBSA) method (Kumari et al. 2014).

2.8 Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis 

We used the clusterProfiler in R (cluster Profiler GO.R package in https://www.r-project.org/) to analyze
the common targets of active components and aphid proteins. The corresponding KEGG signal pathway
map of aphid resistance to compounds in the aboveground part of Sophora flavescens was generated
using the David 6.8 database (https://david.ncifcrf.gov/tools.jsp).

https://www.r-project.org/)
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2.9 Complex network topology analysis

Degree value calculation was performed using the cytohubba plug-in. These values were combined using
Maximal Clique Centrality (MCC) operation mode in the Local-based method. Closeness, radiality, and
betweenness in the global-based method was used to identify the common target genes and verify the
KEGG analysis results.

2.10 Enzyme assays and statistical analysis

The samples were prepared as described in Section 2.3. We used the double antibody sandwich method
to measure G6PD, TS, and TSPO in M. persicae. Detailed operation procedures are described in the kit
instructions. 

Data were analyzed using single factor ANOVA in IBM SPSS (version 20.0) (p<0.05). GraphPad Prism 9.0
software was used to analyze the differences between treatment time, drugs, and host plants (p<0.05).

3. Results
3.1 Determination of chemical composition

Sixty-four compounds were identified by HPLC-MS/MS analysis. The chemical composition of Sophora
flavescens was determined by retention time, main fragment ions, and literature analysis. The total ion
chromatogram of Sophora flavescens in positive ion mode is shown in Fig. 1. The chromatogram
suggested the presence of 64 compounds (Table 2). We identified 11 chemical constituents of Sophora
flavesticae alkaloids and used them to find target information in the TCMSP database (Chen L et al.
2020; Ding et al. 2006; Liu et al. 2006; Liu et al. 2010; Liu et al. 2011; Wan et al. 2009; Wang et al. 2012;
Weng et al. 2016; Zhao DR et al. 2018). Next, we compared the target information with aphid target
information to find common targets for network pharmacological analysis. We also found several
alkaloids (matrine, oxymatrine, sophocarpine, and sophoridine) that are commonly used in insecticides
and are abundant in Sophora flavescens. The fragmentation patterns of these key alkaloids are shown in
Fig. 2. 

Table 2 The compounds in Sophora flavescens were identified by LC-MS/MS POS model
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Peak
no.

Identification Adducts Predicted
formula

Retention Time
(min)

[M+H]+
(m/z)

1 Betaine [M+H]+ C5H11NO2 0.98 118.086

2 Trigonelline [M+H]+ C7H7NO2 1.09 138.055

3 Stachydrine [M+H]+ C7H13NO2 1.16 144.102

4 L-valine [M+H]+ C5H11NO2 1.44 118.086

5  Pipecolinic acid [M+H]+ C6H11NO2 1.61 130.086

6 Nicotinic acid [M+H]+ C6H5NO2 1.89 124.039

7 Nicotinamide [M+H]+ C6H6N2O 2.5 123.055

8 Isoleucine [M+H]+ C6H13NO2 2.7 132.102

9 6-Hydroxypurine [M+H]+ C5H4N4O 3.02 137.046

10 Oxymatrine [M+H]+ C15H24N2O2 3.25 265.191

11 N-methylcytisine [M+H]+ C12H16N2O 3.29 205.134

12 N-oxysophocarpine [M+H]+ C15H22N2O2 3.90 263.175

13 Cytisine [M+H]+ C11H14N2O 4.03 191.118

14 Phenprobamate [M+H]+ C9H11NO2 7.52 166.086

15 5-alpha-
Hydroxysophocarpine

[M+H]+ C15H22N2O2 7.72 263.175

16 Adenosine [M+H]+ C10H13N5O4 8.65 268.104

17 Sophoramine [M+H]+ C15H20N2O 9.39 245.165

18 Cordycepin [M+H]+ C10H13N5O3 9.51 252.109

19 Sophoranol [M+H]+ C15H24N2O2 9.59 265.191

20 Guanosine [M+H]+ C10H13N5O5 9.64 284.099

21 (+)-9alpha-
Hydroxymatrine

[M+H]+ C15H24N2O2 10.06 265.291

22 Sophocarpine [M+H]+ C15H22N2O 11.83 247.18

23 Thymine [M+H]+ C5H6N2O2 11.85 127.05

24 Sophoridine [M+H]+ 11.94 249.196
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p
C15H24N2O

25 (-)-14beta-
Hydroxymatrine

[M+H]+ C15H24N2O2 13.29 265.191

26 Hymecromone [M+H]+ C10H8O3 13.87 177.055

27 Protocatechuic Aldehyde [M+H]+ C7H6O3 14.23 139.039

28 Matrine [M+H]+ C15H24N2O 14.37 249.196

29 Chlorogenic acid [M+H]+ C16H18O9 14.91 355.102

30 Scopoletin [M+H]+ C10H8O4 15.06 193.05

31 Anisaldehyde [M+H]+ C8H8O2 15.09 137.060

32 Syringin [M+H]+ C17H24O9 15.16 390.176

33 6-Methylcoumarin1 [M+H]+ C10H8O2 15.31 161.06

34 Angelicin [M+H]+ C11H6O3 15.31 187.039

35 Cinnamaldehyde [M+H]+ C9H8O 15.31 133.065

36 L(-)-Carvone [M+H]+ C10H14O 15.67 151.112

37 Isoferulicacid [M+H]+ C10H10O4 16.08 195.065

38 Oroxin B [M+H]+ C27H30O15 16.41 595.166

39 Genistin [M+H]+ C21H20O10 16.43 704.312

40 Genipin [M+H]+ C11H14O5 16.60 227.091

41 Dimethoxycoumarin [M+H]+ C12H14O2 16.72 191.107

42 I-somatrine [M+H]+ C15H24N2O 16.81 249.196

43 Vitamin B2 [M+H]+ C17H20N4O6 17.1 377.146

44 Ligustilide [M+H]+ C12H14O2 17.66 191.107

45 Daidzin [M+H]+ C21H20O9 17.83 417.118

46 Astragalin [M+H]+ C21H20O11 17.89 449.108

47 Calycosin [M+H]+ C16H12O5 18.2 285.076

48 Eleutheroside E [M+H]+ C34H46O18 18.31 760.302
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49 Coumarin [M+H]+ C9H6O2 18.53 147.044

50 Menthone [M+H]+ C10H16O 18.65 153.127

51 Calycosin Oglucoside [M+H]+ C22H22O10 18.69 447.129

52 Isorhamnetin [M+H]+ C16H12O7 18.79 317.066

53 Vitexin [M+H]+ C21H20O10 18.8 433.113

54 6-hydroxydaidzein [M+H]+ C15H10O5 19.14 271.06

55 Sophoricoside [M+H]+ C21H20O10 19.14 433.113

56 Kaempferide [M+H]+ C16H12O6 19.4 301.071

57 Ononin [M+H]+ C22H22O9 20.73 431.134

58 Artemisinin [M+H]+ C15H22O5 21.27 283.154

59 Maackiain [M+H]+ C16H12O5 21.41 285.076

60 6”-O-xylosyl-glycitin [M+H]+ C27H30O14 21.64 579.171

61 (+)-Tetrandrine [M+H]+ C38H42N2O6 22.16 623.312

62 Pedunculoside [M+H]+ C36H58O10 22.3 668.437

63 Senkyunolide A [M+H]+ C12H16O2 23.18 193.122

64 Sedanolide [M+H]+ C12H18O2 23.37 195.138

3.2 Construction of interaction networks and Sophora flavescens anti-aphid interaction networks

We obtained 57 aphid proteins targeted by the aerial parts of Sophora flavescens. The protein-protein
interactions and the data in Fig. 1a were imported into Cytoscape 3.7.2 software. Potential core target
genes were obtained according to the magnitude of the degree (Fig. 3a) and a Sophora active ingredient-
aphid target interaction network was constructed. This network included 70 nodes (57 targets and 11
alkaloids) and 4,830 edges (Fig. 3b).

3.3 Molecular docking simulations

The three-dimensional structure of the core protein targeted by Sophora flavescens extract was predicted
using the SwissProt database (Fig. 4b). The binding energy of core protein to the active component was
lower than -5.0 kcal·mol-1, which indicates a stable binding energy of the core protein. The three-
dimensional macroscopic and microscopic molecular docking with protein ligands was determined to be
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successful using compounds identified by the Vina script. The four alkaloids with the lowest binding
energy and the corresponding protein binding effects are shown in Fig. 4a.

3.4 Molecular dynamics verification

3.4.1 Molecular dynamics simulations

Molecular dynamics simulations were used to verify the influence of root mean square deviation (RMSD),
rotation radius (Rg), root mean square fluctuation (RMSF), hydrogen bond change curve, and the
superposition of the first and last simulation frames (Fig. 5). The RMSD value (Fig. 5A) and Rg value (Fig.
5B) of the complex fluctuated slightly, which indicates that sophoridine- and matrine-ACPYI001689-PA
complexes fluctuated at 25 ns and stabilized at 0.3 nm. Sophorine-ACPYI001689-PA fluctuated at 70 ns
and stabilized at 0.4 nm, while oxymatrine-ACPYI006453 fluctuated at 70 ns and stabilized at 0.25 nm.
The atomic RMSD measures the stability of the system. Rg indicates the structural tightness. The
fluctuation at S corresponds to that of RMSD and indicates that the system is in a transitional state
between multiple unstable states. We then converted RMSF to b factor values (Fig. 5C). The root-mean-
square values of the four compounds are shown in Fig. 5D, which shows 3–5 large fluctuations. These
fluctuations all occurred on the protein surface. The hydrogen bond curves showed that the hydrogen
bond contact numbers of the four compounds fluctuated from 0–1 (Fig. 5E). Finally, we superimposed
the first and last simulation frames. We observed high overlap, which further indicated that the four-pair
complex was stable (Fig. 5F).

3.4.2 Binding free energy calculation

Binding free energy analysis showed that the total binding energies of the four complexes were all
negative, which indicates that the proteins and small molecules in the four complexes may interact with
each other. For each small molecule, the measured values and electrostatic energy values of the
complexes were less than 0, indicating that hydrophobic and electrostatic interactions contribute to
bonding. However, the polar solvation energies of the four complexes were all more than 40.596,
indicating that polar solvation was not conducive to bonding. We further analyzed the energy of each
residue (Fig. 6). Sophoridine-ACPYI001689-PA complex binding involved three steps, of which Leu-912
and Tyr-966 had the lowest energy (approximately -9 kJ/mol). The matrine-ACPYI006829 complex was
also divided into three states. Ile-611 and Tyr-625 had the lowest energy (approximately -9 kJ/mol). The
binding energy of oxymatrine-ACPYI006453 complexes formed two gradients, of which Asp-34, Asp-204,
and Asp-240 had the lowest energy (approximately 6 kJ/mol). Aloperine-ACPYI001689-PA complexes
also formed two gradients, in which Phe-943, Phe-1163, Tyr-516, and Phe-562 had the lowest energy
(approximately -4 kJ/mol). These results were verified by generating a free energy topographic map.
Combined with the results of the lowest energy framework, we determined that the small molecules in the
four complexes bound stably in the binding pocket (Fig. 7).

3.5 GO and KEGG enrichment analysis
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Next, we analyzed the 57 potential target genes of Sophora flavescens for GO and KEGG pathway
enrichment. The results showed that 57 potential target genes were mainly enriched in synaptic
membranes, striated muscle cell differentiation, response to xenobiotic stimulus, response to vitamin,
response to toxic substance, and response to oxygen-containing compounds. GO pathway enrichment
analysis showed that the target genes were mainly concentrated in pentose phosphate pathway,
glutathione metabolism, metabolic pathway, and carbon metabolism (Fig. 8). KEGG analysis showed that
the main targets of Sophora flavescens extract in aphids were ACYPI000752 (G6PD), ACYPI006453
(thymidylate synthase-like), and ACYPI004550 (translocator protein-like).

3.6 Analysis of complex network topology 

Using the degree value calculation method, we combined local and global methods to more
comprehensively analyze common target genes and to better verify the KEGG pathway enrichment using
multidimensional analysis (Fig. 9). Complex network topology analysis was used to rank common
targets by MCC, betweenness, radiality, and closeness (Fig. 3i). The results showed that ACPYI001689-Pa,
ACPYI006453, and ACPYI006829 were very stable in combination with Sophora flavescens alkaloids.
ACYPI000752 (G6PD) and ACYPI006453 (thymidylate synthase-like) were also among the most reliable
binding targets. These proteins play a crucial role in the aphidicidal process of Radix ginseng.
ACYPI004550 (translocator protein-like) is theoretically less reliable than ACYPI000752 (G6PD) and
ACYPI006453 (thymidylate synthase-like).

3.7 Enzyme assays

To support our conclusion that ACYPI000752 (G6PD), ACYPI006453 (thymidylate synthase-like), and
ACYPI004550 (translocator protein-like) are the key targets of Sophora flavescens extract, we examined
the activities of G6PD (at 12 and 24 h), TS (at 0.5, 24, and 36 h), and TSPO (at 0.5, 12, and 24 h) in
aphids treated with Sophora flavescens extract (Fig. 10). We also examined G6PD, TS, and TSPO activity
after treatment with matrine, oxymatrine, sophocarpine, sophorine, and sophoridine in M. persicae at 24 h
(Fig. 11).

3.7.1 Glucose-6-phosphate 1-dehydrogenase

G6PD (gene: NagB) is composed of three sets of dimers linked by disulfide bonds (Altamirano et al. 1993;
Horjales et al. 1999; Oliva et al. 1995; Rudiño-Piñera et al. 2002). During n-acetyl-d-glucosamine
metabolism, the second cytoplasmic reaction is catalyzed by the deamination of glucose-6-phosphate to
ammonia and fructose-6-phosphate, which directly enters glycolysis. The specific reaction mechanism of
G6PD in aphids is shown in Fig. 12. When M. persicae (A) was treated with crude Sophora flavescens
extracts for 12 h, there was a significant effect in the treatment and blank groups (p<0.001). G6PD
activity in M. persicae (A) decreased after treatment for 24 h. When M. persicae (B) was treated with
crude extract for 12 h, the G6PD activity in the 100 μM, 1 mM, and 10 mM groups was significantly higher
than that in the control group. The 1 mM extract had the most significant effect on M. persicae. After 24
h, 100 μM and 1 mM groups still had a strong effect on aphids.
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The effect of oxymatrine, sophoridine, and matrine in aphids (host Datura) was induced by inhibiting
G6PD, and eventually led to aphid death. When four compounds were used to control M. persicae (B),
three compounds activated G6PD. In contrast, sophoridine partially inhibited G6PD..

3.7.2 Thymidylate synthase

We measured TS enzyme activity in peach aphids treated with Sophora flavescens extract. TS binds to its
own mRNA and inhibits translation (Voeller et al. 1995). The specific domain involved in mRNA binding is
located at the dimer interface (Voeller et al. 2002). The translation of Thya can also be adjusted through
the translation of the upstream LGT ORF (Gan et al. 1995). The specific reaction mechanism of TS in
aphid was shown in Fig.13. For M. persicae reared on Datura stramonium leaves, the responses were the
same at 0.5 and 12 h. It was observed that 100 μM and 1 mM Sophora flavescens extract activated
TS (p<0.001). However, TS activity in the 10 mM group was lower than in the control group (p<0.001).
Below 10 mM, crude Sophora flavescens extract inhibited TS. Subsequently, we treated aphids with crude
Sophora flavescens extract for 36 h. It was observed that 1 mM, 10 mM, and 100 mM extract significantly
inhibited TS activity. The insecticidal effect was 1 mM > 10 mM > 100 mM. For aphids on cabbage
leaves, treatment with 100 μM or 1 mM extract for 0.5 h activated TS. At 24 h, 10 mM extract had the
strongest TS inhibition (p<0.001). Further, TS was significantly inhibited by 100 μM, 1 mM, and 10 mM
extract after 36 h (p<0.001); however, the effect of 100 mM extract was weaker than that of the other
groups.

When matrine and sophoridine were used as insecticides against M. persicae (A), they showed significant
inhibitory activity against aphids (A). The TS levels in the 100 μM, 1 mM, and 10 mM groups were
significantly decreased compared with the CK (blank control) group. Matrine showed a distinct
insecticidal effect (inhibition level: 1 mM > 100 μM). Sophocarpine and oxymatrine conferred an
insecticidal effect by similarly inhibiting TS (activation level: 100 mM>100 μM>10 mM>1 mM).

Treating aphids with sophoridine, sophocarpine, oxymatrine, or matrine inhibited TS; specifically, (1) 24 h
sophoridine administration killed aphids. Compared with the blank control group, the TS levels in the 100
μM and 1 mM groups were significantly decreased. In contrast, TS in the 100 mM group was significantly
increased. (2) Compared with the CK group, the effect of 100 μM sophocarpine was not obvious and the
TS levels in the other groups were significantly decreased. (3) Compared with the blank control group, TS
levels in each group were significantly decreased by oxymatrine. (4) Compared with the CK group, the TS
levels were significantly decreased by 100 μM oxymatrine, but were significantly increased in the 1 mM,
10 mM, and 100 mM groups (rising level: 100 mM>10 mM>1 mM).

3.7.3. Translocator protein

When treated by Sophora flavescens aboveground for 0.5 h, enzyme activity in the blank control was the
highest, indicating that TSPO had an inhibitory effect on peach aphids. After 12 h, an insecticidal effect
was not observed in the 100 μM group, but the insecticidal effect in the 100 mM group was significantly
higher than that of the control group (P< 0.05). Treating aphids with Sophora flavescens extract for 24 h
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had similar effects to treatment for 12 h. However, treatment with 100 μM extract for 24 h improved the
effects on M. persicae (B).

When sophoridine was administered at 100 μM 24 h after treating M. persicae (A) in vivo, the effect of
sophoridine on M. persicae (A). In the 100 mM group, however, TSPO levels were increased, ultimately
killing the aphids. TSPO levels in the 100 μM group were significantly decreased. After 24 h, 1 mM, 10
mM, and 100 mM Sophora flavescens extract further increased TSPO levels. TSPO activation in the
oxymatrine administration group was 10 mM > 1 mM. In the sophocarpine group, TSPO was activated in
all dosage groups, except the 100 mM group, and each concentration killed aphids by inhibiting TSPO.

In the sophoridine group, TSPO levels decreased significantly after 24 h. Indeed, TSPO activity in aphids
was inhibited by administration of 100 μM, 1 mM, and 100 mM. The insecticidal effect of 100 μM and 1
mM administration was the most significant. When we used oxymatrine to kill M. persicae (B), the
concentration was set at 100 μM, 1 mM, or 100 mM. TSPO levels in the aphids were significantly
decreased after 24 hours (P< 0.05). Finally, we used sophocarpine to treat M. persicae (B). The results
showed that, compared with the CK group, 100 μM, 1 mM, 10 mM, and 100 mM sophocarpine activated
TSPO, resulting in a sudden increase in TSPO levels in the aphids that was sufficient to kill the aphids.

In summary, we verified that crude Sophora flavescens extracts targeted specific enzymes in M. persicae.
Crude extracts from the aboveground part of Sophora flavescens kill aphids by disrupting G6PD, TS, and
TSPO function. Therefore, these pathways in aphids are targeted by crude Sophora flavescens extract.

3.7.4. Effects of Sophora flavescens on G6PD, TS, TSPO in different M. persicae strains

We observed a significant difference in the effects of matrine and sophocarpine on G6PD between two M.
persicae strains, while other compounds had little effect (Fig. 14a-1). Crude extracts from the
aboveground part of Sophora flavescens and oxymatrine had different effects on TS in M. persicae, with
the crude Sophora flavescens extract having the most significant effect. Further, we observed significant
differences in TS after treating M. persicae with Sophora flavescens extract for 30 min (Fig. 14a-2). This
difference was increased after 24 h. We also observed a significant difference in the effect of
sophocarpine, oxymatrine, and matrine on TSPO in M. persicae (Fig. 14a-3).

3.7.5 Effects of crude Sophora flavescens extracts on G6PD, TS, and TSPO in M. persicae at different time
points

We then compared the effects of crude Sophora flavescens extracts on aphids at different time points.
The results showed that for TS, there was significant difference between treatment for 0.5 h and 24
h (Fig. 14b-1). For TSPO, there was significant difference between treatment for 0.5, 12, and 24 h (Fig.
14b-2).

3.7.6 Effects of different compound groups on G6PD, TS, and TSPO in M. persicae
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We analyzed the effects of crude Sophora flavescens extracts, matrine, oxymatrine, sophocarpine, and
sophoridine. The results showed that there was a significant difference between sophoridine and
oxymatrine on TS in M. persicae (A) (Fig. 14c-1). Sophoridine exerts its effect by inhibiting TS in peach
aphids, while oxymatrine activates TS in M. persicae (A). There was a significant difference in insecticidal
effects between matrine and oxymatrine (Fig. 14c-2). We also found that oxymatrine had a stronger
inhibitory effect on TS than sophocarpine in M. persicae (B) (Fig. 14c-3). There was a significant
difference between the effects of sophocarpine and oxymatrine on TSPO of M. persicae (B). Both
oxymatrine and sophoridine achieved insecticidal effects by inhibiting TSPO in M. persicae (B), while
matrine and sophorine activated TSPO.

4. Discussion
4.1 Mechanism of the same chemical compound in controlling peach aphids reared on different host
plants is different

The mechanism of the same chemical compound in controlling M. persicae from different host plants
would differ (Ge CH 2016). Crude extracts of the aboveground part of Sophora flavescens contain various
chemical components such as alkaloids, flavonoids, and polysaccharides (Tang et al. 2022; Zhang et al.
2016). The effect of Sophora flavescens extract on M. persicae from different host plants was quite
similar. However, different reaction times, compound concentrations, or active ingredients have different
effects on aphids (Li TM et al. 2020; Sun JW and Zhang HY 2020; Yuan EL 2017). We found that pure
matrine compounds applied to M. persicae from different host plants activated different resistance
mechanisms, although insecticidal effects were eventually achieved.

4.2 Increased pesticide concentration is not always associated with increased toxicity

In terms of dose-effect relationships, the highest compound concentration was not the most dangerous.
Sophora flavescens targets different molecules in aphids. Thus, these molecular targets may have
different affinities and downstream effects. In addition, receptor desensitization should also be
considered. At high concentrations, many receptors bind to heterophytes, resulting in receptor
downregulation (Almasri et al. 2020). Accordingly, we speculate that: (1) the effects of insecticides are
produced by acting on multiple target pathways, thereby inducing synergistic or antagonistic effects. We
will investigate these effects in future studies. (2) Because the compound interactions may occur with
primary or secondary targets, different targets likely have different affinities for the active compounds.
The overall end result may be enzyme activation or inhibition of certain components in the pests. (3) The
final compound effect may depend on the compound concentration or interactions between pathways in
vivo, so different mechanisms of action and target pathways may be time- or concentration-dependent.
(4) Increasing the compound concentration or treatment time did not always increase the toxicity of the
mixture, indicating that toxicity does not arise from a single substance. Rather, cooperating compound
effects need to be further explored.

4.3 Sophora flavescens aboveground and four alkaloids act on aphids G6PD, TS, and TSPO
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We measured how the aboveground parts of Sophora flavescens and four alkaloids affect M.
persicae. We observed significant changes in G6PD, TS, and TSPO activity. For G6PD, (1) the effects of
several point mutants affecting n-acetylglucosamine-6-phosphate binding were tested. Glucosamine or n-
acetylglucosamine is used as a carbon and energy source in vivo (Alvarez-Añorve et al. 2005). This
finding is consistent with our research. After treating peach aphids with Sophora flavescens extract, we
found that NagB has a significant effect on peach aphids, which is reflected in G6PD activity. (2)
Overexpressing nagB inhibits defects in glmS mutants, indicating that glucosamine-6-phosphate
deaminase plays a role in biosynthesis and provides glucosamine-6-phosphate for uridine dipho-sphate
N-acetylglucosamine synthesis (Vogler and Lengeler 1989). We also show that G6PD is not always
activated or continuously inhibited by insecticides. This is consistent with the conclusion that nagB
mutants cannot grow when using n-acetylglucosamine as the sole carbon and energy source (Rolls and
Shuster 1972; White RJ 1968). (3) When Sophora flavescens resists aphids, G6PD may increase or
decrease, which can disrupt equilibrium. Similar phenomena suggest that this may occur because n-
acetyl-d-glucosamine-6-phosphate  has variable effects on NagB activation (Alvarez-Añorve et al. 2009).
Growth is limited by the supply of substrates to NagB, not by the lack of N-acetyl-glucosamine-
6P (Alvarez-Añorve et al. 2009). Replacing NagB with homologous enzymes without allosteric regulation
has almost no effect on the growth rate and fitness of Escherichia coli (Alvarez-Añorve et al. 2016). Thus,
the physiological effect of allosteric regulation of NagB activity is not clear and it is necessary to further
study the specific mechanism of action on G6PD.

Through molecular simulations and enzyme activity assays, we found that the binding site between
Sophora flavescens extracts and aphids was very stable. TS also plays a key role in anti-aphid effects. In
1954, Cohen and Barner described “cell death caused by thymine starvation in a thymic deletion mutant
(thyA)” (Cohen and Barner 1954). In this study, extracts of the aboveground part of Sophora flavescens
inhibited TS in peach aphids at different times, while other alkaloids from Sophora flavescens inhibited
TS after 24 h. Although thymine-free death was described in 1954, the exact pathway and mechanism by
which it occurs is still under investigation. For example, in this study, four alkaloids were tested at
different time points. TS inhibition is only one way for Sophora flavescens to kill aphids. There are many
related explanations for TS inhibition. For example, thymosin-less death is mediated by the mazEF toxin-
antitoxin system, which involves the initiation of DNA replication and stalled replication fork repair,
resulting in replication starting point destruction and SOS responses. ThyA mutants do not grow in
thymine-deficient medium and accumulate polyphosphates. Mutations in deoB or deoC inhibit the high
demand for thymine in thyA mutants. Previous studies showed that overexpressing thyA increases
tolerance to furacilin. We found that Sophora flavescens sometimes induced a significant increase in
peach aphids, which may be due to the corresponding increase of TS caused by the strong resistance of
peach aphids. More in-depth studies on TS need to be performed.

We also examined the role of G6PD and TSPO in aphid resistance to Sophora flavescens. TSPO is a
transmembrane protein which mainly exists in the outer mitochondrial membrane and is involved in
various processes, including regulation of cell death, cholesterol transport, steroid biosynthesis,
mitochondrial respiration and oxidation, and mitochondrial protein input. This protein may be part of
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multiple pathways. Although it usually cannot operate alone, TSPO has auxiliary functions that may
explain why TSPO is an important target for killing aphids.

5. Conclusions
Network pharmacology is a multidisciplinary approach that integrates bioinformatics, systems biology,
network biology, and computational biology. This approach can generate complex interaction networks
using target molecules, biological functions and bioactive compounds. These networks can be
introduced into agriculture for screening natural product pesticides. Precision agriculture clearly has
potential development space. From a more comprehensive viewpoint, future multi-dimensional research
will explain the complex relationships between biological systems and drugs, and will identify synergistic
effects between many drugs. In summary, three biological indices (G6PD, TS and TSPO) derived from
network pharmacology were shown to be effective ways to resist aphids using the aboveground parts of
Sophora flavescens. This method can help in the formulation of Sophora flavescens insecticides and will
inform future studies investigating the mechanism of action of many pesticides.
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Figure 1

Figure 2
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Figure 3

a Screening common targets and construction of protein-protein interaction networks; b Construction of
Sophora flavescens anti-aphid-target interaction network
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Figure 4

a Molecular docking and b Heat map of Sophora alkaloids
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Figure 5

Molecular dynamics simulation of Sophora alkaloids
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Figure 6

Binding free energy of Sophora alkaloids
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Figure 7

A Gibbs energy landscape and B 3D display of the binding site with the lowest energy for Sophora
alkaloids

Figure 8

GO function analysis bar chart and bubble charts of genes targeted by Sophora flavescens extract
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Figure 9

Network topology analysis of joint action targets of Sophora flavescens under different screening
conditions



Page 31/35

Figure 10

Verification of enzyme activity of crude extract from aboveground part of Sophora flavescens against M.
persicae (host plant A: datura) and M. persicae (host plant B: pakchoi) (#P>0.05, ##P>0.01, ###P>0.0001)
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Figure 11

Verification of enzyme activity of matrine, oxymatrine, sophorine, and sophoridine against M. persicae
(host plant A: datura) and M. persicae (host plant B: pakchoi) (*P>0.05, **P>0.01, ***P>0.0001)
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Figure 12

G6PD pathway in aphids (N-acetylglucosamine degradation I).
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Figure 13

TS pathway in aphids. (a Superpathway of de novo pyrimidine deoxyribonucleotide biosynthesis; b De
novo pyrimidine deoxyribonucleotide biosynthesis I; c De novo pyrimidine deoxyribonucleotide
biosynthesis II; d Folate transformation III) 
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Figure 14

Other factors influencing G6PD, TS, and TSPO in M. persicae (host plant A: datura) and M. persicae (host
plant B: pakchoi)


