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Introduction: The gut bacteria of insects play an important role in regulating their 
metabolism, immune system and metabolizing pesticides. Our previous results 
indicate that carvacrol has certain gastric toxic activity on Lymantria dispar larvae 
and affects their detoxification metabolism at the mRNA level. However, the 
impact of carvacrol on the gut bacteria of L. dispar larvae has been unclear.

Methods: In this study, the 16S rRNA sequencing technology was used to sequence 
and analyze the gut bacteria of the larvae which were exposed with sublethal 
concentration (0.297 mg/mL) and median lethal concentration (1.120 mg/mL), 
respectively.

Results: A total of 10 phyla, 16 classes, 47 orders, 72 families, 103 genera, and 
135 species were obtained by using a 97% similarity cutoff level. The dominant 
bacterial phyla in the gut of the L. dispar larvae are Firmicutes and Proteobacteria. 
The treatment with carvacrol can significantly affect the structure of gut bacteria 
in the larvae of the L. dispar. At both doses, carvacrol can shift the dominant gut 
bacteria of the larvae from Proteobacteria to Firmicutes. At the genus level, two 
doses of carvacrol can significantly enhance the relative abundance of probiotic 
Lactobacillus in the gut of L. dispar larvae (p ≤ 0.01). Additionally, significant 
differences were observed among the five bacterial genera Burkholderia-
Caballeronia-Paraburkholderia, Anoxybacillus, Pelomonas, Mesorhizobium 
(p ≤ 0.05). The analysis of α-diversity and β-diversity indicates that the treatment 
with carvacrol at two doses significantly affect the bacterial richness and diversity 
in the larvae. However, the results of functional classification prediction (PICRUSt) 
indicate that carvacrol significantly down-regulate 7 functions, including Energy 
metabolism, Cell growth and death, and up-regulate 2 functions, including 
Carbohydrate metabolism and Membrane transport. The network analysis 
indicates that the correlation between gut bacteria also has been changed. In 
addition, the insecticidal activity results of carvacrol against L. dispar larvae with 
gut bacteria elimination showed that gut bacteria can reduce the insecticidal 
activity of carvacrol against L. dispar larvae.

Discussion: This study provides a theoretical foundation for understanding the 
role of gut bacteria in detoxifying plant toxins and conferring pesticide resistance.
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1 Introduction

As a worldwide forestry leaf-eating pest, Lymantria dispar Linnaeus (Lepidoptera: 
Liparidae) are mainly distributed in temperate regions of the Northern Hemisphere, such as 
China, South Korea, North America, and Europe (Song et al., 2022; Xu et al., 2023). The larvae 
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of L. dispar harms up to 2 million acres annually in eastern and 
northern China (Sun et al., 2014). The larvae of L. dispar can harm 
more than 600 host plants including poplar, oak, and birch (Cao et al., 
2015; Srivastava et al., 2020). When trees are not enough to provide 
sufficient food sources, the larvae of L. dispar can also harm crops and 
rank grasses. At present, the most effective method for controlling the 
L. dispar is through the use of chemical pesticides, however the harm 
caused by the irrational use of chemical pesticides has attracted more 
and more attention (Zhang et al., 2023). Just like using organochlorine, 
organophosphorus, and pyrethroids to control the Anaphothrips 
obscurus in the order Thysanoptera, the resistance and environmental 
adaptability of pests to insecticides rapidly increase after control 
(Broadbent and Pree, 1997; Zhao et al., 1995). Therefore, exploring the 
effect of bioderived compounds on the control of L. dispar can provide 
a new way to alleviate the phenomenon of drug resistance in L. dispar.

As a monoterpene compound, carvacrol (2-methyl-5-
isopropylphenol) is widely present in the essential oils of Lamiaceae 
family plants such as Origanum vulgar, Thymus mongolicus, and 
Satureja hortensis (Moazeni et  al., 2014; Youssefi et  al., 2019). 
Carvacrol is mainly used to prepare essences such as dill, clove, mint, 
and vanilla, as well as toothpaste, tooth powder, oral products, talcum 
powder, soap, and daily industrial products. Previous studies indicated 
that carvacrol may have potential toxicity risks, such as causing 
oxidative damage to cells (Fuentes et al., 2021; Llana-Ruiz-Cabello 
et al., 2014). However, it is generally safe (Konig et al., 2023) while the 
only concern is that it is corrosive. In addition, carvacrol can kill 
bacteria and intestinal parasites, so it can be also used as a disinfectant 
and fungicide. Studies have shown that carvacrol has certain effects on 
a variety of agricultural and forestry pests including, Coleopteran, 
Homopteran, Dipteran, Lepidopteran, Neuropteran, and Hemipteran 
(Konecka et  al., 2020). Carvacrol show fumigant activity against 
Tribolium castaneum, and when the dose in the air is 46.2 mg/L, it has 
a significant inhibitory effect on the hatching of T. castaneum eggs 
(Erler, 2005). Studies have shown that the essential oil of S. montana 
and its main component carvacrol have good stomach toxicity against 
the Acrobasis advenella and can inhibit the growth of the larvae. In 
addition, carvacrol can significantly activate the enzyme activities of 
catalase, α-glucosidase, and β-glucosidase in the larvae (Magierowicz 
et al., 2019). Studies have shown that the synergistic combination of 
carvacrol and Bacillus thuringiensis crystalline proteins (Cry) has a 
cooperative effect, capable of reducing the damage to crops caused by 
Cydia pomonella and Spodoptera exigua (Konecka et al., 2020). The 
nicotinic acetylcholine receptor (nAChRs) may be the target of the 
insecticidal activity of carvacrol (Tong et al., 2013). As an important 
symbiotic partner in insects, microorganisms in the insect are often 
believed to reduce the damage caused by toxins to the host (Siddiqui 
et al., 2022).

A large number of microorganisms in the gut of insects, including 
bacteria, fungi, protozoa, viruses, and archaea, among which bacteria 
dominate the total gut microbiota, accounting for over 99% (Qin et al., 
2010). In the process of co evolution with host insects, gut bacterial 
have formed diverse bacterial community structures and biological 
characteristics, which have important impacts on the survival, 
reproduction, growth and development, immune protection, and 
detoxification metabolism of insects (Wang et  al., 2020). The 
composition of insect gut bacteria is not fixed and can be influenced 
by factors such as diet, environment, and developmental stage (Bai 
et al., 2023). The gut bacterial can aid their host insects in reducing the 

harm from toxic plant secondary metabolites and pesticides (Briones-
Robiero et al., 2017). As a plant secondary metabolite widely present 
in Salix and Populus plants, salicin can reduce the weight gain and 
survival rate of Tenebrio molitor larvae treated with antibiotics to 
eliminate gut bacteria, indicating that gut bacteria play an important 
role in degrading heterologous toxic substances (Genta et al., 2006). 
Studies has shown that treating Spodoptera frugiperda (Lepidoptera: 
Noctuidae) larvae with two sublethal doses of emamectin benzoate 
and tetrachlorantraniliprole for 24 h, the composition and diversity of 
gut bacteria in the Spodoptera frugiperda larvae has been changed. 
Compared with the control group, S. frugiperda larvae was able to 
significantly upregulate the relative abundance of Burkholderia-
Caballeronia-Paraburkholderia, Stenotrophobacter, Nitrospira, 
Blastocatella, Sulfurifusis, and Flavobacterum, in order to reduce 
degradation or detoxification of emamectin benzoate and 
tetrachlorantraniliprole (Chang et  al., 2023). The current existing 
research focuses on the gut bacterial of the L. dispar. Adversity 
stressors (acute temperature, feed pH, and manganese ions) can 
disrupt the structure and function of the gut bacterial communities in 
the gut of the L. dispar (Zeng et al., 2021; Zeng et al., 2020a; Zeng et al., 
2019). Infection with Beauveria bassiana spores may disrupt the 
bacterial ecology of the gut in L. dispar larvae, which could 
be attributed to a reduction in the intestinal content of hydrogen 
peroxide (Bai et al., 2020). Two sub lethal doses of plant secondary 
metabolites, nicotine and aconitine, were used to treat the 4th instar 
larvae of the L. dispar for 72 h. The dominant bacteria and structure 
of the gut bacteria of the L. dispar larvae has been changed. The ability 
of the gut bacteria to decompose secondary metabolites and the 
nucleotide transport function were, respectively, affected by nicotine 
and aconitine, thereby affecting the growth and even death of the 
larvae (Zeng et al., 2020b).

In our previous study, we  found that carvacrol had growth 
inhibition, a decrease in food intake, and ultimately death on the 
larvae of L. dispar, it also could affect the detoxification of L. dispar 
larvae at the mRNA level (Chen et  al., 2022; Chen et  al., 2021). 
However, there are few reports on the impact of carvacrol on the gut 
bacterial of the L. dispar. Therefore, we treated the third instar larvae 
of L. dispar with sublethal and median lethal doses, respectively, and 
utilized high-throughput sequencing technology to examine the 
impact of carvacrol on the gut bacteria of the L. dispar. The aim of this 
study was to analyze the effects of carvacrol on the structure, diversity, 
function and interactions of gut bacteria in the larvae of the L. dispar. 
These findings provided a theoretical foundation for elucidating the 
physiological and biochemical responses of the L. dispar larvae to 
carvacrol stress and offer a basis for the control of L. dispar.

2 Materials and methods

2.1 Insect rearing and reagents

The eggs masses of Lymantria dispar were collected from Harbin 
experimental forest farm of Northeast Forestry University (Harbin, 
China) and were placed in an artificial climate incubator with a culture 
temperature of (25 ± 1)°C, a photoperiod of (14L: 10D), and a relative 
humidity of (75 ± 1)% for cultivation (Cao et al., 2015). The healthy 
3rd instar larvae were randomly selected for subsequent experiments. 
The artificial feed for L. dispar were purchased from the Institute of 
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Forest Ecological Environment and Protection of the Chinese 
Academy of Forestry (Beijing, China). Carvacrol (CAR) was 
purchased from Macleans Biochemical Technology Co., Ltd. 
(Shanghai, China). Dimethyl sulfoxide (DMSO) was purchased from 
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 
Tetracycline, ampicillin, chloramphenicol, and Kanamycin sulfate 
were purchased from Beijing Bio-Top Technology Co., Ltd. 
(Beijing, China).

2.2 Collection of gut bacteria samples

A total of 270 third larvae were randomly divided into 9 groups 
for treatment with carvacrol at 72 h. Feed mixing method was used to 
treat L. dispar larvae (Zeng et  al., 2021). Based on our previous 
bioassay results, the treatment doses were sublethal dose 
(LC20 = 0.297 mg / mL) and median lethal dose (LC50 = 1.120 mg/mL) 
(Chen et al., 2021). The CAR was administered through a mixed feed 
method as previously described. The distilled water contained the 
same volume of 10% (v/v) DMSO was used as a control group. The 
larvae of L. dispar were used for gut bacteria analysis were divided into 
three groups (LC20 treatment group, LC50 treatment group, and the 
control group). Each group contained three replicates, each replicate 
contained the midgut tissue of five larvae (Wu et al., 2022). After the 
surface of the surviving L. dispar larvae at 72 h were wiped with 75% 
ethanol and physiological saline, the L. dispar larvae were placed in a 
super clean workbench for dissection. The intestinal solutes of the 
L. dispar were washed with sterile physiological saline, and then the 
guts of the larvae were frozen in liquid nitrogen for the determination 
of 16S rRNA gene sequencing.

2.3 Elimination of intestinal bacteria and 
related biological activity assay

Four antibiotics were used in combination to remove intestinal 
bacteria. Solutions of tetracycline, ampicillin, chloramphenicol, and 
kanamycin sulfate with a concentration of 40 mg/mL were prepared 
separately in sterile water. After thoroughly mixing the solutions, 
2.2 mL of the mixture was taken and added to the artificial feed 
according to the feed mixing method, resulting in a final concentration 
of 4 mg/g of antibiotics in the artificial feed. After hatching, the larvae 
have been raised on artificial feed containing antibiotics. When the 
L. dispar larvae turn into 3rd-instar, the increase in weight and 
survival rate of the larvae were observed and recorded. According to 
the method of Chen et al. (2021), the insecticidal activity of carvacrol 
against the larvae of the L. dispar eliminated by intestinal bacteria 
was determined.

2.4 16S rRNA gene sequencing

The gut bacteria DNA of L. dispar larvae were extracted according 
to the manufacturer’s instructions of the FastDNA tissue extraction 
kit (MP Biomedicals, United  States), the dose and quality of the 
L. dispar DNA were detected by ultra-micro spectrophotometer 
(NanoDrop2000, Thermo Fisher Scientific, United States). According 
to the instructions of the FastPfu DNA polymerase kit (FastPfu 

Polymerase, TransGen, China), the extracted DNA was subjected to 
16S rRNA V3-V4 region fragment PCR amplification. The 
amplification procedure was as follows: 95°C pre-denaturation for 
3 min, 27 cycles of (95°C denaturation for 30 s, 55°C annealing for 30 s, 
and 72°C extension for 30 s), followed by 72°C stable extension for 
10 min, and finally, storage at 4°C. The primers used for amplifying 
16srRNA (V3-V4 region) were 338F (ACTCCTACGGGGGGCAG) 
and 406R (GGACTACHVGGGTWTCTAAT). The PCR product were 
purified according to the instructions of the AxyPrep DNA gel 
extraction kit (Axygen Biosciences, Axygen, United States), and the 
purified product were placed in the micro fluorometer for quantitative 
detection (Quantus Fluorometer, Promega, United States). The Miseq 
library of amplified products were constructed according to the 
instructions of the library building kit (NEXTFLEX Rapid DNA-Seq 
Kit, Bioo Scientific, United States), and sequence the qualified library 
according to the instructions of the Miseq sequencing kit (MiSeq 
Reagent Kit v3/NovaSeq Reagent Kits, Illumina, United States). The 
libraries were sequenced on Miseq PE300 (Illumina Miseq, Illumina, 
United States).

2.5 Statistical analyses

The original sequencing sequence was subjected to quality control 
by removing bases with a tail mass value of less than 20 and containing 
N-containing through Fastp1 (Chen et al., 2018). Paired reads that 
meet quality control requirements were spliced by FLASH software2 
(Magoc and Salzberg, 2011). Sequences with a similarity greater than 
97% were subjected to OTU clustering by UPARSE3 (Edgar, 2013; 
Stackebrandt and Goebel, 1994). Each sequence was annotated for 
species classification by using RDP classifier,4 and was comparied with 
the Silva 16S rRNA database (v138), with a matching threshold set at 
70% (Wang et al., 2007). Species with sequence numbers greater than 
or equal to 5 in all three replicates were retained, and the phylum 
Cyanophyta was deleted due to being considered feed contamination. 
In addition, the Mitochondrial and Chloroplast gene sequences 
were removed.

The R language software package (version 3.3.1) was utilized to 
count the number and species of OTU in each sample. The α and β 
diversities of the samples were estimated at the OTU level by used 
MOTHUR and UniFrac, respectively (Wang et al., 2023). PICRUSt 
(Phylogenetic Investigation of Communities by Reconstruction of 
Unobserved States) was utilized for KEGG functional annotation of 
OTU, thereby predicting the functions of gut bacteria (Langille et al., 
2013). The Spearman correlation coefficient was used to calculate the 
correlation at the genus level and the network topological properties 
was calculated by Gephi (Jiang et al., 2017). The significant results of 
bacterial abundance, diversity, and function prediction were calculated 
by the one-way ANOVA variance analysis method in SPSS 19.0, where 
p < 0.05 indicated significant differences. The R language software 
package (version 3.3.1) was utilized for statistical analysis and plotting. 
The above bioinformatics analysis of the structure and function of gut 

1 https://github.com/OpenGene/fastp, version 0.20.0.

2 http://www.cbcb.umd.edu/software/flash, version 1.2.7.

3 http://drive5.com/uparse/, version 7.1.

4 http://rdp.cme.msu.edu/, version 2.2.

https://doi.org/10.3389/fmicb.2024.1417598
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://github.com/OpenGene/fastp
http://www.cbcb.umd.edu/software/flash
http://drive5.com/uparse/
http://rdp.cme.msu.edu/


Yang et al. 10.3389/fmicb.2024.1417598

Frontiers in Microbiology 04 frontiersin.org

bacteria in L. dispar larvae was completed through the Shanghai Meiji 
Information Cloud Platform5 (Ma et al., 2018).

3 Results

3.1 Sequencing data statistics and 
clustering

After quality filtering and removal of redundant sequences, a total 
of 453,624 valid sequences were obtained, with an effective base 
number of 193,180,336 bp and an average effective sequence length of 
425.87 bp (Table 1). The rarefaction curve results indicated that as the 
number of reads sampled increased, the number of OTUs tended to 
stabilize, and proved this sequencing data is sufficient (Figure 1).

3.2 Analysis of differences in gut bacteria 
composition

A total of 137 OTUs were obtained by clustering, including 10 
phyla, 16 classes, 47 orders, 72 families, 103 genera, and 135 species. 
The number of common and unique OTUs to three groups was 
statistically analyzed (Figure  2A). In addition to 97 OTUs shared 
between the three groups. A total of 17 OTUs were present in LC20 
treatment group and the control group. There were 9 OTUs in the 
LC50 treatment group and the control group.

Based on phylum level, the bacterial composition of the three 
groups was analyzed (Figure 2B). The dominant bacteria in the 
control group were Proteobacteria, with a relative abundance of 
47.71%. The dominant bacteria in the treatment groups with 
LC20 and LC50 of CAR were Firmicutes, with relative abundance 
of 83.06, and 88.74%, respectively. At the genus level (Figure 2C), 
the dominant bacteria in the control group were Brevibacillus 
(16.31%). The dominant bacteria in LC20 and LC50 treatment 

5 http://cloud.majorbio.com/

group were Lactobacillus, with relative abundance of 79.89 and 
81.63%, respectively. The results indicated that carvacrol could 
affect the relative abundance of gut bacteria in the L. dispar larvae 
at the phylum and genus levels.

The one-way ANOVA of variance was used to determine 
whether CAR had significant differences at phylum and genus 
levels in the dominant bacteria in the gut bacterial of L. dispar 
larvae (Figure 3). At the phylum level, compared with the control 
group, the relative abundance of Firmicutes in the gut of L. dispar 
larvae was significantly increased in the two doses of CAR 
treatment groups (p  ≤ 0.01) (Figure  3A). Compared with the 
control group, the relative abundance of Proteobacteria in the gut 
of L. dispar larvae treated with LC50 was significantly decreased 
(p ≤ 0.01), but there was no significant difference between the 
two doses of CAR treatment groups (p > 0.05) (Figure 3B). There 
was no significant difference at the relative abundance of 
Actinobacteriota and Bacteroidota between the two doses of CAR 
treatment groups and control group (Figures 3C,D). At the genus 
level, the relative abundance of Lactobacillus (p  ≤ 0.01) could 
be  significantly increased in the two doses of CAR treatment 
groups, and the relative abundance of Burkholderia-Caballeronia-
Paraburkholderia, Anoxybacillus, and Pelomonas could 
be significantly downgraded (p ≤ 0.01). Interestingly, the relative 
abundance of Mesorhizobium in the LC20 dose group was 
extremely significant different from that in the control group 
(p ≤ 0.001), while the LC50 dose group was significantly different 
from that in the control group (p < 0.01).

3.3 Richness and diversity analysis

The structural differentiation of bacteria under different 
treatments could be compared by comparing the community richness 
(Chao and ACE index) and diversity (Shannon and Simpson index) 
of bacteria. All midgut tissue samples of L. dispar larvae had good 
richness and diversity (Table 2). The one-way ANOVA analysis of 
variance was used for significant difference comparison, and the FDR 
inter group difference test method was used for multiple 
test correction.

TABLE 1 Sequencing statistics of gut bacteria in L. dispar with different group.

Sample name Sequencing 
number

Base number Mean length Min length Max length OTU number

LC50_1 42,937 18,307,612 426.38 396 431 75

LC50_2 69,410 29,345,651 422.79 239 431 60

LC50_3 61,768 26,360,631 426.77 208 430 73

LC20_1 51,206 21,866,811 427.04 388 431 76

LC20_2 57,234 24,443,441 427.08 262 431 96

LC20_3 54,896 23,490,334 427.91 262 431 39

CK_1 38,927 16,481,866 423.40 232 492 91

CK_2 34,866 14,846,775 425.82 200 441 104

CK_3 42,380 18,037,215 425.61 262 430 88

Total 453,624 193,180,336 425.87 200 492 137

CK: control group; LC20: treatment group with 0.0297 mg/mL of CAR; LC50: treatment group with 1.120 mg/mL of CAR. The numbers 1–3 following the sample names represent different 
replicates, respectively.
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Seen from Figure 4, the Alpha diversity analysis of the bacterial 
composition in the midgut of the L. dispar revealed that the Shannon 
index in the two doses of CAR treatment groups was significantly 
lower than that in the control group (p < 0.05), indicating that the 
bacterial community diversity in the midgut of the L. dispar larvae 
treated with CAR was lower than that in the control group. In 
addition, the Simpson index in the LC50 treatment group was 
significantly higher than that in the control group (p < 0.05), indicating 
that CAR at LC50 dose altered concentration degree of dominant 
bacteria in the midgut of the larvae. At the same time, both ACE and 
Chao indices in the two carvacrol treatment groups were lower than 
those in the control group, but the differences were not significant.

In the PCoA analysis, the bacteria communities of the treatment 
group and the control group were significantly clustered in two 
different groups, and these variables together explained 91.09% of the 
total variance (Anosim, R  = 0.449, p  = 0.033; Adonis, R2  = 0.652, 
p = 0.037) (Figure 5). The analysis of β diversity results showed that 
the gut bacterial composition of the CAR treatment group was 
different from that of the control group.

3.4 Functional prediction of the gut 
bacteria

The 16S rRNA sequencing data were analyzed by PICRUSt to 
predict the function and pathway of gut bacteria in L. dispar larvae 
treated with two doses (LC20 and LC50) of carvacrol and the control 
group (Figure 6). Compared to the control group, the Carbohydrate 
metabolism and Membrane transport function of gut bacteria in the 

group treated with CAR significantly increased in the L. dispar larvae 
(p < 0.05). In addition, both doses of carvacrol treatment were able to 
significantly downregulate the functions of Energy metabolism, Signal 
transduction, Xenobiotics biodegradation and metabolism, Cell 
motility, Environmental adaptation, Circulatory system, Excretory 
system, Development and regeneration (p < 0.05). The LC50 dose 
treatment group was able to significantly downregulate the 
Metabolism of terpenoids and polyketides function of gut bacteria in 
L. dispar larvae (p < 0.05), but the effect of LC20 dose on could not 
significant downregulate the Metabolism of terpenoids and 
polyketides function (p > 0.05). Carvacrol had no significant effect on 
the Lipid metabolism function of gut bacteria in L. dispar larvae (p 
> 0.05).

To further investigate the relationship between OTUs and 
functions, we analyzed the correlation between OTU abundance and 
differential functional abundance. Lactobacillus (OTU 254 and OTU 
737) was negative correlated with Cell Growth and Death, Energy 
Metabolism, Excretory System, Circulatory System, Endocrine 
System, Transport and Catabolism and Membrane Transport. The 
negative correlation coefficient between energy metabolism and OTU 
254 was 0.81. Mesorhizobium (OTU881) and Burkholderia-
Caballeronia-Paraburkholderia (OTU761 and OTU656) were 
positively correlated with Membrane Transport, Environmental 
Adaptation, Transport and Catabolism, Endocrine System, Circulatory 
System, Excretory System, Energy Metabolism, and Cell Growth and 
Death. The positive correlation coefficient between energy metabolism 
and OTU761 was 0.92. Overall, the principal functions of the majority 
of gut bacteria were associated with energy metabolism as well as cell 
growth and death.

FIGURE 1

Rarefaction curve of gut bacterial species in the 3rd instar larvae of L. dispar (CK: control group; LC20: treatment group with 0.0297  mg/mL of CAR; 
LC50: treatment group with 1.120  mg/mL of CAR).
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FIGURE 3

Analysis of the significance of relative abundance difference between 
groups at phylum and genus levels. p  ≤  0.05 indicates significant 
difference; p  ≤  0.01 indicates extremely significant difference, NS 
indicates no significant difference. (A) The comparison results of 
Firmicutes. (B) The comparison results of Proteobacteria. (C) The 
comparison results of Actinobacteria. (D) The comparison results of 
Bacteroidota. (E) The comparison results of Lactobacillus. (F) The 
comparison results of Burkholderia-Caballeronia-Paraburkholderia. 
(G) The comparison results of Anoxybacillus. (H) The comparison 
results of Pelomonas. (I) The comparison results of Mesorhizobium. 
CK: control group; LC20: treatment group with 0.0297  mg/mL of 
CAR; LC50: treatment group with 1.120  mg/mL of CAR.

3.5 Species relationships among gut 
bacteria

In order to explore the interactions between the gut bacterial 
communities of L. dispar larvae treatment with carvacrol (the dose 

were 0.0297 mg/mL and 1.120 mg/mL separately), the control group 
was fed an artificial diet containing 10%DMSO, a single factor 
correlation network was used to analyze for the dominant genera in 
the top  20 genus of total abundance in each of the three groups 
(Figure 7). The network diagram for the control group included 20 
nodes and 67 edges (52 positive correlations, and 15 negative 
correlations) (Figure 7A). There were 17 nodes and 76 edges (65 
positive correlations, and 11 negative correlations) for the treatment 
group with 0.0297 mg/mL of CAR (Figure 7B). The network diagram 
for the LC50 group included 19 nodes and 57 edges (36 positive 

FIGURE 2

Gut bacterial composition analysis of the control group and the 
treatment group. (A) Venn diagram based on OTU level treatment 
group and control group; (B) Relative abundances of bacterial 
communities at phylum levels; (C) Relative abundances of bacterial 
communities at genus levels. CK: control group; LC20: treatment 
group with 0.0297  mg/mL of CAR; LC50: treatment group with 
1.120  mg/mL of CAR.
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TABLE 2 Diversity and richness of gut bacteria communities of L. dispar larvae with different group.

Sample name Shannon Simpson ACE Chao Coverage

LC50_1 1.88 0.33 79.75 79.67 0.99

LC50_2 1.21 0.49 72.69 73.13 0.99

LC50_3 0.9 0.63 79.21 76.00 0.99

LC20_1 1.24 0.58 84.19 84.67 0.99

LC20_2 1.80 0.37 102.36 105.43 0.99

LC20_3 0.11 0.97 52.67 52.00 0.99

CK_1 2.97 0.15 91.81 91.14 0.99

CK_2 3.52 0.05 105.13 104.37 0.99

CK_3 2.65 0.16 89.18 90.00 0.99

CK: control group; LC20: treatment group with 0.0297 mg/mL of CAR; LC50: treatment group with 1.120 mg/mL of CAR. The numbers 1–3 following the sample names represent different 
replicates, respectively.

FIGURE 4

Effect of carvacrol treatment on the alpha diversity indices of gut bacterial in L. dispar larvae. Bacterial diversity is estimated by Shannon (A) and 
Simpson (B) indices. Bacterial richness is estimated by the Ace (C) and Chao1 (D) values. p  ≤  0.05 indicates significant difference; p  ≤  0.01 indicates 
extremely significant difference, NS indicates no significant difference. CK: control group; LC20: treatment group with 0.0297  mg/mL of CAR; LC50: 
treatment group with 1.120  mg/mL of CAR.
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FIGURE 5

Principal coordinate analysis (PCoA) of bacterial communities in L. 
dispar from different groups based on unifrac distances. CK: control 
group; LC20: treatment group with 0.0297  mg/mL of CAR; LC50: 
treatment group with 1.120  mg/mL of CAR. The numbers 1–3 
following the sample names represent different replicates, 
respectively.

FIGURE 6

KEGG function prediction and function difference of the gut bacterial in L. dispar from different groups. (A) “*” indicates p < 0.05, “**” indicates p < 0.01. 
(B) “*” indicates that the correlation coefficient is greater than 0.7; “**” indicates that the correlation coefficient is greater than 0.8; “***” indicates that 
the correlation coefficient is greater than 0.9.CK: control group; LC20: treatment group with 0.0297  mg/mL of CAR; LC50: treatment group with 
1.120  mg/mL of CAR. The numbers 1–3 following the sample names represent different replicates, respectively.

correlations, and 21 negative correlations) (Figure 7C). The number 
of nodes was almost the same in the three groups, and the LC50 
treatment group had the least number of edges. In the control group 
the degree of Lactobacillus was eight, and both were positively 
correlated. However, in the LC50 carvacrol treated group, the degree 
of Lactobacillus was 3, respectively which were negatively correlated 
with Streptococcus. The results showed that under carvacrol stress of 
LC50, cooperation and exchange events between most bacterial 
genera in the gut of L. dispar were reduced.

3.6 The impact of gut bacteria elimination 
on the response of Lymantria dispar under 
CAR stress

To further investigate the interaction between the gut bacteria 
of the L. dispar and CAR, we constructed an axenic insect system 
by incorporating antibiotics into the artificial diet, thereby 
validating the function of gut bacteria. Isolation and cultivation 
results of gut bacteria from L. dispar larvae after antibiotic treatment 
were shown in Figure 8A. After feeding on artificial feed containing 
antibiotics for 3 days, the abundance of gut bacteria in the larvae of 
the L. dispar (Figures 8A4–A6) was lower than that in the larvae 
which did not feed on antibiotic containing feed (Figures 8A1–A3). 
The results indicated that the method of incorporating antibiotics 
into artificial feed was effective in inhibiting the gut bacteria of the 
L. dispar. In addition, to determine whether antibiotics affect the 
growth and development of the L. dispar larvae, we measured the 
weight gain (Figure 8B) and survival rate (Figure 8C) of larvae fed 
on artificial feed containing antibiotics. Compared with the control 
group, antibiotic treatment had no significant effect on the growth 
and development of the larvae (p > 0.05). The results indicated that 
the L. dispar larvae could complete normal growth and development 
after gut bacteria were removed.

To further investigate the interaction between CAR and the gut 
bacteria of L. dispar larvae, we assessed the impact of CAR on the 
survival rate of the larvae which gut bacteria were removed. Compared 
with our previous research results, the insecticidal activity of carvacrol 
against L. dispar larvae was enhanced after feeding on artificial feed 
containing antibiotics at 72 h. The lethal concentration of carvacrol for 
L. dispar larvae with eliminated gut bacteria was 0.732 (0.604 ~ 0.902) 
mg/mL (Table  3), which was significantly higher than the lethal 
concentration for larvae with non-eliminated gut bacteria, which was 
1.120 (0.918 ~ 1.415) mg/mL. The research results indicated that gut 
bacteria could significantly alter the response of L. dispar to carvacrol.
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4 Discussion

During the long-term coevolution between plants and herbivorous 
insects, various adaptive or defensive mechanisms have been formed, 
including morphological structure, physiological and biochemical 
metabolism. Plants can produce secondary metabolites including 
alkaloids and terpenes to resist the harm of herbivorous insects, while 
insects can resist the effects of exogenous toxins through their own 
physiological and biochemical defense mechanisms (Erb and Robert, 
2016; Price, 2002). Additionally, a vast array of microorganisms was 
established within insects, distributed across the gut, bloodstream, and 

cells (Douglas, 2015). Notably, the density of gut microbiota is 
exceedingly high, and these microorganisms can significantly influence 
the detoxification process of their host insects (Douglas, 2015). 
Therefore, exploring the relationship between gut bacterial and their 
hosts was crucial for developing pest control strategies. Our preliminary 
studies indicated that carvacrol had toxicity on the L. dispar larvae and 
could affect the detoxification mechanisms at the mRNA level. 
However, there were few reports on the response of “an important 
organelle” which was gut bacteria under CAR stress. Consequently, 
we employed the 16 s rRNA technique to analyze the impact of sublethal 
and lethal doses of CAR on the composition, diversity, and function of 
the gut bacteria in the L. dispar larvae, with the aim of providing novel 
insights for the prevention and control of L. dispar larvae.

In this study, we found that under the treatment of CAR, the 
relative abundance, richness, diversity and function of gut bacterial 
in the larvae of the L. dispar had been significantly changed. The 
dominant bacteria at the phylum level of the L. dispar larvae were 
the Proteobacteria and the Firmicutes, accounting for over 97% of 
the gut bacteria of this species. This community was consistent with 
the findings of previous studies on the midgut bacteria of the 
L. dispar larvae (Zeng et al., 2021). At the genus level, we found that 
CAR treatment could significantly increase the abundance of 
Lactobacillus in the gut bacteria of L. dispar larvae (p = 0.01). As an 
important probiotic, Lactobacillus could produce a variety of 
probiotic effects on the host, including improving immune function, 
providing nutrients and pathogen exclusion (Blum et al., 2013; Ryu 
et al., 2008; Storelli et al., 2011). Studies had shown that Lactobacillus 
had a metabolic effect on Chlorpyrifos and could reduce the toxicity 
of Chlorpyrifos to Drosophila melanogaster (Daisley et al., 2018). 
Lactobacillus could significantly improve the survival rate of 
honeybees under acetamiprid stress (Liu et al., 2022). In addition, 
Lactobacillus could also help their hosts adapt to extreme low 
temperature environments (Liu et al., 2021).

According to the test of significant difference between groups, after 
CAR treatment, Significant declines occurred in the abundance of 
Burkholderia-Caballeronia-Paraburkholderia, Pelomonas, Anoxybacillus, 
and Mesorhizobium in the gut of the larvae. As a new taxonomic branch, 
the genus Burkholderia-Caballeronia-Paraburkholderia encompasses 
numerous beneficial bacterial species, which had been associated with 
diazotrophism, bioremediation, and antibiotic activity (Beukes et al., 
2017). Upon infection with the cypovirus, the abundance of Pelomonas 
in the gut of the Bombyx mori had been significantly decreased (Sun 
et al., 2016). Similarly, in this study, it was observed that under the stress 
of CAR, the abundance of Pelomonas in the gut of the larvae also 
significantly declined. Anoxybacillus was a facultatively anaerobic, spore-
forming Gram-positive bacterium, which was a new genus that had been 
independently separated from the Bacillus (Pikuta et al., 2000). Although 
only a few studies had reported the presence of Anoxybacillus within the 
gut of insects, it had been observed that Anoxybacillus has already been 
found in the gut of the glassy-winged sharpshooter larvae. Furthermore, 
Mesorhizobium, which belongs to the Phyllobacteriaceae family, was also 
present in the gut of Triatoma infestans (Waltmann et al., 2019).

As a plant secondary metabolite, carvacrol could inhibit the 
growth of microorganisms such as Bacillus subtilis, Escherichia coli, 
and Pseudomonas aeruginosa by interfering with energy metabolism 
and disrupting cell membranes (Chan et al., 2013; Wan et al., 2019). 
We  also found that carvacrol could interfere with the energy 
metabolism and membrane transport functions of gut bacteria in the 

FIGURE 7

Network analysis of the dominant genera (top 20) of the gut bacterial 
communities of L. dispar in three groups. (A) CK: control group; 
(B) LC20: treatment group with 0.0297  mg/mL of CAR; (C) LC50: 
treatment group with 1.120  mg/mL of CAR. The size of nodes in the 
figure represents the abundance of species, and different colors 
represent different species. The color of the line indicates positive 
and negative correlation, red indicates positive correlation, green 
indicates negative correlation; The more lines there are, the more 
closely related the species is to other species. When a correlation 
coefficient exceeds 0.6 and p <  0.05, the relationships are kept.
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TABLE 3 Toxicity of carvacrol to Lymantria dispar larvae which gut bacteria were removed.

Treatment time (h) LC20 (mg/
mL)

CI (mg/mL) LC50 (mg/
mL)

CI (mg/mL) R2

72 0.183 (0.134 ~ 0.234) 0.732 (0.604 ~ 0.902) 0.971

L. dispar larvae. Research had shown that Imidacloprid and 
Flupyradifurone could down-regulate the carbohydrate metabolism 
and up-regulate the energy metabolism function of the gut bacterial 
in Bombus terrestris (Zhang et al., 2022). Differently, we had observed 
a significant upregulation in carbohydrate metabolism a in the gut 
bacterial with two dose of CAR treatment (p < 0.05). The decrease in 
energy metabolism function of intestinal bacteria might be due to the 

bacteria consuming a large amount of energy to reduce the damage 
caused by CAR. The upregulation of carbohydrate metabolism 
function might be due to the increase in the relative abundance of 
Lactobacillus (Zhang et al., 2022).

The network analysis between microorganisms could clearly 
display the interactions between microorganisms (Wang et  al., 
2023). In the control group, the relationship between Lactobacillus 

FIGURE 8

The impact of antibiotic treatment on the abundance of gut bacteria (A), the increase in larval weight (B), and survival rates (C) in Lymantria dispar 
larvae.
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and other bacterial genera was positively correlated. However, in 
the CAR treatment groups, the relationship between Lactobacillus 
and other bacterial genera was negatively correlated. Lactobacillus, 
as an important type of probiotic, exhibited multiple functions, 
including inhibiting the growth of pathogenic bacteria in the gut, 
improving the structure of gut bacteria, and promoting intestinal 
digestion (Lu et  al., 2023). In this study, the alteration in the 
previously associated relationship between Lactobacillus and other 
genera may be attributed to the significant increase in the relative 
abundance of Lactobacillus in the gut. The insecticidal activity of 
carvacrol to L. dispar larvae eliminated by intestinal bacteria was 
higher than that L. dispar of larvae not eliminated by intestinal 
bacteria. Combined with the significant increase in Lactobacillus 
abundance under carvacrol stress. We speculated that Lactobacillus 
could help the larvae of the L. dispar adapt to the stress of carvacrol. 
The degradation capability of Lactobacillus toward carvacrol still 
was require further investigation.

5 Conclusion

The present study provided new insight into the effect of 
sublethal and lethal doses of carvacrol on the gut bacteria of 
Lymantria dispar larvae through 16S rRNA high-throughput 
sequencing technology. Findings indicated that carvacrol at both 
doses significantly affected the composition of gut bacterial at both 
the genus and phylum levels. Carvacrol could significantly affect the 
diversity, and function of gut bacteria. Carvacrol at both doses 
altered the interactions among gut bacteria. After carvacrol 
treatment, the survival rate of L. dispar larvae with gut bacteria 
eliminated was significantly higher than that of larvae without 
eliminated gut bacteria, and this effect was not caused by the 
antibiotics used to eliminate gut bacteria. Combined with the 
significant increase in the abundance of Lactobacillus, we speculated 
that gut bacteria mainly promoted the decomposition and 
metabolism of carvacrol in the larvae of L. dispar by increasing the 
abundance of Lactobacillus. The mechanism by which Lactobacillus 
alleviate the toxic effects of carvacrol on L. dispar will be explored 
in the next step of work. This study could provide insights into the 
role of gut bacteria in host resistance to harmful substance stress.
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