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Background: The plant secondary metabolites (PSMs), as important plant 

resistance indicators, are important targets for screening plant insect resistance 

breeding. In this study, we  aimed to investigate whether the population of 

Zeuzera co�eae (ZC) is a�ected by di�erent varieties of Carya illinoinensis PSMs 

content. At the same time, the structure and function of the gut microbiome of 

ZC were also analyzed in relation to di�erent pecan varieties.

Methods: We counted the populations of ZC larvae in four pecan varieties and 

determined the content of four types of PSMs. The structure and function of 

the larval gut microbiota were studied in connection to the number of larvae 

and the content of PSMs. The relationships were investigated between larval 

number, larval gut microbiota, and PSM content.

Results: We found that the tannins, total phenolics, and total saponins of 4 various 

pecans PSMs stifled the development of the ZC larval population. The PSMs 

can significantly a�ect the diversity and abundance of the larval gut microbiota. 

Enrichment of ASV46 (Pararhizobium sp.), ASV994 (Olivibacter sp.), ASV743 

(Rhizobium sp.), ASV709 (Rhizobium sp.), ASV671 (Luteolibacter sp.), ASV599 

(Agrobacterium sp.), ASV575 (Microbacterium sp.), and ASV27 (Rhizobium sp.) in 

the gut of larvae fed on high-resistance cultivars was positively associated with 

their tannin, total saponin, and total phenolic content. The results of the gut 

microbiome functional prediction for larvae fed highly resistant pecan varieties 

showed that the enriched pathways in the gut were related to the breakdown of 

hazardous chemicals.

Conclusion: Our findings provide further evidence that pecan PSMs influence 

the structure and function of the gut microbiota, which in turn a�ects the 

population stability of ZC. The study’s findings can serve as a theoretical 

foundation for further work on selecting ZC-resistant cultivars and developing 

green management technology for ZC.
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1 Introduction

Growth and development of herbivorous insects are indirectly 

a�ected by the composition of their gut microbiota, which plays an 

essential role in the metabolism of nutrition, the breakdown of toxins, 

and the spread of pesticide resistance (Shin et al., 2011; �ong-On 

et al., 2012; Schuman and Baldwin, 2016; Bai et al., 2020). In recent 

years, many studies have focused on the adaptation of gut microbiota 

to plant secondary metabolites (PSMs) in coordination with 

phytophagous insects (Zhang et al., 2023). However, the study on the 

e�ect of PSMs on gut microbiota of pests and thus inhibiting the 

normal growth of pests was neglected (Schuman and Baldwin, 2016; 

Mason et al., 2019; Mason, 2020). With the development of molecular 

breeding, it is possible to regulate the accumulation of some PSMs 

(Ahmar et al., 2020; Li et al., 2020). �rough the e�ective accumulation 

of insect resistant substances, the gut microbiota of pests can 

be interfered with, and then the nutrient accumulation of pests can 

be a�ected, which may be an e�ective means to e�ectively prevent 

plant-eating pests, especially the trunk-boring pests which are di�cult 

to control (Singh and Kaur, 2018; Kortbeek et al., 2021).

When phytophagous insects feed on plants or lay eggs, they 

trigger the activation of the induced resistance mechanism, resulting 

in a stress defense response (Zhang and Liu, 2006; Bonaventure, 2012). 

�is response produces and releases various PSMs, such as indole, 

methylsalicylic acid, leaf alcohol, trans-3-hexenol, monophosphores, 

and sesquiterpenes, that have evocative e�ects on the feeding and 

laying choices of insects (Lee et al., 2015; Beran et al., 2019; Yang et al., 

2020; Mollah et al., 2021). However, several studies have demonstrated 

that phytophagous insects possess a robust capacity for learning and 

adaptability (Tokuda et al., 2022). Moreover, a�er multiple generations 

of adaptation to suitable hosts, such hosts may lose their initial 

resistance, particularly in the case of responses induced by certain 

plants (Despres et al., 2007). Consequently, stress resistance indices 

represent the primary means of assessing participation in resistant 

variety selection (Zhang H. et al., 2020; Zhang S. et al., 2020).

Pecan, as an important economic crop, is rich in nutrients and has 

high value (Ortiz-Quezada et al., 2011; Huang et al., 2019). To increase 

the economic returns of forestry, China introduced pecan in Jiangxi 

in 1890 and began large-scale cultivation in 1996 (Zhang et al., 2003). 

With the increase in cultivation area, the stem-boring pest Zeuzera 

co�eae (ZC) has gradually become a major pest a�ecting the healthy 

development of the pecan industry (Ju et  al., 2019). Currently, 

chemical control of stem-boring pests has shown limited e�ectiveness 

and is not conducive to the safety of forest ecosystems and the green, 

pollution-free production of pecan products (Rebek et  al., 2012). 

�erefore, the selection of a set of e�ective pest resistance indicators 

is particularly important. �e concentrations of PSMs, including 

tannins, phenolics, and �avonoids, vary among di�erent strains of 

pecans, as is widely recognized (Li et al., 2022). Investigating whether 

the population of ZC can be impacted by PSMs of various types of 

pecans through their in�uence on the gut microbiota of ZC larvae is 

crucial, especially for assessing the e�ectiveness of insect resistance 

traits in pecans.

Over a period of 5 years, in this study, we observed changes in ZC 

population on various pecan cultivars. We evaluated the levels of four 

PSMs, namely tannins, total phenols, total saponins, and cellulose, 

which are known for their insect resistance properties (Yonekura-

Sakakibara et  al., 2019; Li et  al., 2022; Phukan et  al., 2023). 

Furthermore, we analyzed the connections between these parameters 

and the gut microbiota structure and function of ZC. �e study’s 

development may determine whether the PSM content in various 

pecan varieties impacts the gut microbiota structure of ZC, thereby 

strengthening the theory of using PSMs as a measure for insect 

resistance breeding in pecans.

2 Materials and methods

2.1 Sample collection

Surveys were conducted on 4 pecan varieties, Kanza (KZ), 

Number 27 (EQ), Pawnee (BN), and Mahan (MH), in plantations 

located at 2 sites (117°23′37.12″, 32°11′50.38″; 118°7′43.08″, 
32°3′5.60″) in Anhui, China, and one site (119°32′32.93″, 29°5′21.04″) 

in Zhejiang, China. �e pecan forests were essentially in a natural state 

without the application of pesticides for disease, insect, or weed 

control. During the time when ZC larvae posed a threat to pecan, 

branches with larval infestation were randomly selected from the 

three study sites as experimental samples. A�er bringing the samples 

back to the laboratory, the branches were dissected under sterile 

conditions, and the larvae were taken out for test. �e larvae gut was 

dissected in PBS bu�er, labeled, and stored at −80°C for test (Zhang 

et al., 2021). �e branches of the 4 varieties of pecan were classi�ed 

and labeled for the preparation of PSMs content analysis.

2.2 Extraction and analysis of ZC gut 
microbiota

To obtain all the DNA from the ZC larvae gut microbiota, 

we followed the extraction protocol of the QIAGEN DNeasy Blood & 

Tissue Kit as a reference. We dissected the gut in PBS bu�er and 

collected it in sterile PE tubes with 1 mL PBS. Each tube contained the 

gut of 5 larvae guts to ensure DNA quality. We homogenized the 

collected material and performed centrifugation at 7,500 rpm at 

4°C. Finally, we transferred the supernatant into new sterile PE tubes 

to extract the total DNA. A�erward, the purity and concentration of 

the DNA samples were evaluated. �e Pacbio Sequel II platform was 

used for sequencing, with CLR (continuous long read) mode. PCR 

ampli�cation of the nearly full-length bacterial 16S rRNA genes was 

performed using the forward primer 27F (5′-AGAGTTTGAT 

CMTGGCTCAG-3′) and the reverse primer 1492R (5′-ACCTTGTTA 

CGACTT-3′). �e extracted DNA was ampli�ed with a two-step PCR, 

incorporating sample-speci�c 16-bp barcodes into the forward and 

reverse primers for multiplex sequencing in the second PCR step. 

Both steps of the PCR contained 5 μL of Q5 reaction bu�er (5×), 5 μL 

of Q5 High-Fidelity GC bu�er (5×), 0.25 μL of Q5 High-Fidelity DNA 

Polymerase (5 U/μl), 2 μL (2.5 mM) of dNTPs, 1 μL (10 uM) of each 

Forward and Reverse primer, 2 μL of DNA Template, and 8.75 μL of 

ddH2O. �ermal cycling involved an initial denaturation at 98°C for 

2 min, followed by 25/10 cycles (for the �rst and second ampli�cation 

steps, respectively). Each cycle consisted of denaturation at 98°C for 

30 s, annealing at 55°C for 30 s, and extension at 72°C for 90 s. �e 

process concluded with a �nal extension of 5 min at 72°C. �e PCR 

amplicons were puri�ed using Agencourt AMPure Beads (Beckman 

Coulter, Indianapolis, IN) and quanti�ed using the PicoGreen dsDNA 
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Assay Kit (Invitrogen, Carlsbad, CA, United States). Following the 

individual quanti�cation step, the amplicons were combined in equal 

proportions. �e Single Molecule Real Time (SMRT) sequencing 

technology was then utilized on the PacBio Sequel platform at 

Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China). To 

reduce the sequencing error rate, PacBio circular consensus 

sequencing (CCS) reads were obtained from the multiple alignments 

of sub-reads. In CCS, the DNA polymerase reads a ligated circular 

DNA template multiple times, generating a consensus sequence from 

multiple reads of a single molecule. Raw sequences were processed 

through the PacBio SMRT Link portal (version 5.0.1.9585), �ltered for 

a minimum of 3 passes, and a minimum predicted accuracy of 99%. 

�e predicted accuracy of 99% is the threshold below which a CCS is 

considered noise. �e PacBio platform generated �les, which were 

then used to trim amplicon sizes by removing sequences longer than 

2,000 bp. �e sequencing results were deposited in Bio Project 

accession numbers (PRJNA1027071) of the NCBI Web database.

2.3 Determination of PSMs content in 
injured pecan branches

To determine the amount of plant tannin present, we weighed 

0.1 g of tissue and add it to 1 mL of distilled water. Mix thoroughly and 

extract it in a water bath at 80°C, for 30 min. Centrifuge the solution 

at 10,000 rpm and 25°C, for 10 min. Collect the resulting supernatant 

and analyze it to extract the tannin content, using the Tannin content 

Test kit (Suzhou Michy Biomedical Technology Co., Ltd., Suzhou, 

China). Tannins mix with molybdic acid in a basic surrounding to 

make a blue compound that has the highest absorption at 765 nm 

(Arbenz and Avérous, 2015; Huang et al., 2022). To �gure out the 

amount of tannin in the sample, we measured the absorbance value 

at 765 nm.

For determining the total phenol content in plants, we dried the 

sample, crushed it, and �ltered it through a 40-mesh screen. We took 

around 0.02 g of the sample and added it to 1 mL of extraction 

solution. A�er spinning at 10,000 g at 25°C for 10 min, we collected 

the liquid that rose to the top for testing. We used Plant Total Phenols 

content test kit (Suzhou Michy Biomedical Technology Co., Ltd., 

Suzhou, China) to extract the full number of phenols in the samples. 

Phenols react with ammonium molybdate in alkaline conditions to 

produce a blue substance that peaks at an absorption level of 765 nm. 

To �nd out the total phenol content in the sample, we measured the 

absorbance value at 765 nm (Ning et al., 2023).

To �nd out how much cellulose a plant contains, weigh around 

0.1 g of the sample. Use the cellulose content test kit made by Cellulose 

content test kit (Suzhou Michy Biomedical Technology Co., Ltd., 

Suzhou, China) to extract cellulose content. Cellulose is a type of sugar 

with β-glucose parts, which can be broken down into β-glucose under 

acid and heat. β-glucose turns into β-hydroxymethylfurfural 

compounds with strong acid conditions when it becomes dehydrated. 

�e β-hydroxymethylfurfural compounds react with anthrone to 

create derivatives that are measured to determine the cellulose content 

(Mishra et al., 2019).

To determine the total saponin content of the plant, the samples 

should be �rstly dried, grinded, and sieved. �en, add roughly 0.05 g 

of the sample to 1 mL of extraction solution and use ultrasonic 

extraction for 1 h. A�er spinning at 10,000 rpm for 10 min at 25°C, the 

top liquid layer was gathered for analysis. Saponin quantity was 

extracted with Total saponins content test kit saponin test kit. 

Ultrasonic technique was utilized to gather saponins from the 

specimen, and the overall saponin quantity was found by means of the 

vanillin-perchloric acid colorimetric method (Lu, 2022).

2.4 Data analysis

To obtain high-quality data, we  utilized the DADA2, which 

includes steps such as primer trimming, quality �ltering, denoising, 

merging, and chimera removal (Callahan et al., 2016). We employed 

the classify-sklearn algorithm in QIIME2 (version 2019.4)1 to annotate 

species for each amplicon sequence variants (ASV) feature sequence 

(Bokulich et al., 2018). Default parameters were used in QIIME2, and 

a pre-trained Naive Bayes classi�er was utilized for the species 

annotation (DeSantis et al., 2006; Quast et al., 2012; Bolyen et al., 

2019). To analyze the taxonomic composition and diversity of ZC 

larval gut microbiota, we used QIIME2 and executed the “qiime taxa 

barplot” command for taxonomic composition analysis. Using 

QIIME2 so�ware and the ggplot2 package in R (version 4.2.1), 

we employed the “qiime diversity alpha-rarefaction” command with 

the following parameters: “--p-steps 10 --p-min-depth 10 

--p-iterations 10.” �is set the minimum rarefaction depth to 10, and 

the “--p-max-depth” parameter was set to 95% of the lowest 

sequencing depth among all samples. Subsequently, 10 evenly spaced 

depth values were selected between this depth and the minimum 

depth, with each depth value rare�ed 10 times, and the selected alpha 

diversity indices were computed. �e average score at the maximum 

rarefaction depth was chosen as the alpha diversity index. To visualize 

the alpha diversity di�erences between di�erent sample groups, 

conduct a Kruskal-Wallis rank-sum test as a post-hoc test to con�rm 

the signi�cance of the di�erences, perform beta diversity analysis 

using the vegan package, and conduct PCA analysis using the ggplot2 

package (Baselga and Orme, 2012; Lever et al., 2017; Villanueva and 

Chen, 2019). Functional prediction of ZC gut microbiota were 

predicted by PICRUSt2 (Phylogenetic investigation of communities 

by reconstruction of unobserved states) (Langille et al., 2013; Douglas 

et al., 2020) upon MetaCyc2 and KEGG3 databases.

To conduct network co-linearity analysis on gut microbiota, 

we  used the interactive platform Gephi (v0.9.2), for network 

visualization (Jacomy et al., 2014). Nodes within the network re�ect 

individual ASVs and edges represent pairwise correlations between 

nodes in the microbiota network. �e computed features of the 

microbiota and fungal networks comprise positive co-occurrence and 

negative exclusion correlations, average path length, network 

diameter, average clustering coe�cient, average connectivity, 

and modularity.

We executed a di�erential analysis using GraphPad Prism 9 to 

evaluate the disparities in the quantity of ZC on diverse varieties of 

pecan over �ve successive years, which yielded a violin plot (Mavrevski 

et al., 2018). To examine the PSMs content in various varieties of 

1 https://github.com/QIIME2/q2-feature-classifier

2 https://metacyc.org/

3 https://www.kegg.jp/
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pecan on the OmicShare platform,4 we  executed Kruskal-Wallis 

rank-sum tests and variance analysis. Alongside, we  conducted 

Canonical Correspondence Analysis (CCA) on the ZC gut microbiota 

ASVs with weight adjustments ranging from 0.1 to 1. We  also 

performed network weight analysis between ZC gut microbiota ASVs 

and PSMs of pecan. We performed a pathway analysis on ZC gut 

microbiota ASVs’ metabolic pathways and evaluated their correlation 

with the highly weighted ZC gut microbiota ASVs to determine the 

correlations between ZC gut microbiota ASVs on various pecan 

cultivars. We  utilized the ImageGP platform5 to create a 

Manhattan plot.

3 Results

3.1 Di�erential analysis of ZC abundance 
on di�erent varieties of pecan

Aimed to determine whether PSMs from four di�erent 

varieties of pecan a�ect ZC population survival, the abundance of 

ZC living on these four varieties was statistically analyzed over 5 

consecutive years (Figure  1B). It was observed that in the KZ 

variety, there were a total of 727 individuals over 5 years, there is 

an average of 48.467 ± 12.420 larvae per sampling point annually. 

In the EQ variety, there were 660 individuals, there is an average of 

44.000 ± 13.196 larvae per sampling point annually. In the MH 

variety, there were 249 individuals, there is an average of 

16.600 ± 9.387 larvae per sampling point annually. In the BN 

variety, there were 820 individuals, here is an average of 

54.667 ± 20.013 larvae per sampling point annually. Notably, the 

number of ZC on the MH variety was lower than the other three 

varieties, and one-way ANOVA results indicated that MH was 

signi�cantly lower than BN (p < 0.05).

3.2 Di�erential analysis of PSMs content in 
four pecan varieties

To further investigate a potential correlation between PSMs and 

ZC infestations, we analyzed the content of four insect-resistant PSMs 

in four di�erent varieties of pecans (Figures 1C–F). Among the four 

varieties tested, MH had the highest tannin content 

(21.347 ± 2.217 mg/g), followed by EQ (18.329 ± 1.885 mg/g), KZ 

(16.683 ± 0.917 mg/g), and BN (13.688 ± 0.854 mg/g). Notably, BN had 

a signi�cantly lower tannin content than MH (p < 0.05), and there 

were overall signi�cant di�erences among the varieties (p < 0.001). �e 

cellulose content varied signi�cantly among the four varieties. BN had 

the highest content (436.732 ± 23.825 mg/g), followed by MH 

(362.653 ± 42.472 mg/g), KZ (262.139 ± 32.816 mg/g), and EQ 

(220.723 ± 20.714 mg/g), with EQ being signi�cantly lower than MH 

and BN (p < 0.05), and KZ also signi�cantly lower than BN (p < 0.05). 

Among the tested varieties, MH had the highest total phenol content 

(84.284 ± 7.095 mg/g), followed by EQ (75.798 ± 5.958 mg/g), KZ 

4 https://www.genedenovo.com/

5 https://www.bic.ac.cn/ImageGP

(65.057 ± 5.325 mg/g) and BN (58.475 ± 3.419 mg/g). BN had a 

signi�cantly lower content in comparison to EQ and MH (p < 0.05). 

Additionally, signi�cant di�erences among the varieties were observed 

overall (p < 0.05). Regarding total saponin content, the highest levels 

were found in MH (80.019 ± 8.303 mg/g), followed by EQ 

(72.432 ± 7.989 mg/g), KZ (61.288 ± 3.632 mg/g), and BN 

(50.547 ± 2.193 mg/g), with BN displaying signi�cantly lower levels 

than EQ and MH (p < 0.05), and statistically signi�cant di�erences 

among the varieties overall (p  < 0.05). It was determined that, 

excluding cellulose, MH exhibited lower levels than BN in other 

PSMs, while the remaining varieties displayed higher levels than 

other varieties.

3.3 Di�erential analysis of ZC gut 
microbiota composition

A�er quality control of the sequencing raw data, ZC larval gut 

samples from the KZ, EQ, BN, and MH groups yielded a total of 

126,169, 103,487, 123,267, and 115,856 e�ective microbiota 

sequences, respectively. Dilution curve analysis 

(Supplementary Figure S1) showed that as the sequencing depth 

increased, the number of ASVs in ZC gut microbiota tended to 

stabilize, indicating that the sequencing depth of the samples met the 

requirements for diversity analysis (Supplementary Figure S1). 

Analysis of the gut microbiota community composition of ZC larvae 

feeding on four di�erent pecan varieties (Figure 2A) revealed the 

following proportions of genera that make up more than 1% of the 

composition: In the KZ variety: Ralstonia (14.02%), Enterococcus 

(9.83%), and Rhizobium (1.64%). In the EQ variety: Ralstonia 

(86.28%), Bradyrhizobium (7.28%), Pelomonas (2.37%), and 

Escherichia (1.35%). In the BN variety: Ralstonia (74.15%), 

Enterococcus (20.94%), and Bradyrhizobium (1.38%). In the MH 

variety: Ralstonia (71.79%), Microbacterium (3.11%), Luteolibacter 

(1.94%), Bradyrhizobium (1.82%), Neorhizobium (1.20%), and 

Pelomonas (1.20%).

�e alpha diversity analysis of ZC gut microbiota is mainly based 

on Chao1, Simpson, and Observed_species indices (Figure 2B) (Chao, 

1984). �e Chao1 index, which measures species richness, indicates 

that the gut microbiota richness of the KZ variety was signi�cantly 

higher than that of other varieties, with a statistically signi�cant 

di�erence (p < 0.05) (Figure 2B). �e Simpson index demonstrated 

that the KZ variety housed the highest gut microbiota diversity and 

evenness, signi�cantly surpassing other varieties (p < 0.05) (Figure 2B) 

(Simpson, 1949). �e Observed_species richness index quanti�ed the 

number of ASVs detected in the sample, revealing that the KZ variety 

had signi�cantly higher gut microbiota ASV richness than other host 

plants (p < 0.05) (Figure 2B).

To investigate the interactions among di�erent microbiota, a 

co-occurrence network analysis was performed on the ZC larval 

gut microbiota (Figure  2C; Table  1). �e network diagrams 

illustrate the correlations between the ZC microbiota in each 

variety (Figure 2C), with KZ, EQ, BN, and MH including 429, 160, 

290, and 345 nodes, respectively. �e number of positive 

correlations in the KZ, EQ, BN, and MH groups were 34,399, 5,110, 

17,589, and 22,637, respectively. �e data revealed 57,805, 7,764, 

24,605, and 37,025 negative correlations among microbiota 

communities. A community co-occurrence positive/negative link 
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ratio less than 1 for all strains demonstrates a preponderance of 

negative correlations (Table  1), inferring antagonistic relations 

among microbiota communities.

Beta diversity analysis was performed on the gut microbiota of 

ZC from four pecan varieties (Figure 3A; Supplementary Table S1). 

Results of the permdisp test showed a signi�cant di�erence 

(p < 0.05) between the pecans of the MH variety and the KZ 

variety. On the other hand, the di�erences between the EQ and 

MH varieties and between the BN and MH varieties were not 

signi�cant, with p-values of 0.621 and 0.634, respectively. �e 

evidence suggests that the gut microbiota of ZC on BN, EQ, and 

MH varieties exhibit greater similarity. Furthermore, Principal 

Component Analysis (PCA) showed that the gut microbiota 

community structures of ZC larvae on KZ, BN, EQ, and MH 

varieties of pecan are distinct (Figure  3B). �e gut microbiota 

community structures of ZC on EQ and MH cultivars cluster 

together and are distinct from those on KZ and BN cultivars, 

suggesting a similarity between the microbiota community 

structures of EQ and MH cultivars and dissimilarities from the 

other two cultivars.

FIGURE 1

Statistical graphs of ZC larval damage rates and PSMs content among di�erent pecan varieties. (A) The hotos depict the status of ZC larval damage. 

(B) The violin diagram shows the di�erential analysis of ZC survival on four varieties of pecan. The red dashed line represents the quartiles, the black 

line represents the median, and the black dots represent individual samples. (C–F) Di�erential analyses of tannin, cellulose, total phenols, and total 

saponin content in the branches of the four pecan varieties. The brackets and numerical values above the box plot indicate the di�erence in PSMs 

content between two pecan varieties.
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To determine the distinct dissimilarities among the ASVs of ZC 

larval gut microbiota on the KZ, BN, and EQ varieties of pecans in 

comparison to MH, a correlation analysis was conducted 

(Figures 3C–E). �e examination exposed signi�cant associations 

between the ZC gut microbiota ASVs on the three pecan varieties and 

the ASVs on the MH (Supplementary Tables S2–S4). �ere were 83 

ASVs that di�ered signi�cantly between KZ and MH groups, 18 ASVs 

that di�ered signi�cantly between EQ and MH, and 17 ASVs that 

di�ered signi�cantly between BN and MH. �ese �ndings indicate 

that the microbiota ASV structures in EQ, BN, and MH varieties are 

similar, with fewer di�erences observed when compared to KZ and 

MH varieties.

3.4 Di�erential analysis of PSMs content 
and ASVs of ZC gut microbiota

To determine whether the PSMs of pecans are key factors 

in�uencing the structure of ZC gut microbiota, a correlation analysis 

was conducted (Figure 4A). �e analysis revealed positive correlations 

between tannin, total saponins, total phenols, and gut microbiota, and 

a negative correlation with cellulose (Figures 4B–D). Based on the 

results of di�erential analysis of gut microbiota ASVs between the MH 

variety and the other three varieties, a correlation analysis was 

performed between the signi�cantly di�erent ASVs in each group and 

the PSMs of pecan in each group. �is analysis determined the 

FIGURE 2

Intestinal microbiota species composition, diversity, and network co-linearity analysis. (A) The proportional histogram presents the analysis of the 

top 10 abundant genera-level species compositions in the ZC gut microbiota. (B) The box diagrams display the alpha diversity analysis of ZC gut 

microbiota, including Chao1, Simpson, and Observed_species analyses. The top and bottom lines of the box represent the upper and lower quartiles. 

The line inside the box represents the median. The upper and lower edges of the box represent the maximum and minimum values. Points outside the 

upper and lower edges of the box represent outliers. The numbers under the diversity index labels indicate the p-values from the Kruskal-Wallis test. 

When conducting pairwise comparisons, ⁎ marks are used as default significance markers. (C) Co-linearity analysis of gut microbiota networks in 

di�erent pecan varieties for ZC larvae. Each point represents an ASV, with the point’s size indicating its proportion among all ASVs. Red lines represent 

positive correlations, while green lines indicate negative correlations.

TABLE 1 Characteristics of the co-linearity network of ZC larval gut microbiota.

ID Node Positive 
edge

Negative 
edge

Average 
weighted degree

Modularity Average clustering 
coe�cient

Average path 
distance

KZ 429 34,388 57,805 14.019 8.967 0.999 1.001

EQ 160 5,110 7,764 18.975 2.648 0.997 1.001

BN 290 17,589 24,605 110.458 0.433 0.999 1.000

MH 345 22,637 37,025 87.149 0.818 0.998 1.002
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FIGURE 3

Inter-group ASV di�erential analysis. (A) Beta diversity analysis of ZC larval gut microbiota. In the box plot, the top and bottom lines of the box 

represent the upper and lower quartiles. The line inside the box represents the median. The upper and lower edges of the box represent the maximum 

and minimum values. Points outside the upper and lower edges of the box represent outliers. (B) The Principal Component Analysis (PCA) of midgut 

microbiota concerning ZC. (C–E) is a Manhattan plot illustrating the di�erential analysis of ASVs in the gut microbiota of ZC larvae between the KZ, EQ, 

and BN varieties compared to the MH variety. The horizontal line represents the p-value threshold line, typically indicating the significance level 

threshold for better understanding the significance level of each data point. In the “Level” category, circular symbols represent “depleted,” triangular 

symbols indicate “significantly enriched,” and square symbols represent “no significant change.”
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strength of the correlation between ZC gut microbiota ASVs with 

signi�cant di�erences and the PSMs of pecan (tannin, total phenols, 

cellulose, and total saponins) between the two samples (Figures 4B–D).

�e analysis indicates that in KZ, BN, EQ, and MH groups, 

speci�c enriched ASVs, including ASV46 (Pararhizobium sp.), 

ASV994 (Olivibacter sp.), ASV743 (Rhizobium sp.), ASV709 

(Rhizobium sp.), ASV671 (Luteolibacter sp.), ASV599 

(Agrobacterium sp.), ASV575 (Microbacterium sp.), and ASV27 

(Rhizobium sp.), are positively correlated with pecan PSMs tannin, 

total saponins, and total phenols, while being signi�cantly inhibited 

by pecan PSMs cellulose. ASV389 (Brevundimonas sp.) and 

ASV168 (Schumannella sp.) are positively correlated with pecan 

PSMs cellulose and are signi�cantly inhibited by pecan PSMs 

tannin, total saponins, and total phenols. ASV416 (Falsirhodobacter 

sp.) is positively correlated with pecan PSMs cellulose, tannin, total 

saponins, and total phenols (Figures 4B–D).

3.5 Functional prediction of ZC gut 
microbiota

Functional prediction of metabolic pathways between di�erent 

groups (Figure  5A) may reveal distinct di�erences in metabolic 

pathways between the KZ variety and EQ, BN, and MH varieties. 

Additionally, EQ, BN, and MH varieties showed similar metabolic 

pathways, indicating that the gut microbiota community structure in 

these three varieties might possess similar decomposition abilities, 

while the KZ variety di�ers in metabolic capabilities from the other 

three varieties. �rough the correlation analysis of metabolic pathways 

and microbiota ASVs (Figures 5B–D; Supplementary Tables S5–S7), 

it was observed that the KZ variety exhibited 264 positive correlations 

and 110 negative correlations with metabolic pathways compared to 

the MH variety. �e EQ variety showed 60 positive correlations and 

195 negative correlations with metabolic pathways compared to the 

FIGURE 4

Correlation analysis between microbiota and environmental factors. (A) CCA plot illustrating the relationship between all ZC gut microbiota ASVs and 

PSMs. Di�erent colored circles represent the varying PSM content in samples from di�erent pecan varieties. (B–D) Correlation network plots between 

ZC gut microbiota ASVs that significantly di�er in the KZ, EQ, and BN pecan varieties compared to the MH variety and their corresponding PSMs. The 

size and color of the points, transitioning from yellow to green to purple, signify the significance of each data point. The thickness and color of the 

lines, spanning from blue to yellow to red, represent the magnitude of the correlation.
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MH variety. �e BN variety displayed 151 positive correlations and 

138 negative correlations with metabolic pathways compared to the 

MH variety. �ese results suggest that the di�erences in metabolic 

pathways between the KZ and MH varieties are positively correlated 

with the gut microbiota, while the di�erences in metabolic pathways 

between the EQ and MH varieties are negatively correlated, and the 

di�erences in metabolic pathways between the BN and MH varieties 

are positively correlated.

Furthermore, an analysis of the speci�c enriched ASVs, including 

ASV46, ASV994, ASV743, ASV709, ASV671, ASV599, ASV575, and 

ASV27, revealed the following patterns: In the KZ and MH varieties, 

these ASVs were associated with 17 metabolic pathways. Out of these, 

12 pathways exhibited positive correlations, including Phenylalanine 

metabolism (PM), Benzoate degradation (BD), Caprolactam 

degradation (CD), Carbon �xation pathways in prokaryotes (CFPIP), 

Terpenoid backbone biosynthesis (TBB), Ubiquinone and other 

terpenoid-quinone biosynthesis (UAOTB), Aminobenzoate 

degradation (AD), Chlorocyclohexane and chlorobenzene 

degradation (CACD2), Fluorobenzoate degradation (FD), Valine, 

leucine and isoleucine degradation (VLAID), Geraniol degradation 

(GD), and Synthesis and degradation of ketone bodies (SADOKB). 

Additionally, 5 pathways exhibited negative correlations, including 

Chloroalkane and chloroalkene degradation (CACD), Glycolysis / 

Gluconeogenesis (G/G), Carbon �xation in photosynthetic organisms 

(CFIPO), Amino sugar and nucleotide sugar metabolism (ASANSM), 

and Atrazine degradation (AD2). In the BN and MH varieties, these 

ASVs were associated with 17 metabolic pathways as well. Among 

them, 9 pathways showed positive correlations, including CACD, PM, 

BD, CD, CFPIP, VLAID, GD, AD2, and SADOKB, while 8 pathways 

showed negative correlations, including G/G, TBB, UAOTB, AD, 

FIGURE 5

Analysis of the correlation between specificity of gut strains and gut microbiota functionality. (A) The heat map of metabolic pathways for ZC gut 

microbiota across four pecan varieties is displayed, showing the di�erences in pathway activities. The color gradient from blue to yellow to red 

illustrates the transition of metabolic functions within ZC larval gut ASVs from a negative to a positive trend across distinct pecan varieties. (B–D) 

Correlation heat maps are visual representations depicting the networks between ZC gut microbiota ASVs that significantly di�er in the KZ, EQ, and BN 

pecan varieties compared to the MH variety and their association with metabolic pathways. The colors on the heat map represent the magnitude of 

correlation between the two varieties, transitioning from blue to red. The red lines represent positive correlations, while the blue lines represent 

negative correlations.
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CACD2, FD, CFIPO, and ASANSM. In the EQ and MH varieties, 

these ASVs were linked to 17 metabolic pathways. Four pathways had 

positive correlations, namely CACD, G/G, CFIPO, and ASANSM, 

while 13 pathways exhibited negative correlations, including PM, BD, 

CD, CFPIP, TBB, UAOTB, AD, CACD2, FD, VLAID, GD, AD2, 

and SADOKB.

4 Discussion

Plant secondary metabolites (PSMs) resulting from plant and 

insect co-evolution are o�en toxic to phytophagous insects feeding on 

di�erent host plants, impacting their growth and development (Janson 

et al., 2008; Mason et al., 2018, 2019; Mason, 2020). �e completion 

of the phytophagous insects’ life cycle is heavily dependent on a 

favorable host environment (Kolodny et al., 2020). �e PSMs also 

function as pest-resistance agents (Zhang et al., 2023). Insects face 

strong selection pressures from defensive chemicals when they feed 

on unsuitable hosts or change host plants (Shikano, 2017). Papilio 

polytes exhibit di�erent feeding, growth, and reproduction habits 

depending on their host plants (Shobana et  al., 2010). Epilachna 

dodecastigma larvae have di�erent life cycles that are in�uenced by 

nutrient levels and PSMs and are sustained by young, mature, and 

aged Momordica charantia leaves (Sarkar et al., 2016). Insects can 

survive in nature with some degree of success if they consume plant 

matter that is free of poison. �is study found variations in the damage 

caused by ZC larvae among di�erent pecan varieties. �e MH variety 

had the lowest number of ZC larvae, while the BN variety had the 

highest. �is di�erence may be related to the varying levels of PSMs 

in each variety, but it is unclear which speci�c PSM is responsible for 

the anti-insect e�ect (Figure 1).

Previous research has shown that Spilosoma obliqua survival rates 

were lower on varieties of Vigna radiata with higher PSM content, 

while higher on varieties with lower PSM content. �is �nding is 

consistent with that of Mobarak et  al. (2020). Changes in the gut 

microbiota structure can enhance insects’ ability to feed on and digest 

plant hosts (Feldhaar, 2011; Engel and Moran, 2013; Chen et al., 2016). 

�ey can also help hosts adapt and defend against metabolic chemicals 

(Feldhaar, 2011; Engel and Moran, 2013; Chen et al., 2016). However, 

sudden increases in PSM concentration can continuously impact the 

microbiotas involved in the intestinal nutrient metabolism of 

herbivorous insects during the digestion of plant material. An increase 

in plant secondary metabolites (PSMs) can cause insects to become 

malnourished or even su�er from toxicity if they cannot properly 

digest nutrients (Mason et  al., 2018, 2019; Mason, 2020). It is 

important to note that this e�ect can occur due to external factors 

such as the use of pesticides. Our study suggests that the low number 

of MH clones may be caused by the high content of PSMs. �e larvae 

had a low diversity of gut microbiome due to the high content of PSMs 

(Figures  2A,B). At the meantime, the network diagram analysis 

revealed a higher negative correlation between the number of ASVs 

in intestinal samples from MH and KZ (Figure 2C; Table 1). �is also 

suggests that eating plants with high PSMs content may negatively 

regulate the intraspeci�c interrelationships of gut microbiota (Zhang 

et  al., 2022, 2023). �e CCA analysis also showed that the three 

resistant PSMs had similar e�ects on the gut microbiota structure 

(Figure 4A). �us, we believed that tannin, total phenols, and total 

saponins were the key secondary metabolites related to insect 

resistance in pecans. Additionally, cellulose may provide nutrients for 

ZC larvae.

Like certain compounds that a�ect the nervous or endocrine 

systems, plant PSMs target microbiota upon entering the gut, 

subsequently a�ecting insect growth and development (Ceja-

Navarro et al., 2015). �e microbiota functions as an essential virtual 

digestive system for herbivorous insects (Hammer and Bowers, 2015; 

Zhang et al., 2018). �e microbiota in the insect midgut is crucial for 

the e�ects of (3E)-4,8-dimethyl-1,3,7-nonatriene on the structure of 

the peritrophic matrix and the elimination of insect pests (Chen 

et  al., 2021). Additionally, numerous studies have con�rmed the 

bactericidal properties of these metabolites. For instance, the 

quantity of tannins present in the host plant Triadica sebifera has a 

signi�cant inverse correlation with the survival of a speci�c 

herbivorous insect known as Bikasha collaris (Huang et al., 2014). 

Similarly, tea saponins impede the gut microbiota responsible for 

nutrient digestion in Curculio chinensis, resulting in a decrease in the 

survival rate (Zhang H. et al., 2020; Zhang S. et al., 2020). Rice with 

increased levels of �avonoids and total phenols can hinder the 

reproductive ability of Sogatella furcifera, according to a study by Hu 

et al. (2023). �is study also found signi�cant variations in the ZC 

gut microbiota structure among di�erent pecan varieties. �e 

intestinal tracts of PSMs contained high concentrations of 

Pararhizobium sp. (ASV46), Olivibacter sp. (ASV994), Rhizobium sp. 

(ASV743 and ASV709), Luteolibacter sp. (ASV671), Agrobacterium 

sp. (ASV599), Microbacterium sp. (ASV575), and Rhizobium sp. 

(ASV27). �ese microbiotas were found to be associated with the 

metabolism of toxic substances (Figure 5). Previous studies have 

demonstrated that Olivibacter bacteria can break down phenolic 

substances, while Rhizobium bacteria are capable of degrading 

�avonoids (Ntougias et al., 2014; Cotton et al., 2019). �e abundance 

of Brevundimonas sp. (ASV389) and Schumannella sp. (ASV168), 

which are associated with nutritional digestion, is relatively low 

(Figure 5). �e �ndings and illustrations support the idea that the 

presence of PSMs a�ects the gut microbiota related to nutrient 

digestion, which in turn hinders nutrient availability for plant-

feeding insects (Yonekura-Sakakibara et al., 2019; Li et al., 2022; 

Phukan et al., 2023). �e dysbiosis of the gut microbiota negatively 

impacts the survival of ZC larvae. When the level of PSM 

concentration exceeds a certain threshold, it can lead to the loss of 

functional bacteria in the intestinal tract of ZC larvae. �ese bacteria 

assist in nutrition metabolism, and their loss can cause malnutrition 

and prevent the larvae from completing their life cycle. �e damage 

rates of ZC larvae vary across di�erent host plant genera due to 

di�erences in PSM content within various pecan species, as 

evidenced by variations in population and gut microbiota.

5 Conclusion

Our study examined the e�ects of di�ering secondary metabolite 

levels in various pecan varieties on the gut microbiota structure of ZC 

larvae, with speci�c attention to tannins, cellulose, total phenols, and 

total saponins. �e results showed that the diversity of ZC gut 

microbiota was signi�cantly a�ected by the levels of PSMs in pecan 

varieties, resulting in variations in gut microbiota community 

structures. Furthermore, the study revealed connections between 

crucial metabolic pathways and critical ASVs in the ZC gut. �is 
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research clari�es the signi�cance of PSMs, like tannins, total phenols, 

and total saponins, in resisting insects by providing theoretical and 

technical support for breeding insect-resistant pecan varieties and 

developing new environmentally friendly methods to manage ZC.

Data availability statement

�e datasets presented in this study can be  found in online 

repositories. �e names of the repository/repositories and accession 

number(s) can be found in the article/Supplementary material.

Author contributions

JW: Writing – original dra�. SZ: Writing – review & editing. JK: 

Writing – original dra�, So�ware, Formal analysis, Data curation. JC: 

Writing – original dra�, Funding acquisition.

Funding

�e author(s) declare �nancial support was received for the 

research, authorship, and/or publication of this article. �is work was 

funded by the “Pioneer” and “Leading Goose” R&D Program of 

Zhejiang (2023C02034) and by the National Key R&D Program of 

China (2022YFD2200402).

Conflict of interest

�e authors declare that the research was conducted in the 

absence of any commercial or �nancial relationships that could 

be construed as a potential con�ict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 

and do not necessarily represent those of their a�liated organizations, 

or those of the publisher, the editors and the reviewers. Any product 

that may be evaluated in this article, or claim that may be made by its 

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

�e Supplementary material for this article can be found online 

at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1379488/

full#supplementary-material

References

Ahmar, S., Gill, R. A., Jung, K. H., Faheem, A., Qasim, M. U., Mubeen, M., et al. 
(2020). Conventional and molecular techniques from simple breeding to speed breeding 
in crop plants: recent advances and future outlook. Int. J. Mol. Sci. 21:2590. doi: 10.3390/
ijms21072590

Arbenz, A., and Avérous, L. (2015). Chemical modi�cation of tannins to elaborate 
aromatic biobased macromolecular architectures. Green Chem. 17, 2626–2646. doi: 
10.1039/c5gc00282f

Bai, S., Yao, Z., Raza, M. F., Cai, Z., and Zhang, H. (2020). Regulatory mechanisms of 
microbial homeostasis in insect gut. Insect Sci. 28, 286–301. doi: 10.1111/1744-7917.12868

Baselga, A., and Orme, C. D. L. (2012). Betapart: an R package for the study of beta 
diversity. Methods Ecol. Evol. 3, 808–812. doi: 10.1111/j.2041-210X.2012.00224.x

Beran, F., Kollner, T. G., Gershenzon, J., and �oll, D. (2019). Chemical convergence 
between plants and insects: biosynthetic origins and functions of common secondary 
metabolites. New Phytol. 223, 52–67. doi: 10.1111/nph.15718

Bokulich, N. A., Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R., 
et al. (2018). Optimizing taxonomic classification of marker-gene amplicon 
sequences with QIIME 2's q2-feature-classifier plugin. Microbiome 6:90. doi: 
10.1186/s40168-018-0470-z

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., 
et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science 
using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9

Bonaventure, G. (2012). Perception of insect feeding by plants. Plant Biol. 14, 872–880. 
doi: 10.1111/j.1438-8677.2012.00650.x

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., and 
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon 
data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Ceja-Navarro, J. A., Vega, F. E., Karaoz, U., Hao, Z., Jenkins, S., Lim, H. C., et al. 
(2015). Gut microbiota mediate ca�eine detoxi�cation in the primary insect pest of 
co�ee. Nat. Commun. 6:7618. doi: 10.1038/ncomms8618

Chao, A. (1984). Nonparametric estimation of the number of classes in a population. 
Scand. J. Stat. 11, 265–270. doi: 10.2307/4615964

Chen, C., Chen, H., Huang, S., Jiang, T., Wang, C., Tao, Z., et al. (2021). Volatile 
DMNT directly protects plants against Plutella xylostella by disrupting the peritrophic 
matrix barrier in insect midgut. eLife 10:e63938. doi: 10.7554/eLife.63938

Chen, B., Teh, B. S., Sun, C., Hu, S., Lu, X., Boland, W., et al. (2016). Biodiversity and 
activity of the gut microbiota across the life history of the insect herbivore Spodoptera 
littoralis. Sci. Rep. 6:29505. doi: 10.1038/srep29505

Cotton, T. E. A., Pétriacq, P., Cameron, D. D., Meselmani, M. A., Schwarzenbacher, R., 
Rolfe, S. A., et al. (2019). Metabolic regulation of the maize rhizobiome by 
benzoxazinoids. ISME J. 13, 1647–1658. doi: 10.1038/s41396-019-0375-2

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K., et al. (2006). 
Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with 
ARB. Appl. Environ. Microbiol. 72, 5069–5072. doi: 10.1128/aem.03006-05

Despres, L., David, J. P., and Gallet, C. (2007). �e evolutionary ecology of insect 
resistance to plant chemicals. Trends Ecol. Evol. 22, 298–307. doi: 10.1016/j.
tree.2007.02.010

Douglas, G. M., Ma�ei, V. J., Zaneveld, J., Yurgel, S. N., Brown, J. R., Taylor, C. M., 
et al. (2020). PICRUSt2: An improved and customizable approach for metagenome 
inference. bioRxiv. doi: 10.1101/672295

Engel, P., and Moran, N. A. (2013). �e gut microbiota of insects – diversity in 
structure and function. FEMS Microbiol. Rev. 37, 699–735. doi: 10.1111/1574-6976.12025

Feldhaar, H. (2011). Bacterial symbionts as mediators of ecologically important traits 
of insect hosts. Ecol. Entomol. 36, 533–543. doi: 10.1111/j.1365-2311.2011.01318.x

Hammer, T. J., and Bowers, M. D. (2015). Gut microbes may facilitate insect herbivory 
of chemically defended plants. Oecologia 179, 1–14. doi: 10.1007/s00442-015-3327-1

Hu, J., Gong, C. W., Yuan, H., Pu, J., and Wang, X. G. (2023). Rhopalosiphum 
ru�abdominalis inhibits the reproduction of Sogatella furcifera (Hemiptera: Delphacidae) 
by a�ecting secondary metabolites in rice. J. South China Agricult. Univ. 5, 735–741. doi: 
10.7671/j.issn.1001-411X.202305006

Huang, W., Siemann, E., Xiao, L., Yang, X., and Ding, J. (2014). Species-speci�c 
defence responses facilitate conspeci�cs and inhibit heterospeci�cs in above-
belowground herbivore interactions. Nat. Commun. 5:4851. doi: 10.1038/ncomms5851

Huang, Y., Xiao, L., Zhang, Z., Zhang, R., Wang, Z., Huang, C., et al. (2019). �e 
genomes of pecan and Chinese hickory provide insights into Carya evolution and nut 
nutrition. GigaScience 8, 1–17. doi: 10.1093/gigascience/giz036

Huang, M., Yao, X. H., Yang, S. P., Wang, K. L., Wu, S., and Chang, J. (2022). E�ects of 
vacuum storage with various lengths on the quality of Carya Pecan. J. Sichuan Agricult. 
Univ. 40, 458–464. doi: 10.16036/j.issn.1000-2650.202201049

Jacomy, M., Venturini, T., Heymann, S., and Bastian, M. (2014). ForceAtlas2, a 
continuous graph layout algorithm for handy network visualization designed for the 
Gephi so�ware. PLoS One 9:e98679. doi: 10.1371/journal.pone.0098679

Janson, E. M., Stireman, J. O. 3rd, Singer, M. S., and Abbot, P. (2008). Phytophagous 
insect-microbe mutualisms and adaptive evolutionary diversi�cation. Evolution 62, 
997–1012. doi: 10.1111/j.1558-5646.2008.00348.x

https://doi.org/10.3389/fmicb.2024.1379488
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1379488/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1379488/full#supplementary-material
https://doi.org/10.3390/ijms21072590
https://doi.org/10.3390/ijms21072590
https://doi.org/10.1039/c5gc00282f
https://doi.org/10.1111/1744-7917.12868
https://doi.org/10.1111/j.2041-210X.2012.00224.x
https://doi.org/10.1111/nph.15718
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1111/j.1438-8677.2012.00650.x
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/ncomms8618
https://doi.org/10.2307/4615964
https://doi.org/10.7554/eLife.63938
https://doi.org/10.1038/srep29505
https://doi.org/10.1038/s41396-019-0375-2
https://doi.org/10.1128/aem.03006-05
https://doi.org/10.1016/j.tree.2007.02.010
https://doi.org/10.1016/j.tree.2007.02.010
https://doi.org/10.1101/672295
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1111/j.1365-2311.2011.01318.x
https://doi.org/10.1007/s00442-015-3327-1
https://doi.org/10.7671/j.issn.1001-411X.202305006
https://doi.org/10.1038/ncomms5851
https://doi.org/10.1093/gigascience/giz036
https://doi.org/10.16036/j.issn.1000-2650.202201049
https://doi.org/10.1371/journal.pone.0098679
https://doi.org/10.1111/j.1558-5646.2008.00348.x


Wang et al. 10.3389/fmicb.2024.1379488

Frontiers in Microbiology 12 frontiersin.org

Ju, Y. W., Zhu, C. X., Yan, X. R., Zhang, Y., Wu, L. Y., Zhao, Y. L., et al. (2019). Risk 
analysis of Zeuzera co�eae Nietner in Jiangsu Province. J. Nanjing For. Univ. (Nat. Sci. 
Ed.) 43, 207–210. doi: 10.3969/j.issn.1000-2006.201901032

Kolodny, O., Callahan, B. J., and Douglas, A. E. (2020). �e role of the microbiome in 
host evolution. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 375:20190588. doi: 10.1098/
rstb.2019.0588

Kortbeek, R. W. J., Galland, M. D., Muras, A., van der Kloet, F. M., Andre, B., 
Heilijgers, M., et al. (2021). Natural variation in wild tomato trichomes; selecting 
metabolites that contribute to insect resistance using a random forest approach. BMC 
Plant Biol. 21:315. doi: 10.1186/s12870-021-03070-x

Langille, M. G. I., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes, J. A., 
et al. (2013). Predictive functional pro�ling of microbial communities using 16S rRNA 
marker gene sequences. Nat. Biotechnol. 31, 814–821. doi: 10.1038/nbt.2676

Lee, J. H., Wood, T. K., and Lee, J. (2015). Roles of indole as an interspecies and 
interkingdom signaling molecule. Trends Microbiol. 23, 707–718. doi: 10.1016/j.
tim.2015.08.001

Lever, J., Krzywinski, M., and Altman, N. (2017). Principal component analysis. Nat. 
Methods 14, 641–642. doi: 10.1038/nmeth.4346

Li, Y., Hallerman, E. M., Wu, K., and Peng, Y. (2020). Insect-resistant genetically 
engineered crops in China: development, application, and prospects for use. Annu. Rev. 
Entomol. 65, 273–292. doi: 10.1146/annurev-ento-011019-025039

Li, Y., Wang, J., Wang, K., Lyu, S., Ren, L., Huang, C., et al. (2022). Comparison 
analysis of widely-targeted metabolomics revealed the variation of potential astringent 
ingredients and their dynamic accumulation in the seed coats of both Carya cathayensis 
and Carya illinoinensis. Food Chem. 374:131688. doi: 10.1016/j.foodchem.2021.131688

Lu, Z. (2022). Optimization of extraction technology and antioxidation of total saponins 
in acacia �ower. Feed Res. 1, 82–86. doi: 10.13557/j.cnki.issn1002-2813.2022.01.018

Mason, C. J. (2020). Complex relationships at the intersection of insect gut microbiomes 
and plant defenses. J. Chem. Ecol. 46, 793–807. doi: 10.1007/s10886-020-01187-1

Mason, C. J., Jones, A. G., and Felton, G. W. (2018). Co-option of microbial associates 
by insects and their impact on plant–folivore interactions. Plant Cell Environ. 42, 
1078–1086. doi: 10.1111/pce.13430

Mason, C. J., Ray, S., Shikano, I., Pei�er, M., Jones, A. G., Luthe, D. S., et al. (2019). 
Plant defenses interact with insect enteric bacteria by initiating a leaky gut syndrome. 
Proc. Natl. Acad. Sci. USA 116, 15991–15996. doi: 10.1073/pnas.1908748116

Mavrevski, R., Traykov, M., Trenchev, I., and Trencheva, M. (2018). Approaches to 
modeling of biological experimental data with GraphPad prism so�ware. WSEAS Trans. 
Syst. Control Arch. 13, 242–247.

Mishra, S., Goyal, D., Kumar, A., and Dantu, P. K. (2019). Biotechnological 
Applications of β-Glucosidases in Biomass Degradation. In Recent Advancement in 
White Biotechnology �rough Fungi, Eds. A. N. Yadav, S. Singh, S. Mishra and A. Gupta 
(Cham, Switzerland: International Publishing). vol. 10. 257–281.

Mobarak, S. H., Roy, N., and Barik, A. (2020). Two-sex life table and feeding dynamics 
of Spilosoma obliqua Walker (Lepidoptera: Arctiidae) on three green gram cultivars. 
Bull. Entomol. Res. 110, 219–230. doi: 10.1017/S0007485319000452

Mollah, M. M. I., Choi, H. W., Yeam, I., Lee, J. M., and Kim, Y. (2021). Salicylic acid, 
a plant hormone, suppresses phytophagous insect immune response by interrupting 
HMG-like DSP1. Front. Physiol. 12:744272. doi: 10.3389/fphys.2021.744272

Ning, E. J., Chen, L., Wang, X. F., Zhang, L. P., et al. (2023). Determination of total 
�avonoids, total polyphenols, paeoni�orin and antioxidant activity in twenty varieties 
of peony leaves. Feed Res. 4, 75–80. doi: 10.13557/j.cnki.issn1002-2813.2023.04.016

Ntougias, S., Lapidus, A., Han, J., Mavromatis, K., Pati, A., Chen, A., et al. (2014). High 
quality dra� genome sequence of Olivibacter sitiensis type strain (AW-6T), a diphenol 
degrader with genes involved in the catechol pathway. Stand. Genomic Sci. 9, 783–793. 
doi: 10.4056/sigs.5088950

Ortiz-Quezada, A. G., Lombardini, L., and Cisneros-Zevallos, L. (2011). Antioxidants 
in pecan nut cultivars [Carya illinoinensis (Wangenh.) K. Koch]. In Nuts and seeds in 
health and disease prevention (pp. 881–889).

Phukan, M. M., Sangma, S. R., Kalita, D., Bora, P., Das, P. P., Manoj, K., et al. (2023). 
“Alkaloids and terpenoids: synthesis, classi�cation, isolation and puri�cation, reactions, 
and applications” in Handbook of biomolecules, 177–213.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2012). �e 
SILVA ribosomal RNA gene database project: improved data processing and web-based 
tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

Rebek, E. J., Frank, S. D., Royer, T. A., and Bográn, C. E. (2012). Alternatives to 
chemical control of insect pests. In Insecticides—Basic and Other Applications. Eds. S. 
Larramendy and M. L. Larramendy (London, UK). pp. 171–196.

Sarkar, N., Mukherjee, A., and Barik, A. (2016). E�ect of bitter gourd (Cucurbitaceae) 
foliar constituents on development and reproduction of Epilachna dodecastigma 
(Coleoptera: Coccinellidae). Int. J. Trop. Insect Sci. 36, 195–203. doi: 10.1017/
s1742758416000199

Schuman, M. C., and Baldwin, I. T. (2016). �e layers of plant responses to insect 
herbivores. Annu. Rev. Entomol. 61, 373–394. doi: 10.1146/annurev-ento-010715-023851

Shikano, I. (2017). Evolutionary ecology of multitrophic interactions between plants, 
insect herbivores and Entomopathogens. J. Chem. Ecol. 43, 586–598. doi: 10.1007/
s10886-017-0850-z

Shin, S. C., Kim, S. H., You, H., Kim, B., Kim, A. C., Lee, K. A., et al. (2011). Drosophila 
microbiome modulates host developmental and metabolic homeostasis via insulin 
signaling. Science 334, 670–674. doi: 10.1126/science.1212782

Shobana, K., Murugan, K., and Naresh Kumar, A. (2010). In�uence of host plants on 
feeding, growth and reproduction of Papilio polytes (the common mormon). J. Insect 
Physiol. 56, 1065–1070. doi: 10.1016/j.jinsphys.2010.02.018

Simpson, E. H. (1949). Measurement of diversity. Nature 163:688. doi: 
10.1038/163688a0

Singh, B., and Kaur, A. (2018). Control of insect pests in crop plants and stored 
food grains using plant saponins: a review. LWT 87, 93–101. doi: 10.1016/j.
lwt.2017.08.077

�ong-On, A., Suzuki, K., Noda, S., Inoue, J., Kajiwara, S., and Ohkuma, M. (2012). 
Isolation and characterization of anaerobic bacteria for symbiotic recycling of uric acid 
nitrogen in the gut of various termites. Microbes Environ. 27, 186–192. doi: 10.1264/
jsme2.me11325

Tokuda, M., Suzuki, Y., Fujita, S., Matsuda, H., Adachi-Fukunaga, S., and Elsayed, A. K. 
(2022). Terrestrial arthropods broadly possess endogenous phytohormones auxin and 
cytokinins. Sci. Rep. 12:4750. doi: 10.1038/s41598-022-08558-6

Villanueva, R. A. M., and Chen, Z. J. (2019). ggplot2: Elegant Graphics for Data 
Analysis (2nd ed.). Measurement: Interdisciplinary Research and Perspectives. 17, 
160–167. doi: 10.1080/15366367.2019.1565254

Yang, F., Zhang, Q., Yao, Q., Chen, G., Tong, H., Zhang, J., et al. (2020). Direct and 
indirect plant defenses induced by (Z)-3-hexenol in tomato against white�y attack. J. 
Pest. Sci. 93, 1243–1254. doi: 10.1007/s10340-020-01234-6

Yonekura-Sakakibara, K., Higashi, Y., and Nakabayashi, R. (2019). �e origin and 
evolution of plant �avonoid metabolism. Front. Plant Sci. 10:943. doi: 10.3389/
fpls.2019.00943

Zhang, S., Li, Z., Shu, J., Xue, H., Guo, K., and Zhou, X. (2022). Soil-derived bacteria 
endow Camellia weevil with more ability to resist plant chemical defense. Microbiome. 
10:97. doi: 10.1186/s40168-022-01290-3

Zhang, Z., Jiao, S., Li, X., and Li, M. (2018). Bacterial and fungal gut communities of 
Agrilus mali at di�erent developmental stages and fed di�erent diets. Sci. Rep. 8:15634. 
doi: 10.1038/s41598-018-34127-x

Zhang, R., Li, J., Lv, F. D., and Li, B. (2003). Historical survey of the introduced pecan 
tree in China: distribution and resource estimate. Econ. For. Res. 4, 107–109. doi: 
10.3969/j.issn.1003-8981.2003.04.036

Zhang, P.-J., and Liu, S.-S. (2006). Experience induces a phytophagous insect to lay 
eggs on a nonhost plant. J. Chem. Ecol. 32, 745–753. doi: 10.1007/s10886-006-9032-0

Zhang, S., Shu, J., Xue, H., Zhang, W., Zhang, Y., Liu, Y., et al. (2020). �e gut 
microbiota in Camellia weevils are in�uenced by plant secondary metabolites and 
contribute to Saponin degradation. mSystems 5, e00692–e00619. doi: 10.1128/
mSystems.00692-19

Zhang, S.-K., Wang, Y., Li, Z.-K., Xue, H.-J., Zhou, X.-D., and Huang, J.-H. (2021). 
Two Apriona species sharing a host niche have di�erent gut microbiome diversity. 
Microb. Ecol. 83, 1059–1072. doi: 10.1007/s00248-021-01799-4

Zhang, Y., Zhang, S., and Xu, L. (2023). �e pivotal roles of gut microbiota in insect 
plant interactions for sustainable pest management. npj Bio�lms Microb. 9:66. doi: 
10.1038/s41522-023-00435-y

Zhang, H., Zhao, Y., and Zhu, J. K. (2020). Thriving under stress: how plants 
balance growth and the stress response. Dev. Cell 55, 529–543. doi: 10.1016/j.
devcel.2020.10.012

https://doi.org/10.3389/fmicb.2024.1379488
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3969/j.issn.1000-2006.201901032
https://doi.org/10.1098/rstb.2019.0588
https://doi.org/10.1098/rstb.2019.0588
https://doi.org/10.1186/s12870-021-03070-x
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1016/j.tim.2015.08.001
https://doi.org/10.1016/j.tim.2015.08.001
https://doi.org/10.1038/nmeth.4346
https://doi.org/10.1146/annurev-ento-011019-025039
https://doi.org/10.1016/j.foodchem.2021.131688
https://doi.org/10.13557/j.cnki.issn1002-2813.2022.01.018
https://doi.org/10.1007/s10886-020-01187-1
https://doi.org/10.1111/pce.13430
https://doi.org/10.1073/pnas.1908748116
https://doi.org/10.1017/S0007485319000452
https://doi.org/10.3389/fphys.2021.744272
https://doi.org/10.13557/j.cnki.issn1002-2813.2023.04.016
https://doi.org/10.4056/sigs.5088950
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1017/s1742758416000199
https://doi.org/10.1017/s1742758416000199
https://doi.org/10.1146/annurev-ento-010715-023851
https://doi.org/10.1007/s10886-017-0850-z
https://doi.org/10.1007/s10886-017-0850-z
https://doi.org/10.1126/science.1212782
https://doi.org/10.1016/j.jinsphys.2010.02.018
https://doi.org/10.1038/163688a0
https://doi.org/10.1016/j.lwt.2017.08.077
https://doi.org/10.1016/j.lwt.2017.08.077
https://doi.org/10.1264/jsme2.me11325
https://doi.org/10.1264/jsme2.me11325
https://doi.org/10.1038/s41598-022-08558-6
https://doi.org/10.1080/15366367.2019.1565254
https://doi.org/10.1007/s10340-020-01234-6
https://doi.org/10.3389/fpls.2019.00943
https://doi.org/10.3389/fpls.2019.00943
https://doi.org/10.1186/s40168-022-01290-3
https://doi.org/10.1038/s41598-018-34127-x
https://doi.org/10.3969/j.issn.1003-8981.2003.04.036
https://doi.org/10.1007/s10886-006-9032-0
https://doi.org/10.1128/mSystems.00692-19
https://doi.org/10.1128/mSystems.00692-19
https://doi.org/10.1007/s00248-021-01799-4
https://doi.org/10.1038/s41522-023-00435-y
https://doi.org/10.1016/j.devcel.2020.10.012
https://doi.org/10.1016/j.devcel.2020.10.012

	Pecan secondary metabolites influenced the population of Zeuzera coffeae by affecting the structure and function of the larval gut microbiota
	1 Introduction
	2 Materials and methods
	2.1 Sample collection
	2.2 Extraction and analysis of ZC gut microbiota
	2.3 Determination of PSMs content in injured pecan branches
	2.4 Data analysis

	3 Results
	3.1 Differential analysis of ZC abundance on different varieties of pecan
	3.2 Differential analysis of PSMs content in four pecan varieties
	3.3 Differential analysis of ZC gut microbiota composition
	3.4 Differential analysis of PSMs content and ASVs of ZC gut microbiota
	3.5 Functional prediction of ZC gut microbiota

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions

	References

