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Abstract

:

Simple Summary


Gut microbiota plays an important role in the colonization of insects in a new environment. The present study explored the effect of different diets on the midgut microbial composition and host immunity in Spodoptera frugiperda. A significant difference was observed in the gut microbiota of S. frugiperda feeding on corn leaf (field diet) compared to those on a starch-rich artificial diet (lab diet). Furthermore, an antibiotic-mediated perturbation of the midgut microbiota significantly impacts the expression profile of the important immune genes. Overall, this study reveals that diet composition affects the insect gut microbiome and immune gene expression, ultimately playing an important role in the pest defense system.




Abstract


The fall armyworm (Spodoptera frugiperda, J.E. Smith) is one of the most important agricultural pests in the world and causes serious damage to many significant crops. Insect gut microbiota plays a vital role in host immunity, digestion, and development, helping the higher organism colonize in a new environment. However, the effects of different diets on midgut microbial composition and host immunity in S. frugiperda remain unclear. So far, no reports have compared the gut microbiota of fall armyworm reared using an artificial diet compared to corn leaf in Guangzhou, China. High-throughput 16S rRNA sequencing technology was applied to gain insight into the composition of the gut microbiota of S. frugiperda feeding on corn leaf (field diet) and on a starch-rich artificial diet (lab diet). The fall armyworm gut microbiota was dominated by the bacterial phyla Firmicutes and Proteobacteria. Despite the difference in diet, the core bacterial community was represented by the genus Enterococcus. However, the bacterial community is dominated by a few phylotypes, namely operational taxonomical units 1 (OTU1) (Enterococcus casseliflavus), OTU3 (Enterobacteriaceae), OTU2 (Weissella), and OTU4 (Clostridium), accounting for 97.43% of the total OTUs in the complete dataset. A significant difference was identified in the bacterial communities between the “lab diet” and the “field diet” groups. OTU1 and OTU2 were significantly higher in the “field diet” group, whereas OTU3 and OTU4 were higher in the “lab diet” group. A phylogenetic investigation of the communities by reconstruction of unobserved states (PICRUSt) predicted functional analysis indicates the presence of several genes associated with plant biomass degradation. Importantly, antibiotic-mediated perturbation of the midgut microbial community significantly impacts the expression profile of the important immune genes of the host. Furthermore, the oral reintroduction of gut bacterial isolates (E. mundtii and E. gallinarum) significantly enhances host resistance to AcMNPV infection. Taken together, our results indicate that diet composition is an important driver in shaping insect gut microbiome and immune gene expression, ultimately playing an important role in the pest defense system.
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1. Introduction


Insects represent the most successful taxon of eukaryotic life and exhibit a diverse set of niches on earth. Insects are colonized by a wide group of microorganisms, and the cuticle and gut are the major habitats of bacteria [1]. While the cuticle is the first barrier against commensals or pathogens [2], insect gut microorganisms play a significant role in immunity, digestion, and the host development process, thereby helping the higher organism to colonize a new environment [3,4,5]. The larval stage of the pest can consume large amounts of plant materials. Therefore, they often face various challenges, such as nutritionally recalcitrant food sources, toxins, environmental extremes, and threats from parasites and pathogens [6,7]. It was also found that the larval growth rate can be influenced by the gut microbial composition or the combined effect of the microbiota and the host plant species. Several studies have shown that gut bacteria significantly affect the physiological functions of the Lepidopteran [8,9,10,11]. However, the functional role of the Lepidopteran gut microbiota is challenged due to the presence of no or few resident bacteria in the caterpillars as compared to other insect orders [12]. Several factors, such as the presence of an unusually alkaline gut, the low retention time of food, and the reshaping of body structures through holometabolous metamorphosis, may prevent Lepidopterans from forming robust “core” microbiomes [12].



The fall armyworm Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae) is considered one of the most significant agricultural pests in the world. It is native to the tropical and subtropical regions of the Americas and damages more than 350 species of plants, including many important crops, such as barley, buckwheat, corn, sorghum, rice, wheat, etc. [13,14]. The first reports of the S. frugiperda invasion in Africa were reported in January 2016, and since then, it has spread to Myanmar, Bangladesh, Thailand, Yemen, Sri Lanka, and China [15,16,17,18,19]. By July 2019, this notorious pest had spread to 19 provinces of China [20]. Information on the interaction between S. frugiperda and the host as well as the factors associated with the rapid spread of S. frugiperda across different geographical regions is limited. A possible factor that helped them rapidly spread and adapt to new environments is their polyphagous nature, which helps them to attack a wide array of hosts, produce many eggs, and migrate long distances [21]. Several techniques have been applied to control different pests, including the sterile insect technique (SIT), chemical insecticides, and biological pest control [22,23]. The SIT is used to produce sterile insects by disrupting their natural reproductive processes, allowing them to mate with native insects, which reduces native insect populations.



However, the effectiveness of most synthetic insecticides against S. frugiperda is limited because larvae can hide inside the plant whorl and have a developed resistance against commonly used chemical insecticides such as pyrethroids, organophosphates, and carbamates. Moreover, S. frugiperda has also developed a field-evolved resistance against Bt maize [24,25]. Consequently, an alternate, cost-effective, environmentally friendly strategy is urgently needed to control this destructive pest. Increasing evidence on the gut microbiome of different lepidopterans and altering insects’ microbiomes has been considered an effective way to control pests against plant diseases [26]. The coevolution of insects and their gut microbes helps the host to digest plant secondary metabolites, polymers, and produce by-products and biofuels [27]. It has been reported that the gut microbiota of the garden pest Brithys crini enables the pest to withstand the toxic compounds (alkaloids) present in the plant Pancratium maritimum [28]. Similarly, the gut microbe of the primary coffee bean pest Hypothenemus hampei is associated with the degradation of caffeine in coffee beans, enabling the pest to overcome the plant’s toxicity. Ceja-Navarro et al. (2015) proposed that targeting the gut microbiota could be a way to combat these pests [29]. However, the roles of gut microbiota in facilitating plant–insect interactions in most lepidopteran pests are poorly characterized.



Targeting the resident’s microbiota has great potential to improve control methods, and therefore it is very important to study the composition and functional role of the S. frugiperda gut microbiota [30]. Despite the economic importance of fall armyworms, little is known about the gut microbial communities and their functional attributes, which may be a critical factor in their rapid spread and adaptation to new environments [31,32]. Analysis of bacterial isolates from field-collected S. frugiperda larvae indicates that these isolates could regulate plants’ defensive proteins [33]. Almeida et al. (2017) revealed the presence of different insecticide-degrading bacteria in the gut of the fifth instars of S. frugiperda strains resistant to different pesticides [34]. The metatranscriptomic-based study revealed the presence of novel genes and active components in the gut microbiota of S. frugiperda that played an important functional role and identified potential biocontrol agents [35]. Moreover, the analysis of the bacterial community and the identification of the important bacterial genus of the S. frugiperda collected from the USA, Brazil, Kenya, Argentina, and Nigeria have been documented [33,34,35,36,37]. The present study characterizes the gut microbiome associated with the Lepidopteran pest S. frugiperda in China. In order to highlight the role of gut microbiota in the damage of maize, we studied two different populations of S. frugiperda feeding on corn leaf (field diet) and on starch-rich artificial foods (lab diet). A comparison of the gut bacterial community and the host immunity of S. frugiperda feeding on the different field and lab diets was conducted. Specifically, our objectives were to characterize and compare the midgut microbial community of the field diet and lab diet group and predict their functional roles. This study also investigates how the gut microbiome affects the host immune gene expression. Therefore, evaluating pest-associated microbiomes and their role in immune gene expression under differential diets will be an important foundation for exploring the insect–microbiome interactions that may be exploited to improve pest control strategies.




2. Materials and Methods


2.1. Sample Collections


The field population of S. frugiperda larvae feeding on corn leaf were collected from infested corn fields in South China Agricultural University (SCAU) farm, Guangzhou, China in July 2019. The collected S. frugiperda larvae were divided into two parts. Some were fed corn leaves (field diet), and others were fed an artificial diet rich in starch (lab diet) at 25 ± 2 °C, 70–80% relative humidity, and a 16 h light/8 h dark photoperiod without exposure to insecticides over ten generations. The composition of the lab diet was soybean powder (100 g), wheat bran (80 g), yeast powder (26 g), casein (8 g), ascorbic acid (8 g), agar (26 g), distilled water (1000 mL), choline chloride (1 g), sorbic acid (2 g), and 0.2 g inositol (0.2 g). Pupae were collected and transferred to another bottle, where emerging adults were fed a 10% honey solution to mate and lay eggs. Laboratory-reared larvae and field-collected larvae were simultaneously treated with 75% ethanol and washed with autoclaved ddH2O at 10 am on the second day of the third instar stage. Larvae were paralyzed using cold shock and dissected in phosphate-buffered saline (PBS) using sterilized dissection tools. Specifically, a total of ten samples (each comprising five laboratory-reared and field-collected larvae), each consisting of the guts from 30 third instar individuals, were used in this study. Following dissection, the midgut samples were collected in sterile conditions for the subsequent experiments.




2.2. Midgut DNA Extraction


The metagenomic DNA from the midgut sample was extracted with the QIAamp DNA Stool Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s protocol. The quantity and purity of DNA were analyzed using a Nanodrop spectrophotometer (Thermo Fisher Scientific, Wilmington, DC, USA). Quantified samples were immediately used for the following experiments or stored at −80 °C. DNA extracted from gut samples was used as a template for the amplification of the V4 hypervariable region of the bacterial 16S rRNA using the 515f/806r primer set (515f, GTGCCAGCMGCCGCGGTAA; 806r, GGACTACHVGGGTWTCTAAT). Sequencing was conducted on an Illumina HiSeq platform (BGI, Shenzhen, China).




2.3. Bioinformatics Analysis


Sequence reads were checked for quality using FastQC [38], and pre-processed to remove reads having low quality, low complexity, containing N, etc. [30,39,40]. Paired-end sequences were merged using the FLASH software (v1.2.11). Operational taxonomical units (OTUs) were generated using USEARCH (v7.0.1090) based on the 97% sequence similarities [41]. UCHIME (v4.2.40) was used to remove the chimera generated by PCR amplification from the OTU-representative sequence [42]. Alpha-diversity indices were calculated using the rarefied OTUs table in QIIME. A normalized OTUs table was prepared by a closed reference-based approach using Greengenes ver. 13.5 databases for the functional prediction. Finally, phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) was used to predict the imputed function of the gut bacterial communities based on 16S rRNA marker gene sequences [43].




2.4. Antibiotic Treatment and Removal of the Gut Bacterial Communities


Antibiotic treatment was performed by oral feeding to the S. frugiperda larvae grown on corn leaves (field diet) and artificial diet (lab diet), and the four experimental conditions involved field diet with antibiotics (YK), field diet without antibiotics (Y), lab diet with antibiotics (SK), lab diet without antibiotics (S). The final antibiotic solution (80 μg/mL) was prepared by mixing seven antibiotics such as neomycin sulfate (50 mg/mL), chloramphenicol (50 mg/mL), gentamycin sulfate (50 mg/mL), streptomycin (50 mg/mL), rifampicin (50 mg/mL), penicillin G (50 mg/mL), and ampicillin (50 mg/mL).



Furthermore, we confirmed the complete removal of the gut bacterial community followed by antibiotic treatment. Five S. frugiperda larvae of the same size were selected from each group and starved for 8 h, then sterilized with 75% alcohol for 30 s and 2% sodium hypochlorite solution for 30 s, and then washed by sterilized ddH2O, 1 min each time. The gut was dissected in the ultra-clean tube. The DNA from the gut samples of the four groups (SK, S, YK, and Y) was extracted, and PCR was amplified using 16S rDNA gene primers 27F and 1492R. The PCR condition involves 95 °C for 5 min, 95 °C for 30 s, 55 °C for 30 s, 72 °C for 40 s, 25 cycles, 72 °C for 7 min, and 4 °C to end. The resulting PCR products (25 cycles) were checked by electrophoresis on a 1.0% agarose gel. The absence of a visible band in the treated group (SK and YK) further confirms the removal of the gut bacterial community in S. frugiperda (Supplementary Figure S1).




2.5. Quantitative Real-Time PCR Analysis of the Immune Genes


The effects of the gut microbiome and diet on the important functions of the S. frugiperda were studied by analyzing the fourteen immune genes (CYP9A60, ABCC2, ABC C13-like, ABC subG1-like, GST D7-like X1, GST 2-like, UGT 1-8-like, UGT2B19-like, Gloverin-like, Attacin-A-like, Attacin-like, Cactus, LITAF, and Relish) expression patterns across the four different groups (SK, S, YK, and Y). The selection of these immune genes was based on previous studies that highlighted their important role in the defense system of insects against microbial pathogens and toxic diets. The S. frugiperda larvae (n = 5) were taken from four groups (SK, S, YK, and Y) and starved for 8 h, then sterilized with 75% alcohol for 30 s and 2% sodium hypochlorite solution for 30 s, and then washed twice in sterilized ddH2O for 1 min. The guts were dissected, and total RNA was extracted from the dissected midguts using the Trizol Total RNA Isolation Kit (Takara, Kusatsu, Japan). The RNA concentrations were determined by NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA), and integrity was assessed on Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The list of primers and their sequences used in RT-qPCR is shown in Table S1. RT-qPCR was carried out in a BioRad CXF96 Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA) using TB Green® Premix Ex TaqTM II (Tli RNaseH Plus) (TaKaRa) according to the instructions of the manufacturer, and the housekeeping RpL18 gene was used as a control in this experiment. The reaction program was set as initial denaturation at 95 °C for 30 s, 40 cycles of 95 °C for 5 s, and 60 °C for 30 s. The expression level of genes was calculated by the 2–ΔΔCt method, and the value stood for an n-fold difference relative to the calibrator (RpL18). Each experiment was performed in triplicate. All data were given in terms of relative mRNA expression as mean ± SE.




2.6. Isolation of Gut Microbiota from S. frugiperda


In order to prepare dissected midguts from S. frugiperda, larvae were surface sterilized in 75% ethanol and rinsed twice with PBS buffer. The dissected midguts were then ground in 200 μL ddH2O for the isolation of bacteria. The homogenate was plated onto LB agar plates and incubated for 24 h at 30 °C. After 24 h, the bacterial colonies which showed growth were picked and re-plated. The 16S rRNA gene of the isolates was PCR amplified using universal 16S rRNA gene primers 27F and 1492R, and the resulting PCR products were sequenced by Tsingke (Guangzhou, China). The sequenced bacterial strains were then identified via BLAST search against the NCBI rRNA/ITS database (https://www.ncbi.nlm.nih.gov/ (accessed on 30 July 2022)).




2.7. Removal of Gut Microbiota from S. frugiperda Using Antibiotic Treatment


Next, we reintroduced the bacterial isolates to the antibiotic-treated S. frugiperda larvae via oral feeding. Prior to oral feeding, all the isolated midgut bacteria were sub-cultured overnight, centrifuged, diluted (OD600 = 1.0), and mixed with the preservative-free artificial diet. Thirty larvae in each group were fed with a 30% sucrose solution containing virus (ACMNPV) for two consecutive days after 12 h of starvation. On the third day, the larvae were fed the artificial diet containing midgut bacterial isolates, and two days later, the normal diet was restored. Mortality was recorded every 12 h. The final results were analyzed using GraphPad Prism 8.0, and each experiment was replicated three times.




2.8. Statistical Analysis


The difference between the bacterial communities was measured using the unweighted UniFrac approach [44]. Heatmap was used to determine the relative abundance of the top 50 bacterial genera in the samples using the imageGP online tool with log 2-transformed data [45]. Differences in the OTUs and plant biomass-degrading genes of the “lab diet” and “field diet” groups were examined using Welch’s test in the STAMP software. One-way analysis of variation (ANOVA) followed by least-significant difference (LSD) multiple comparisons were used to compare the relative expression of immune genes in different groups. Differences were considered statistically significant at p < 0.05.





3. Results


3.1. Illumina Sequencing Statistics


In-depth knowledge of the bacterial communities associated with the digestion of the specific agricultural plant materials present in Guangzhou, China, was assessed by the metabarcoding approach. In the present study, gut samples from the different populations of S. frugiperda of Guangzhou, China, reared on two different diets, were analyzed by sequencing the variable V4 regions of the 16S rRNA gene. This work represents a comprehensive analysis of the contrasting bacterial communities in two population groups of S. frugiperda each fed with either the artificial or the leaf diet. After the pre-processing and quality assessment of the reads, a total of 4,98,512 high-quality reads were obtained with an average length of 251 ± 1 bp.




3.2. Diversity Analysis of Midgut Microbiota in “Lab Diet” and “Field Diet” Groups


A total of 237 OTUs at a 97% threshold were generated from the pre-processed reads obtained from the ten samples. We employed three species-richness measures of observed species, Shannon’s diversity, Simpson indices, Chao1, and abundance-based coverage estimator (ACE) to investigate the number of different OTUs between the “lab diet” and “field diet” groups. The ACE values in the “lab diet” and “field diet” armyworm groups were 138.65 ± 26.67 and 88.04 ± 35.11, respectively (p < 0.05). The Chao1 values in the “lab diet” and “field diet” groups were 129.77 ± 21.78 and 85.19 ± 33.99, respectively (p < 0.05). The Shannon indices in the “lab diet” and “field diet” groups were 0.93 ± 0.10 and 0.57 ± 0.30, respectively (p = 0.055). The Simpson indices in the “lab diet” and “field diet” groups were 0.48 ± 0.01 and 0.73 ± 0.19, respectively (p < 0.05) (Table 1). The Shannon index suggested a higher diversity in bacterial populations from the “lab diet” samples than from the “field diet” samples; however, the difference is not statistically significant. Similarities of the microbial community compositions between the “lab diet” and “field diet” groups were compared by PCoA based on unweighted Unifac distance, which shows that the “lab diet” and “field diet” groups are separated. This indicates that the microbial communities in the “lab diet” and “field diet” groups have significant differences, which further reveals the difference between the bacterial communities present in the samples (Figure 1).




3.3. Bacterial Community of S. frugiperda Reared in “Lab Diet” and “Field Diet”


Overall, the S. frugiperda larvae were dominated by the bacterial phyla Firmicutes and Proteobacteria. The two most abundant bacterial phyla in the “lab diet” group were Firmicutes (52.66%) and Proteobacteria (46.32%), comprising approximately 99% of the 16S rRNA gene sequences. In addition, planctomycetes, Chlorobi, Actinobacteria, OD1, NKB19, Chloroflexi, Armatimonadetes, Bacteroidetes, Chlamydiae, Acidobacteria, GN04, cyanobacteria, OP11, Gemmatimonadetes, Verrucomicrobia, and Thermi were present in the lab-reared samples, but at relatively low abundances. The “field diet” group was abundant, with the phylum Firmicute comprising approximately 96% of the 16S rRNA gene sequences. Other identified phyla present in low abundance in the “field diet” group were Proteobacteria, Chlorobi, fusobacteria, actinobacteria, NKB19, Chloroflexi, Bacteroidetes, Acidobacteria, GN04, cyanobacteria, Verrucomicrobia, and Thermi. Enterococcaceae, Enterobacteriaceae, and Leuconostocaceae were the most representative families detected in the analyzed samples. The lab diet samples were abundant with Enterococcaceae (50%) and Enterobacteriaceae (44.89%), whereas the “field diet” samples were enriched with the bacterial phyla Enterococcaceae (69.69%) and Leuconostocaceae (26.31%). Despite the difference in diet, the core community is associated with the gut microbial communities of S. frugiperda of Guangzhou, China, which was represented by three genera: Enterococcus, Weissella, and Clostridium. The genus Enterococcus was present abundantly in both the “lab diet” (50.34%) and “field diet” (69.69%) groups. Interestingly, the bacterial genera Weissella (26.31%) were only observed in the “field diet” samples (Figure 2A–C). The bacterial community of individual replicates of the ab diet” are shown in Supplementary Figure S2. Among the 237 identified OTUs, 4 (OTU1, OTU2, OTU3, and OTU4) were identified as dominant enriched OTUs, accounting for 97.14% of the total OTUs in the complete dataset. The most dominant phylotype, OTU1 (60.11%), was classified as Enterococcus casseliflavus. The second dominant OTU was OTU3 (22.66%), classified under the family Enterobacteriaceae. In contrast, the two other dominant OTU2 and OTU4 were classified under the genus Weissella and Clostridium, respectively (Figure 2A).



Comparison of the Gut Microbiota of S. frugiperda Reared in “Lab Diet” and “Field Diet”


The heatmap of the 50 most abundant OTUs shows the similarities and differences between the samples (Figure 3A). OTU1 and OTU2 were significantly higher in the field group than in the lab group, whereas OTU3 and OTU4 were higher in the lab diet group (Figure 3B).





3.4. Predictions of Metabolic Potentials


The PICRUSt analysis revealed a link between gut bacteria and host metabolic changes. The significant differences in the functional properties of the ”lab diet” and “field diet” groups are shown in Supplementary Figure S3. Specifically, the pathways associated with carbohydrate metabolism, translation, nucleotide metabolism, lipid metabolism, xenobiotics biodegradation and metabolism, transcription, xenobiotic biodegradation and metabolism, and DNA replication and repair were significantly higher in the “field diet” group, whereas energy metabolism, amino acid metabolism, cellular processing, signaling, and membrane transport were significantly higher in the “lab diet” group (Supplementary Figure S3). We further identified the genes associated with the plant biomass deconstruction (lignin, hemicellulose, cellobiose, and cello-oligosaccharides) in the PICRUSt predicted metagenome. A large number of predicted genes that codify for the plant biomass-degrading enzymes were present in both groups with varying abundance. The genes coding for the enzymes glyceraldehyde 3-phosphate dehydrogenase [EC:1.2.1.12]; beta-galactosidase [EC:3.2.1.23]; alpha-galactosidase [EC:3.2.1.22]; evolved beta-galactosidase subunit alpha [EC:3.2.1.23]; alpha-mannosidase [EC:3.2.1.24]; carboxylesterase [EC:3.1.1.1]; thiol peroxidase, atypical 2-Cys peroxiredoxin [EC:1.11.1.15]; beta-fructofuranosidase [EC:3.2.1.26] were present in high abundance in the “field diet” samples compared to the “lab diet” samples (Supplementary Figure S4).




3.5. Effect of the Gut Microbiome on the Host Immune Gene Expression


Quantitative real-time PCR was used to evaluate the impact of gut microbiota depletion on the expression levels of 14 immune-related genes (CYP9A60, ABCC2, ABC C13-like (ABC C13), ABC subG1-like (ABC subG1), GST 2-like (GST2), GST D7-like X1 (GST D7), UGT 1-8-like (UGT 1-8), UGT2B19-like (UGT 2B19), Attacin-A-like(Attacin-A), Attacin-like (Attacin), Gloverin-like (Gloverin), Cactus, LITAF, and Relish) of S. frugiperda. The results illustrate that most of the studied immune genes were significantly downregulated in antibiotic-treated S. frugiperda (SK and YK). The expression level of CYP9A60, ABC subG1, GST D7, GST 2, UGT 1-8, UGT2B19, Gloverin, Attacin-A, Attacin, LITAF, and Relish were significantly lower (p < 0.05) in the antibiotic treatment groups (SK and YK) than those in the untreated groups (S and Y). However, an upregulated expression (p < 0.05) of ABCC2 in the YR group and of ABCC13 and Cactus in the SK group were observed (Figure 4).




3.6. Isolation of Midgut Microbiota from S. frugiperda


A selective medium was used to cultivate and identify the specific midgut bacteria, and seven bacterial species were identified from the midgut of S. frugiperda larvae (Table S2). The 16S rDNA gene sequence of each of the isolated strains was blasted with the sequence published in GenBank (Table S2); our results show that two isolated midgut bacteria from both the lab diet (SfS) and the field diet (SfY) groups are the same bacteria, namely SfY4 (SfS1) and SfY5 (SfS2). Additionally, the closest relatives were selected to construct the phylogenetic tree (Supplementary Figure S5). The tree showed that the isolates were phylogenetically placed within four clades and that SfS1, SfS2, SfY4, and SfY5 closely belonged to the Enterococcus clade, while SfY3 closely belonged to the Bacillus clade, SfY1 closely belonged to the Klebsiella clade, and SfY2 closely belonged to the Microbacterium clade.




3.7. Effect of Gut Microbiota on Autographa Californica Nucleopolyhedrovirus (AcMNPV) Pathogenesis in S. frugiperda Larvae


Axenic larvae of S. frugiperda were prepared by oral antibiotic treatment to investigate the possible role of the gut microbiota in the pathogenesis of AcMNPV in S. frugiperda. The oral reintroduction of SfY4 (SfS1) (E. mundtii) and SfY5 (SfS2) (E. gallinarum) into antibiotic-treated S. frugiperda significantly reduced host susceptibility to AcMNPV treatment (p <0.01, log-rank (Mantel-Cox) test). In contrast, three other commensal bacteria, namely SfY1 (K. variicola), SfY2 (M. hatanonis), and SfY3 (B. paramycoides) had a positive effect on AcMNPV toxicity, which decreased the median survival of antibiotic-treated S. frugiperda (p > 0.01, log-rank (Mantel-Cox) test) (Figure 5).





4. Discussion


In the present study, we analyzed the gut bacterial communities and their imputed function in S. frugiperda feeding on a corn leaf and a starch-rich artificial diet. Comparing two different bacterial communities illustrates their specific bacterial members and their functional activities with the particular diet, including the plant biomass grown in this region. This study is the first to employ 16S rRNA Illumina HiSeq technology to compare differences in the gut microbiota between “lab diet” and “field diet” groups of S. frugiperda.



Compared to other insects, the digestive system of Lepidoptera is unique due to its high alkaline pH (pH > 10) which limits the growth of specialized species that can survive in these extreme environments [46,47]. Moreover, diet may also profoundly affect microbial diversity and communities. In the present study, the microbial diversity was higher in “lab diet” insects compared to “field diet” insects. This may also indicate that the presence of unique, specialized microorganisms in the gut of the “field diet” group may be associated with the digestion of the corn plant materials. On the other hand, the artificial diet having various ingredients may facilitate the growth of diverse bacterial members in the gut microbiota of the S. frugiperda. Analysis of beta diversity further supports the differences among the bacterial communities in the studied samples. In brief, our results suggest a variation in the gut microbial community structure of S. frugiperda reared using two different diets. Our study is consistent with previous studies, which showed that diet could affect the bacterial community structure in many insect species [48,49,50]



Overall, our results reveal the presence of a relatively high abundance of bacterial phyla Firmicutes and Proteobacteria in the gut samples of S. frugiperda collected from Guangzhou, China. This observation is consistent with the previous reports on S. frugiperda collected from Nigeria [37] and Kenya [36]. The high abundance of these bacterial phyla have also been reported in other lepidopteran insects such as Plutella xylostella [51], Busseola fusca [52], Choristoneura fumiferana [53], Ostrinia nubilalis [54], etc. Our study shows that the relative abundance of Firmicutes was higher in the field diet group compared to the lab diet group. The members under this phyla are known to participate in the energy absorption from the diet, including the degradation of cellulose and hemicellulose and the metabolism of various amino acids [55,56,57]. This may be due to the presence of high cellulose and hemicellulose contents in the leaf samples, which increases the need for more Firmicutes to digest the food [58].



Analysis of the bacterial community reveals that the major identified families were Enterococcaceae, Enterobacteriaceae, and Leuconostocaceae. The presence of the family Leuconostocaceae was significantly higher in the “field diet” samples, whereas lab diet samples exhibited an abundance of the Enterobacteriaceae family. The members of this family are Gram-positive, non-spore-forming bacteria, usually present in nutrient-rich environments, including vegetable waste, and actively involved in heterofermentative carbohydrate metabolism [59,60]. This phylum is also reported in the larval gut of wood-feeding beetle [61]. In comparison, most of the members under the Enterobacteriaceae family are symbionts and were suggested to facilitate host digestive activities within the gut [62].



However, the core bacterial community was dominated by the bacterial genus Enterococcus in both the “lab diet” and the “field diet” groups. They are commonly found in the gut of Lepidopteran species in wild and laboratory-reared conditions [63,64]. The highest dominant OTU1 classified as Enterococcus casseliflavus was present in a significantly higher number in the “field diet” samples when compared to the “lab diet” samples. The presence of the bacterial genus Enterococcus is in line with earlier reports on S. frugiperda collected from Brazil [34], Kenya [36], Nigeria [37], and other Lepidoptera, such as Spodoptera litura [65], Manduca sexta [66], Hyles euphorbiae [28], Helicoverpa armigera [67], Heliothis virescens [68], etc. Research also showed that the E. casseliflavus present in the gut of S. litura is able to crystalize some toxic compounds rich in terpenes (in particular α- carotenoids and β-carotenoids produced by Phaseolus lunatus (lima beans) [65]) and that M. sexta feed on toxic Solanaceae [66]. E. casseliflavus isolates from Hyles euphorbiae also were also suggested to play an important role in the immobilization of toxic molecules [28]. This bacterial species has previously been isolated from insecticide (chlorpyrifos ethyl, lambda-cyhalothrin, deltamethrin, and spinosad)-resistant strains of S. frugiperda [34]. These observations indicate that the identified OTU1 might play a significant role in detoxifying plant materials in different Lepidoptera species, including S. frugiperda. However, further works need to be carried out to illustrate the role of OTU1 in the pathogenicity of S. frugiperda, especially for the damage to the corn leaf. The second dominant phylotype OTU2, classified as Weissella, was significantly more present in the “field diet” larvae. The members under this genus are Gram-positive lactic acid bacteria that are non-spore-forming, nonmotile, heterofermentative, catalase-negative, and short rod-shaped, and they possess anti-cancer, anti-inflammatory, antibacterial, anti-fungal, and immune-boosting potential while being extensively used for the preparation of fermented foods as well as in probiotics [69,70,71,72]. In contrast to our study, Weissella has not been reported as a dominant bacterial genus of S. frugiperda in other countries such as Brazil, Kenya, and Nigeria [34]. Although they have been previously detected in several insects such as Cryptocercus kyebangensis [73] or bumblebees [74], their specific role in the insect physiology is not yet revealed. The third and fourth dominant OTU were identified as Enterobacteriaceae and Clostridium, respectively. The genus Clostridium is commonly present in the anoxic gut atmosphere of lepidopteran insects and could be involved in the degradation of amino acids in the laboratory diet group [57,75].



PICRUSt may indicate important clues for predicting the functional profiles of the gut bacterial community. The result suggests that the fall armyworm was enriched with the microbial genes involved in the metabolism of carbohydrate, energy metabolism, lipid metabolism, xenobiotics biodegradation, etc., which may be explained by their intensive feeding on the carbohydrate-rich diet as well as corn leaf. However, the relative abundance of the predicted genes in the “lab diet” and “field diet” groups also differ significantly. Further analysis identified several genes that codify for the plant biomass-degrading enzymes, which indicates the ability of the natural gut microbiota of S. frugiperda to damage plant materials. However, a significant difference in the relative abundance of these genes might be due to the selection pressure in the “lab diet” and “field diet” populations that favors the enzymatic activities associated with the degradation of plant complex polysaccharides. However, further studies, such as shotgun metagenomics or functional assays, should be performed to validate the PICRUSt predicted outputs obtained from this study.



The insect gut microbiota plays an important role in host health by modulating the host’s immune system [76]. In the present study, the removal of gut microbiota using antibiotic treatment was performed to verify whether gut microbiota has any effect on the immune gene expression in S. frugiperda. The results indicate that most of the immune genes are significantly down-regulated in the midgut of axenic S. frugiperda, suggesting that the presence of commensal bacteria could trigger a basal level of immunity, leading to enhanced AMPs expression. These findings are in line with results reported by other publications in the literature that have shown that a disruption of the gut microbiota by antibiotics reduces the immune response of insect larvae [76,77]. It has also been reported that several biological processes, such as energy production, metabolism, and the autophagy–lysosome signal pathway, were affected after antibiotics-induced dysbiosis [78,79,80]. The induction of the host immune response by the gut microbiota is also crucial for regulating other microbiota, including pathogens [76]. Diet composition has a profound effect on insect immunity [81,82]. The present study observed that most of the immune gene expression was higher in the insects reared in the field diet compared to the lab diet. This led to the suggestion that the presence of various microbes in the field diet may interact with the microbial symbionts and enhance the immune response in the host. It is also possible that toxic compounds present in field diets may deplete the gut microbial community, leading to the overgrowth of host pathogens and thereby enhancing host immunity [83]. Toxic compounds have also been shown to alter immune gene expression and antioxidant-mediated defense responses in insects [84].



Insect gut microbiota plays an important role in the defense against various pathogens [85]. In the present study, the role of the gut microbiota in the pathogenesis of AcMNPV in S. frugiperda was tested by reintroducing gut bacterial isolates to AcMNPV-treated axenic insects. The oral reintroduction of gut bacterial isolates (E. mundtii and E. gallinarum) significantly enhances host resistance to pathogen infection. These results are consistent with Sun et al. (2016), who demonstrated that the abundance of the bacterial genus Enterococcus is associated with increased resistance to insects [86]. It is believed that insect gut microbes enhance host defenses by priming the host’s immune system or by supplementing nutrients for host metabolic homeostasis [87,88,89]. Taken together, our results indicate that diet composition influences the host microbiome and immune response of S. frugiperda, ultimately playing a key role in the pest defense system and its fitness in the natural environment.



Bacterial symbionts play a major role in host growth, development, and metabolism. They are known to be associated with gene expression and relevant metabolic pathways (fatty acid metabolism, epidermal growth, detoxification, etc.) involved in host development. Therefore, the effects of antibiotics on growth, development, and reproduction of S. frugiperda and, more specifically, the roles of key symbionts in the host developmental process need to be addressed in the future [90,91]. The gut microbiota is also known to be involved in bi-directional communication with host circadian rhythms and their composition can vary at different time points [92]. However, the present study primarily focused on the gut microbiota of the third instar larval stage at a single time point and did not explore microbial populations at other developmental stages. Therefore, future work needs to focus on identifying the optimal sampling time by analyzing the insect gut microbiome at different time intervals to avoid or minimize the loss of any specific microbiota during analysis.




5. Conclusions


This study provides novel information regarding the gut bacterial diversity of S. frugiperda, demonstrating the bacterial communities of larvae that were reared on an artificial and natural (corn leaf) diet. We conclude that a significant difference is evident in the bacterial communities among the “lab diet” and “field diet” group; both the “lab diet” and “field diet” group were abundant with the bacterial phyla Firmicutes and Proteobacteria; only a few phylotypes are dominated in the bacterial community; PICRUSt predicted functional analysis indicates the presence of several genes associated with the plant’s biomass degradation. Overall, our findings indicate that diet composition influences the insect gut microbiome, which affects the defense system of S. frugiperda.
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Figure 1. Beta diversity analysis: The PCoA showed the unweighted Unifac distance. Datasets were subsampled to equal depth before the UniFrac distance computation. S. frugiperda population feeding on corn leaf (Sf.L1,2,3,4,5); S. frugiperda population feeding on starch-rich artificial diet (Sf.A1, 2,3,4,5). 
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Figure 2. Relative abundance of bacterial community in the “lab diet” and “field diet” groups at (A) phylum level, (B) family level, (C) genus level. Artificial: S. frugiperda population feeding on lab (artificial) diet; leaf: S. frugiperda population feeding on field (corn leaf) diet. 
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Figure 3. Relative abundance of the Operational taxonomic units (OTUs): (A) Heatmap analysis showing the relative abundance of the top 50 bacterial OTUs. S. frugiperda population feeding on corn leaf (Sf.L1,2,3,4,5); S. frugiperda population feeding on starch-rich artificial diet (Sf.A1, 2,3,4,5). (B) The significant difference between the abundant bacterial OTUs. A: Artificial (lab) diet; L: Leaf (field) diet. 
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Figure 4. Relative expression levels of immunity-related genes in four different groups of S. frugiperda (S, SK, Y, and YK). Error bars represent mean ± SD from three independent experiments. The same letters above bars indicate no significant difference (p ≥ 0.05). 
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Figure 5. Effect of five isolated gut bacteria (SfY1, SfY2, SfY3, SfY4 (SfS1), and SfY5 (SfS2)) on AcMNPV pathogenesis in S. frugiperda larvae (n = 30). Three biological replicates were conducted, and the significance was determined by log-rank (Mantel-Cox) test. Asterisk indicates statistically significant (p < 0.01), and ns indicates no significant difference. 
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Table 1. Comparison of α-diversity indices of gut microbiota from the “lab diet” and “field diet” groups *.
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	Alpha Diversity Index
	Lab Diet
	Field Diet
	p-Value





	Observed OTUs
	108.6 ± 11.43
	75.80 ± 31.01
	0.09



	Chao
	129.77 ± 21.78
	85.19 ± 33.99
	0.03



	Ace
	138.65 ± 26.67
	88.04 ± 35.11
	0.01



	Shannon
	0.93 ± 0.10
	0.57 ± 0.30
	0.05



	Simpson
	0.48 ± 0.01
	0.73 ± 0.19
	0.03



	Coverage
	0.999 ± 0.0001
	0.999 ± 0.0001
	-







* Welch’s t-test was used to compare the Alpha diversity index between lab diet and field diet groups using STAMP software.
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