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Introduction: Organic fertilizer offers significant advantages for sustainable agricultural development compared to inorganic fertilizers and is increasingly becoming the predominant fertilizer strategy. Functional traits and gut microbiota of soil fauna are recognized as potential indicators of environmental changes. However, there is a dearth of research examining the correlation between functional traits and intestinal microorganisms in response to organic fertilizer.

Methods: In this study, we selected Entomobrya proxima Folsom, a predominant soil collembolan species found in cropland across North China, as our subject of study. We set treatments with no organic fertilizer (CK) and three different concentrations of organic fertilizer at 1% (O1), 6% (O2), and 10% (O3). Stereomicroscopy and high-throughput amplicon sequencing were employed to elucidate the response of soil fauna to organic fertilizer through host functional traits and associated gut microbial communities.

Results: The results indicated that the impact of organic fertilizer on the functional traits of collembolans was closely linked to the input concentration. Specifically, low input concentrations positively influenced all functional traits of Entomobrya proxima Folsom; conversely, higher input concentrations exerted an overall detrimental effect. For the gut bacterial community, the addition of organic fertilizer resulted in a significant decrease in abundance, adversely affected α-diversity, and significantly altered the structure of the gut bacterial community compared to CK. However, there was no significant effect of fertilizer concentration on these three parameters. The composition of the gut bacterial community varied due to the addition of organic fertilizer, with significant changes observed in the relative abundances of six phyla and three genera. Furthermore, body length and foreleg length may serve as potential indicators for characterizing the proportions of Alcanivorax and Sphingobacterium of gut bacterial community. Additionally, the assembly process of the gut bacterial community was strongly influenced by the amount of organic fertilizer added; this led to a narrowing niche width that is believed to contribute to an increase in species richness.

Discussion: In conclusion, adding organic fertilizer exerted multiple impacts on soil fauna, with effect sizes related to its concentration. These findings provide insights for conserving soil animals while maximizing their ecological functions and offer perspectives on optimizing sustainable agricultural management practices.
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1 Introduction

The application of inorganic fertilizer represents a typical approach of highly intensive agricultural management (Wang et al., 2021), which leads to changes in soil chemical properties, structure and microbial communities, and imbalance of nutrient elements, resulting in an increasingly prominent issue of biodiversity reduction in the agroecosystems (Li et al., 2021; Wang et al., 2022). Organic fertilizer, as an essential fertilizer resource, has been proven to exert positive effects on many soil animal groups and can increase their abundance and diversity via feeding stimulation, reproduction enhancement, etc. (Geng et al., 2020; Ren et al., 2020; Niu et al., 2024). And organic manure produced by livestock and poultry manure also can stabilize soil structure, enhance nutrient cycling, promote microbial biomass (Marsland et al., 2019; Ling et al., 2016), improve food resource availability for soil fauna, and increase the efficiency of nutrient supply to plants (Lapa et al., 2011). Currently, in order to foster a more harmonious agricultural environment and enhance crop productivity with aim to enhance biodiversity and promote global food security, numerous countries worldwide are actively developing technical solutions for sustainable agricultural intensification (Kumar et al., 2023). Organic fertilizer is more beneficial to agricultural sustainable development than inorganic fertilizer, which has attracted wide attention (Li et al., 2018; Diacono and Montemurro, 2010).

The realization of soil ecosystem functions is intricately linked to the presence and activities of soil animals (Thakur and Geisen, 2019; Osler and Sommerkorn, 2007). Distinct groups of soil fauna play specific roles, which enhance nutrient availability and maintain soil system health by stimulating organic matter mineralization and decomposition, forming soil pore structures, enhancing microbial activity, and inhibiting pathogenic microbial proliferation (Coleman et al., 2024). On the one hand, soil animals serve as key drivers in various soil processes, significantly influencing agricultural production. On the other hand, soil fauna is significantly influenced by agricultural management practices (Zhu et al., 2017). Currently, related findings were mainly based on data collected from studies centering on density and biomass of soil faunal population. However, the mechanisms underlying individual soil animal responses to agricultural measures are poorly studied.

Collembolans are a quantitatively and functionally important factor in most terrestrial ecosystems. Together with mites and some other less abundant groups, they build up the group of microarthropods (Tebbe et al., 2006). Most collembolans live in soil or leaf litter covering the soil surface (Tebbe et al., 2006) and are widely distributed worldwide (Potapov et al., 2023). As an important link in the food web, collembolans feed on algae, plant roots, soil bacteria, fungi and other microorganisms, and also decompose animal and plant residues and humus. Besides, due to prevalence in the topmost soil layers (Potapov et al., 2016) and habitat-environment-dependent life activities (Parisi et al., 2004), collembolans are extremely susceptible to soil environmental disturbances (Ding et al., 2019a). One study revisited the relevance of arthropods and their associated microorganisms in the refractory organic compound cycle, and proposed the concept of Ecosystem Holobiont (EH) and indicated that the EH is the functional unit characterized by carrying out key ecosystem processes (Schapheer et al., 2021). Therefore, the study of soil animal gut microbiota has received extensive attention. The intestinal tract of soil animals is inhabited by a large variety of microbial populations (Pass et al., 2015; Berg et al., 2016), which can contribute to resource utilization of the host (Thakuria et al., 2010), regulate the transmission of host pathogens o enhance immunity (Bahrndorff et al., 2016), and is closely related to the reproduction and development of collembolans. Besides, because of the sensitivity of the gut microbiome, whose alterations can reflect disturbances in the soil environment within their habitats (Chao et al., 2019), which is often regarded as an indicator for effective characterization of environmental changes (Ding et al., 2019b) (Figure 1). Nowadays, numerous studies have investigated the responses of collembolan gut microbial communities to soil pollutants (Chelinho et al., 2019) such as microplastics (Ju et al., 2019) and heavy metals (Zhu et al., 2018; Wang et al., 2019). However, mechanisms that target the gut microbiota of collembolans in response to agricultural practices are rare, let alone elucidations of the impact pathways and effect sizes of relevant measures.
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FIGURE 1
 The importance of gut microbiota to collembolans.


Functional traits, as the direct reflection of ecological functions performed by collembolans in soil ecosystem, can more intuitively demonstrate inhabiting environment effects on soil collembolans (Pey et al., 2014; Sun J. et al., 2024; Sun X. et al., 2024), which have the potential to determine impacts on ecosystem processes in combination with biological fitness (Mcgill et al., 2006). For instance, antenna represents a vital sensory organ for collembolans with capabilities of location for food resources and communication among individuals, and longer antennae are more conducive to sensing environmental changes (Winck et al., 2017). Leg length stands for an indicator of exercise ability, determining the time for an individual to reach food resources (Sun J. et al., 2024; Sun X. et al., 2024). As such, exploring the effects of organic fertilizer addition on the soil collembolans at the levels of associated microbiome and functional trait will shed light on the intrinsic and extrinsic impacts of organic fertilizer on soil fauna, and help sort out linkages between effect processes, as well as unveil the underlying mechanisms.

Therefore, in the current study, Entomobrya proxima Folsom, a collembolan species from farmland in North China with entire high-quality genomic information (Jin et al., 2023) and numerical dominance, was selected to investigate the effects of organic fertilizer addition on soil faunal functional traits and gut bacterial community, and to conduct correlation analysis, aiming to explore the linkage response of collembolans to organic fertilizer application from phenotypic (functional traits) and physiological (gut bacterial community) aspects.



2 Materials and methods


2.1 Test collembolan

The test collembolan, Entomobrya proxima Folsom (Collembolan: Entomobryidae) (abbreviated as E. proxima below), used in this study, was isolated from farmland at Wuqing Experiment Station for Field Observation of Farmland Ecosystem, Chinese Academy of Agricultural Sciences (Tianjin), which was categorized as the topsoil species within collembolan ecological categories and has been continuously reared in the lab for 2 years after domestication. Prior to culture, species identification has been conducted using both morphological and molecular approaches to determine the phylogenetic affiliation. The feeding of E. proxima was carried out referring to the standardized methods of the OECD (2016). The specimens were under incubation in Petri dishes containing a mixture of plaster of Paris and activated charcoal (ratio 8:1 w/w), which were kept in an incubator at 21 ± 2°C and 75% relative humidity with a 16 h dark /8 h light photoperiod (800 lux). Yeast was provided as food for the collembolans every 6 days, and any uneaten feed was removed immediately. Additionally, ultrapure water was added to each Petri dish every 3 days to sustain ambient humidity.



2.2 Experimental design

Direct dietary exposure was employed to simulate collembolan feeding scenario under organic fertilization. Four treatments were established in the present study: feed without organic fertilizer (treatment CK), feed containing 1% organic fertilizer (treatment O1), feed containing 6% organic fertilizer (treatment O2), and feed containing 10% organic fertilizer (treatment O3). Each treatment was set 6 parallel petri dishes to give a total of 24 dishes. The feed used in the experiment was initially made from a uniform mixture of yeast, specific proportions of organic fertilizer as above, and ultrapure water. After frozen at −80°C, the feed underwent freeze-drying and thorough grinding, and was finally preserved at −80°C for subsequent use. The organic fertilizer tested in this study was manufactured by Lianhua Health Industry Group Co., Ltd. (Xiangcheng, Henan province, China). The organic fertilizer consists of organic matter (≥45%) and other elements (N + P2O5 + K2O ≥ 5%).

Prior to the exposure experiment, E. proxima were synchronized according to OECD guidelines (OECD, 2016) to minimize the impacts of discrepancy of age and body size on final results. At the onset, 13–15-day-old E. proxima (20 individuals) were transferred into each petri and fed with feed containing corresponding ratios of organic fertilizer. The culture conditions throughout the whole experimental period were set as described above, and replacement of feed and supplement of sterile water were on schedule.



2.3 Sample collection and functional trait measurement

After exposure for 120 days, faunal sample collection was conducted. Twenty adult collembolans were randomly selected from same treatment and fixed on the slide with acacia gum for determination of body length, body width, antennae length, fore leg length, middle leg length, and hind leg length using stereomicroscope.



2.4 DNA extraction of gut microbiota

When sampling, the 6 parallel petri dishes from the same treatment were mixed in pairs to form 3 replicates (Zhu et al., 2018), on the one hand to reduce errors, on the other hand to provide sufficient samples Then, 10 grown-up collembolans were randomly chosen from each replicate and transferred into a 1.5 mL centrifuge tube. The gathered collembolans were washed three times with the 2.5% sodium hypochlorite solution, and subsequently washed five times using sterilized water in order to eliminate the influence of microbiota from body surface on the analysis of intestinal bacterial community (Zhu et al., 2018). DNA isolation was performed using the DNeasy® Blood & Tissue Kit (Qiagen, Germany). According to the manufacturer’s instructions, reagent ATL, protease K, AL, anhydrous ethanol, AW1, AW2 and AE were added into the kit successively. DNA was obtained through incubation and centrifugation after corresponding procedures. A total of 12 tubes of DNA were obtained from 4 treatments (three replicates for each treatment). After DNA extraction, 1.0% agarose gel electrophoresis was conducted to determine the integrity of extracted DNA, and subsequently spectrophotometric analysis was applied to check the concentration and quality of extracted DNA using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific, United States). The DNA samples were divided into two parts, one for quantification of gut bacterial abundance, and another for amplicon high-throughput sequencing of the gut bacterial community. All DNA samples were stored at −80°C for further study.



2.5 Determination of gut bacterial community abundance

Gut bacterial community abundance was quantified using real-time fluorescent qPCR with forward primer EUB338: 5’-ACTCCTACGGGAGGCAGCAGG-3′ and reverse primer EUB518: 5’-ATTACCGCGGCTGCTGG-3′. The assays were conducted on a CFX96 Real-time PCR system (Bio-Rad, United States). The 25 μL of qPCR reaction mixture consisted of 12.5 μL of TB Green™ Premix Ex Taq™ (Tli RNaseH Plus) (TaKaRa, Japan), 0.5 μL of each primer, 0.05 μL of T4 gene 32 protein (Roche, Canada), 1.0 μL of 10-fold diluted template DNA (about 4.6–9.0 ng), and ddH2O. Three amplicons were performed on each tube of DNA, so a total of 36 amplicons from 4 treatments were performed. The qPCR reactions were conducted following the below procedure: an initial denaturation at 95°C for 2 min, followed by 40 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C for 30 s. Fluorescence signals were collected during the elongation phase at 72°C. The no template control (NTC) was also included in the qPCR analysis as negative controls. Standard curves were generated using serial 10-fold dilutions of plasmid, and three parallel amplifications were conducted for each dilution gradient. In this study, the amplification efficiencies were above 95% and the R2 values were above 0.99.



2.6 PCR amplification, high-throughput sequencing, and bioinformatic analysis

The extracted DNA samples mentioned above were sent to Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China) for amplicon high-throughput sequencing of intestinal bacterial community. In brief, the barcoded primer set 515F/806R (forward 5’-GTGCCAGCMGCCGCGGGG-3′, reverse 5’-GGACTACHV GGGTWTCTAAT-3′) was used to amplify the hypervariable V3–V4 region of the bacterial 16S rRNA gene (Duan et al., 2025). The PCR reaction condition was as follow: an initial denaturation at 95°C for 3 min, followed by 29 cycles comprising denaturation at 95°C for 30 s, annealing at 53°C for 30 s, and extension at 72°C for 45 s. For the PCR reaction mixture, a total volume of 20 μL was prepared consisting of Pro Taq buffer (10 μL), each primer (0.8 μL), template DNA (10 ng), and sterile ddH2O (Majorbio, Shanghai, China). Following amplification, the PCR products were analyzed by agarose gel electrophoresis (2%) to assess their size. The DNA bands with the required fragment size were cut and recovered. Purification was performed using a gel purification kit. The concentration of the purified DNA samples was determined. After the library was constructed by mixing according to the equal molar number, and eventually sequenced on the Illumina MiSeq platform (Illumina, San Diego, United States) through the paired-end sequencing (2 × 300) method (Majorbio, Shanghai, China).

Optimized date was obtained through splitting, quality control, and merge of the raw data. The Divisive Amplicon Denoising Algorithm 2 (DADA2) was then employed for the sequence denoising to remove low-quality and ambiguous reads. Sequences were clustered into Amplicon Sequence Variants (ASVs) at 100% sequence similarity. One representative sequence for each ASV was chosen for subsequent analysis, and taxonomic annotations of bacterial ASVs were done based on SILVA database (release 138). The following metrics were calculated as indicators of α-diversity of gut bacterial community by comparing the level of bacterial ASV diversity: Chao1 (community richness) and Shannon index (community diversity). Principal coordinate analysis (PCoA) based on the Bray–Curtis dissimilarity was used to evaluate β-diversity of gut bacterial community and PERMANOVA test was performed to test whether the samples differed significantly.



2.7 Statistical analysis

The significance of differences between treatments was assessed by one-way analysis of variance (one-way ANOVA) at a significance level of p = 0.05 with Duncan HSD test. ANOVA was performed using EasyStat package in R 4.2.3. Visualization of the abovementioned parameters was conducted using Origin 2021, apart from intestinal bacterial community composition that was plotted in R 4.2.3. Additionally, the PERMANOVA tests and Principal Coordinates Analysis (PCoA) based on Bray–Curtis dissimilarity were conducted in R 4.2.3 with vegan package. To explore relationship between functional traits and intestinal bacterial community abundance and diversity, as well as composition (main phylum and genera), the heatmap using Spearman correlation analysis was plotted using the online platform.1 With reference to Stegen et al. (2012), various ecological processes were divided based on phylogenetic and taxonomic diversity to analysis gut bacterial community assembly, which was conducted through the iCAMP package in R 4.2.3. At last, niche width gut bacterial community was calculated using spaa and eoffice packages in R 4.2.3, and visualized with Prism.




3 Results


3.1 Effects of organic fertilizer on functional traits of Entomobrya proxima

After cultivation for 120 days, the values of functional traits were all higher at the low addition concentration than in the control, albeit non-significant (p > 0.05). Higher body length, antenna length, middle leg length, and hind leg length were observed at the intermediate addition concentration compared to the control, with the significant difference found only in antenna length, while body width and foreleg length were lessened. In comparison with the control, high addition concentration increased body length and antenna length, yet diminished values of other parameters. Furthermore, for the three treatments added with organic fertilizer, treatment O1 promoted all functional traits except for antenna length, with significantly higher body width than treatment O2 and O3 (p < 0.05) and remarkably higher hindleg length than treatment O3 (p < 0.05). The order of antenna lengths was O2 > O1 > O3, but no significant difference was found among treatments. Excluding body length and body width, the remaining four parameters were lowest in treatment O3 (Table 1).



TABLE 1 Changes of functional traits of E. proxima under different treatments.
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3.2 Effects of organic fertilizer on the abundance, diversity and structure of gut bacterial community of Entomobrya proxima

Significant decline in gut bacterial abundance was observed in all treatments with organic fertilizer addition compared with the control (p < 0.05), and the absolute number decreased with increasing concentrations. Furthermore, gut bacterial community diversity, as indicated by both Chao1 and Shannon indices, was also lowered owing to the addition of organic fertilizer with greater decrease magnitude at low concentration than at both intermediate and high concentrations, and the Shannon index was significantly lower in treatment O1 than in the control (p < 0.05) (Table 2).



TABLE 2 Changes of gut bacterial community abundance, α-diversity of E. proxima under different treatments.
[image: Table2]

Joint analysis using Principal Coordinate Analysis (PCoA) and PERMANOVA tests revealed that gut bacterial community structure changed significantly in treatments with versus without organic fertilizer (p = 0.005), however, organic fertilizer concentration did not lead to significant variations in gut bacterial community structure, albeit obvious separation of these treatments from each other (Figure 2).
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FIGURE 2
 Changes of gut bacterial community structure of E. proxima under different treatments.




3.3 Effects of organic fertilizer on gut bacterial community composition of Entomobrya proxima

The top 10 phyla regarding relative abundance within the gut bacterial community of E. proxima are comprised of Proteobacteria (25.22–45.99%), Bacteroidota (23.05–45.41%), Actinobacteriota (9.59–17.93%), Firmicutes (7.93–8.80%), Patescibacteria (0.20%), Planctomycetota (0.16–0.93%), Acidobacteriota (0.06–1.00%), Sumerlaeota (0.06–0.98%), Verrucomicrobiota (0.08–0.41%), and Chloroflexi (0.08–0.37%) (Figure 3A). Significant proportion changes caused by the addition of organic fertilizer were noted for six phyla (one-way ANOVA, p < 0.05). In comparison with treatment CK, the relative abundance of Proteobacteria was increased by treatment O1 but was decreased by treatments O2 and O3, and there were significant differences only between treatments O1 and O2 (p < 0 0.05). A rise in the relative abundance of Bacteroidota was found in treatments with intermediate and high organic fertilizer concentrations compared to the control, especially for treatment O3 which exhibited a significant increase (p < 0 0.05). Conversely, treatment O1 lowered the proportion of Bacteroidota, and showed significant divergences compared with treatments O2 and O3 (p < 0 0.05). For Patescibacteria, a decrease in proportion was seen in treatments O1 and O3, and the high organic fertilizer concentration resulted in a great decrease magnitude (p < 0 0.05), while an opposite trend was observed in treatment O2, which substantially elevated the ratio compared with the other treatments added with organic fertilizer (p < 0 0.05). The relative abundance of Acidobacteriota in treatments O1 and O3 was significantly lower than that in treatment CK, which was true for that in treatment O2. Despite treatment O2 led to the rise of ratio of Acidobacteriota as compared to treatment CK, there was no significant change. The highest percentage of Sumerlaeota occurred at the intermediate concentration with significant differences, and the ratio in treatment CK was higher and lower than treatments O1 and O3, respectively. Moreover, a decreasing trend of Verrucomicrobiota was found as the concentration increased, with significant discrepancy at high input concentration compared with the control (p < 0.05).
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FIGURE 3
 Changes of gut dominant bacterial community composition of E. proxima under different treatments, (A) phylum, (B) genus.


The top 10 genera in terms of relative abundance within the gut bacterial community are as follows: Flavobacterium (3.31–19.82%), Myroides (6.11–14.24%), Alcanivorax (1.76–27.79%), Gordonia (1.13–11.63%), Alcaligenes (1.63–7.88%), Vagococcus (1.26–4.75%), Nocardioides (1.02–6.10%), Sphingobacterium (1.78–3.41%), Lysinibacillus (1.48–4.80%), and Parapedobacter (0.62–6.87%) (Figure 3B). Significant changes in relative abundances were observed for three genera because of organic fertilizer addition (one-way ANOVA, p < 0.05). The proportion of Alcanivorax was significantly increased at the low addition concentration compared to the control (p < 0.05), and also significantly higher than at intermediate and high concentrations (p < 0.05). The relative abundances of Gordonia and Lysinibacillus were both depressed by the treatments added with organic fertilizer, with significant decrease in treatment O3 (p < 0.05). Further, the percentage of Gordonia was highest in treatment O2, followed by treatments O1 and O3, while a significantly lower proportion of Lysinibacillus was observed in treatments O1 and O3 compared to treatment O2 (p < 0.05).



3.4 Effects of organic fertilizer on the assembly and niche breadth of intestinal bacterial community of Entomobrya proxima

The iCAMP (Integrated Community Assembly Modeling Package) analysis indicated that drift and others (DR), dispersal limitation (DL) and homogeneous selection (HoS) co-drove the gut bacterial community assembly of all treatments (Figure 4A). However, the homogenizing dispersal (HD) was only found in treatments under organic fertilizer, and the contribution of HoS in organic fertilizer treatments was lower than that in treatment CK. Besides treatment O2, the relative importance of DL and DR under treatments O1 and O3 was higher and lower than treatment CK, respectively. With respect to niche width, the three treatments containing organic fertilizer all exhibited lower values compared to the control, with significant variations observed at low and high concentrations (p < 0.05). Nevertheless, the values of niche width in three organic fertilizer treatments were in the order: O2 > O1 > O3, with significant differences between treatments (p < 0.05) (Figure 4B).
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FIGURE 4
 Changes of gut bacterial community assembly of E. proxima under different treatments, (A) infer community assembly mechanisms by phylogenetic-bin-based null model analysis (iCAMP), (B) niche width.




3.5 Correlation analysis of functional traits and intestinal bacterial community

Correlation analysis based on Spearman rank correlation coefficient revealed that the Chao1 index of gut bacterial community exhibited a significant negative correlation with body length (p < 0.05). Furthermore, there was a significant positive correlation between relative abundance of Alcanivorax and body length and foreleg length (p < 0.05), however, the significant negative relationship was observed between Sphingobacterium and body length and foreleg length in sharp contrast (p < 0.05) (Figure 5).
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FIGURE 5
 Spearman correlation analysis of functional traits and abundance, α-diversity indexes as well as relative abundances of top 10 genera of gut bacterial community of E. proxima. Red and blue indicate positive and negative correlation, respectively. Asterisk “*” represents significant correlation relationship (p < 0.05).





4 Discussion

Organic fertilizer addition can influence functional traits of E. proxima. Compared to the control, the low addition concentration imposed a positive effect on all functional traits. Such enhancement may be attributed to more diverse food resources provided by organic fertilizer, consistent with the notion that organic fertilizer can facilitate the colonization of topsoil collembolans with greater exercises ability through enhanced food availability in topsoil (Yu et al., 2022). However, observed promotion did not consistently increase with increasing organic fertilizer concentrations, suppression as opposed occurred. Apart from antenna length, the functional trait values at the intermediate addition concentration were lowed to varying degrees compared to those at low addition concentration, yet the values of movement-related functional traits remained higher compared to the control, suggesting that traits with perception and exercise functions benefited from intermediate addition concentration. Considering that previous studies have shown that collembolans are sensitive to ammonium, and that the relative abundance of their gut bacterial community changes following the addition of fertilizers (Ding et al., 2019b), it is speculated that the introduction of high concentrations of organic fertilizer may lead to alterations in the relative abundance of the gut bacterial community in collembolans. Furthermore, there appears to be a potential correlation between the gut bacterial community and the functional traits of collembolans, which could result in changes across most functional traits, with the exception of antenna length. Nonetheless, still higher antenna length was the reflection of active foraging for E. proxima under this circumstance.

The addition of organic fertilizer not only altered the traits of E. proxima, but also resulted in reductions in both abundance and diversity of gut bacterial community. It is commonly believed that microbe rich soil provides substantial food resources available to collembolans, and organic input can enrich gut microbiota of collembolans via induction of changes in indigenous microbiota, i.e., indirect contribution to intestinal microbial community through the bottom-up cascade effect. However, it is important to note that in soil environment, biotic and abiotic properties, as well as their interrelation are highly dynamic, too much synergistic factors may lead to strong complexity. Hence, to elucidate the direct effect mechanism of organic fertilizer, a variety of edaphic influencing factors were not included and food resource types were minimized at the start of experiment based on the methodology internationally adopted. Consequently, declined abundance and diversity of gut microbiota was the direct and real reflection of organic fertilizer impacts on the collembolan selected. In addition, organic fertilizer caused significant changes in bacterial community structure, which was obviously separated under different concentrations of organic fertilizer, but there was no significant difference. It was speculated that the gut bacterial community responded to the same fertilizer with different concentrations in the same way.

On the other hand, disturbances to gut bacterial community of E. proxima by ingestion of organic fertilizer was also reflected in the composition alterations. At the phylum level, low addition concentration increased the relative abundance of Proteobacteria. Microorganisms within this phylum have been reported to be able to stimulate the production of flagellin and lipopolysaccharide that are capable of inducing inflammatory responses (Guo et al., 2022), suggesting that such microbe regulatory stress responses may occur due to the increased proportion of Proteobacteria, which may be detrimental to intestinal homeostasis. In the context of organic addition at intermediate and high concentrations, there was an increase in the relative abundance of Bacteroidota, which are reported to have a potential role in degrading carbohydrates and proteins and are speculated to help host enhance digestion and nutrient absorption efficiency (Pitta et al., 2016). Additionally, Patescibacteria with a strong adaptability to adverse environments (Tian et al., 2020) were observed to receive a notable boost from organic fertilizer, which implied that the formed habitat conditions were more conductive to the propagation of gut microbiota that are tolerant to unfavorable environments, resulting in the creation and maintenance of intestinal homeostasis. Additionally, multiple studies have reported that Acidobacteriota are vulnerable to acidity and temperature (Zhao et al., 2024), hence, significant decreases of their proportion could be the result of shifts in acid–base microenvironment within the intestinal tract under the circumstances of low and high addition concentrations of organic fertilizer.

Further analysis at the genus level revealed that the addition of organic fertilizer significantly increased the relative abundance of Alcanivorax, while remarkably decreased that of Gordonia. Both genera have been demonstrated to have the ability of alkane degradation (McGenity and Laissue, 2023; Sowani et al., 2018). The elevated ratio of Alcanivorax was found to potentially promote the development of functional traits. Given that both Alcanivorax and Gordonia possess alkane-degrading capabilities, their abundance changes may differ due to competition or environmental adaptation. It was speculated that the relative abundance of Alcanivorax increased in response to the alkanes produced by gut bacteria following the addition of organic fertilizer, which may help maintain intestinal homeostasis and thereby benefit the elongation of functional traits. Although it was observed that the relative abundance of Sphingobacterium was negatively correlated with all functional traits, especially significantly with body length and forefoot length, organic fertilizer input did not cause a dramatic shift in its proportion, indicating significant functional trait alterations caused by slight changes of this genus.

The way of E. proxima responded to organic fertilizer addition was also revealed by variations in its gut bacterial community assembly and niche width. Organic fertilizer application decreased the contribution of Hos and increased the drive of HD. Considering that HoS means that the microbiota tends to be occupied by taxa with similar ecological niches, and HD is conducive to homogenization between communities (Zhou and Ning, 2017). It is inferred that the application of organic fertilizer caused slow turnover and was conductive to stability of gut bacteria of collembolans. This finding could be confirmed by isotope labeling in subsequent study. Besides, the drive of DL was enhanced and the niche width of gut bacterial community was decreased significantly under treatments O1 and O3. The drive of DL can lead to increased microbial community heterogeneity and niche narrowing suggests increased available resources owing to diversified food sources, resulting in a more specialized gut bacterial community with specific environmental adaptability (Xu et al., 2022). It was speculated that low and high organic fertilizer addition made gut bacterial communities more diverse and complex, and gradually showed specific environmental adaptability. Besides, DR is recognized as the significant contributor to biodiversity loss (Gilbert and Levine, 2017), and this driver effect is much higher under treatment O2 than other treatments. Considering that the niche width was not significantly different from that of treatment CK, it was speculated that the microbial diversity was reduced and no specific environmental adaptability appeared under treatment O2. Narrower niche width was associated with elevated species richness, suggesting that more resources were available in the environment (Granot and Belmaker, 2020). The relative abundance of Lysinibacillus was consistent with changes in niche width, being lower under treatments O1 and O3 compared to treatment O2. This decrease in Lysinibacillus abundance may lead to an increase in available resources, and potentially enhancing species richness (Zeng et al., 2023). However, the specific mechanisms underlying these relationships require further investigation.

In this experiment, soilless culture was conducted in an indoor environment. Although the interference of various substances in the soil environment was excluded, the interaction of abundant soil animals and microflora in the actual soil environment and the changes of gut microflora in the decomposition process of organic fertilizer on collembolans could not be investigated. And for the actual field application of organic fertilizer and the stability of functional traits of soil animals, the test period of 120 days is too short. Furthermore, future studies should consider incorporating soil and fertilizer perturbations (including organic, inorganic, and compound fertilizers), extending the experimental duration, and employing multi-omics technologies to investigate the interactive pathways between host gut microbiota and functional traits. This approach would comprehensively elucidate the impacts of fertilizers on soil fauna and their gut microbiota, thereby offering valuable insights for maintaining soil health and promoting sustainable agricultural development.



5 Conclusion

The effects of organic fertilizer on soil fauna were examined based on a 120-day cultivation experiment involving the soil collembolan (E. proxima). The influence of organic fertilizer on functional traits varied across different concentrations, demonstrating a tendency for low promotion and high inhibition. Consequently, E. proxima adopted strategies such as reducing population density and increasing gut microbiota diversity to adapt to changes in food resources. Furthermore, the structure of the gut bacterial community was significantly altered; however, similar structural patterns were observed across different concentrations. The application of organic fertilizer induced variations in gut bacterial community composition at both phylum and genus levels. Notably, functional traits exhibited a positive correlation with the relative abundance of Alcanivorax but a negative correlation with that of Sphingobacterium, indicating their potential as biomarkers. The concentration of organic fertilizer emerged as a key determinant influencing gut bacterial community assembly. Concurrently, there was a narrowing of niche width, which may result in an increased dependence on specific food sources. In summary, E. proxima responded to the application of organic fertilizer by altering its functional traits and gut bacterial community; however, the effects varied according to input ratios. Further research is warranted to fully elucidate the underlying mechanisms involved.



Data availability statement

The sequencing data were submitted to NCBI under Bio Project PRJNA1196609.



Ethics statement

The manuscript presents research on animals that do not require ethical approval for their study.



Author contributions

XY: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Resources, Software, Validation, Writing – original draft. GL: Conceptualization, Methodology, Software, Supervision, Validation, Writing – review & editing. WX: Funding acquisition, Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was funded by the Scientific and Technological Innovation Project of the Chinese Academy of Agricultural Sciences (CAASZDRW202408).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated 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.



Footnotes

1   cloudtutu.com.cn



References

 Bahrndorff, S., Alemu, T., Alemneh, T., and Nielsen, J. L. (2016). The microbiome of animals: implications for conservation biology. Int. J. Genomics 2016:5304028. doi: 10.1155/2016/5304028 

 Berg, M., Stenuit, B., Ho, J., Wang, A., Parke, C., Knight, M., et al. (2016). Assembly of the Caenorhabdities elegans gut microbiota from diverse soil microbial environments. ISME J. 10, 1998–2009. doi: 10.1038/ismej.2015.253 

 Chao, H., Kong, L., Zhang, H., Sun, M., Ye, M., Huang, D., et al. (2019). Metaphire guillelmi gut as hospitable micro-environment for the potential transmission of antibiotic resistance genes. Sci. Total Environ. 669, 353–361. doi: 10.1016/j.scitotenv.2019.03.017 

 Chelinho, S., Maleita, C. M. N., Francisco, R., Braga, M. E. M., da Cunha, M. J. M., Abrantes, I., et al. (2019). Toxicity of the bionematicide 1,4-naphthoquinone on non-target soil organisms. Chemosphere 181, 579–588. doi: 10.1016/j.chemosphere.2017.04.092 

 Coleman, D. C., Geisen, S., and Wall, D. H. (2024). Soil fauna: occurrence, biodiversity, and roles in ecosystem function. Soil Mcrobiol. Ecol. Biochem. 5, 131–159. doi: 10.1016/B978-0-12-822941-5.00005-3 

 Diacono, M., and Montemurro, F. (2010). Long-term effects of organic amendments on soil fertilizer. A review. Agron. Sustain. Dev. 30, 401–422. doi: 10.1051/agro/2009040

 Ding, J., An, X. L., Lassen, S. B., Wang, H. T., Zhu, D., and Ke, X. (2019a). Heavy metal-induced co-selection of antibiotic resistance genes in the gut microbiota of collembolans. Sci. Total Environ. 683, 210–215. doi: 10.1016/j.scitotenv.2019.05.302 

 Ding, J., Zhu, D., Chen, Q. L., Zheng, F., Wang, H. T., and Zhu, Y. G. (2019b). Effects of long-term fertilization on the associated microbiota of soil collembolan. Soil Biol. Biochem. 130, 141–149. doi: 10.1016/j.soilbio.2018.12.015

 Duan, H., Yin, Y., Wang, Y., Liu, Z., Cai, T., Zhu, D., et al. (2025). Effects of reductive soil disinfestation on potential pathogens and antibiotic resistance genes in soil. Environ. Sci. 150, 373–384. doi: 10.1016/j.jes.2024.01.056 

 Geng, Y., Dong, W., Li, X., Wang, H., and Zhai, L. (2020). A brief analysis of the effects of fertilizing measures on soil fauna communities in farmland in China. Mod. Agric. Res. 26, 54–55. doi: 10.19704/j.cnki.xdnyyj.2020.09.025

 Gilbert, B., and Levine, J. M. (2017). Ecological drift and the distribution of species diversity. Proc. Biol. Sci. 284:20170507. doi: 10.1098/rspb.2017.0507 

 Granot, I., and Belmaker, J. (2020). Niche breadth and species richness: correlation strength, scale and mechanisms. Glob. Ecol. Biogeogr. 29, 159–170. doi: 10.1111/geb.13011 

 Guo, S., Yu, Y., Wan, J., Mao, Y., Zhang, H., Zhang, J., et al. (2022). Progress in research on the relationship between Proteobacteria and the imbalance of mammalian colonic intestinal flora. Chin. J. Microecol. 34, 479–484. doi: 10.13381/j.cnki.cjm.202204021

 Jin, J., Zhao, Y., Zhang, G., Pan, Z., and Zhang, F. (2023). The first chromosome-level genome assembly of Entomobrya proxima Folsom, 1924 (Collembola: Entomobryidae). Sci. Data 10:541. doi: 10.1038/s41597-023-02456-w 

 Ju, H., Zhu, D., and Qiao, M. (2019). Effects of polyethylene microplastics on the gut microbial community, reproduction and avoidance behaviors of the soil springtail, Folsomia candida. Environ. Pollut. 247, 890–897. doi: 10.1016/j.envpol.2019.01.097 

 Kumar, A., Saini, K. S., Dasila, H., Kumar, R., Devi, K., Bisht, Y. S., et al. (2023). Sustainable intensification of cropping systems under conservation agriculture practices: impact on yield, productivity and profitability of wheat. Sustainability 15:7468. doi: 10.3390/SU15097468

 Lapa, V. V., Seraya, T. M., Bogatyreva, E. N., and Biryukova, O. M. (2011). The effect of long-term fertilizer application on the group and fractional composition of humus in a soddy-podzolic light loamy soil. Agric. Chem. Soil Fertil. 44, 100–104. doi: 10.1134/S106422931101008X 

 Li, J., Wang, D., Fan, W., He, R., Yao, Y., Sun, L., et al. (2018). Comparative effects of different organic materials on nematode community in continuous soybean monoculture soil. Appl. Soil Ecol. 125, 12–17. doi: 10.1016/j.apsoil.2017.12.013

 Li, H. Z., Zhu, D., Lindhardt, J. H., Lin, S. M., Ke, X., and Cui, L. (2021). Long-term fertilization history alters effects of microplastics on soil properties, microbial communities, and functions in diverse farmland ecosystem. Environ. Sci. Technol. 55, 4658–4668. doi: 10.1021/acs.est.0c04849 

 Ling, N., Zhu, C., Xue, C., Chen, H., Duan, Y., Peng, C., et al. (2016). Insight into how organic amendments can shape the soil microbiome in long-term field experiments as revealed by network analysis. Soil Biol. Biochem. 99, 137–149. doi: 10.1016/j.soilbio.2016.05.005

 Marsland, R., Cui, W., Goldford, J., Sanchez, A., Korolev, K., and Mehta, P. (2019). Available energy fluxes drive a transition in the diversity, stability, and functional structure of microbial communities. PLoS Comput. Biol. 15:e1006793. doi: 10.1371/journal.pcbi.1006793 

 McGenity, T. J., and Laissue, P. P. (2023). Bacteria stretch and bend oil to feed their appetite. Science 381, 728–729. doi: 10.1126/science.adj4430

 McGill, B. J., Enquist, B. J., Weiher, E., and Westoby, M. (2006). Rebuilding community ecology from functional traits. Trends Ecol. Evol. 21, 178–185. doi: 10.1016/j.tree.2006.02.002 

 Niu, T. X., Xiong, W., and Wu, X. R. (2024). Effects of different organic fertilizers on macrofauna population in maize field under equal nitrogen conditions. Anhui Agric. Sci. Bull. 30, 1–7. doi: 10.16377/j.cnki.issn1007-7731.2024.16.001

 OECD (2016). Test no. 232: Collembolan reproduction test in soil, OECD guidelines for the testing of chemicals, Section 2. Paris: OECD Publishing.

 Osler, G. H., and Sommerkorn, M. (2007). Toward a complete soil C and N cycle: incorporating the soil fauna. Ecology 88, 1611–1621. doi: 10.1890/06-1357.1 

 Parisi, V., Menta, C., Gardi, C., Jacomini, C., and Mozzanica, E. (2004). Microarthropod communities as a tool to assess soil quality and biodiversity: a new approach in Italy. Agric. Ecosyst. Environ. 105, 323–333. doi: 10.1016/j.agee.2004.02.002 

 Pass, D. A., Morgan, A. J., Read, D. S., Field, D., Weightman, A. J., and Kille, P. (2015). The effect of anthropogenic arsenic contamination on the earthworm microbiome. Environ. Microbiol. 17, 1884–1896. doi: 10.1111/1462-2920.12712 

 Pey, B., Nahmani, J., Auclerc, A., Capowiez, Y., Cluzeau, D., Cortet, J., et al. (2014). Current use of and future needs for soil invertebrate functional traits in community ecology. Basic Appl. Ecol. 15, 194–206. doi: 10.1016/j.baae.2014.03.007

 Pitta, D. W., Indugu, N., Kumar, S., Vecchiarelli, B., Sinha, R., Baker, L. D., et al. (2016). Metagenomic assessment of the functional potential of the rumen microbiome in Holstein dairy cows. Anaerobe 38, 50–60. doi: 10.1016/j.anaerobe.2015.12.003 

 Potapov, A. M., Guerra, C. A., van den Hoogen, J., Babenko, A., Bellini, B. C., Berg, M. P., et al. (2023). Globally invariant metabolism but density-diversity mismatch in springtails. Nat. Commun. 14:674. doi: 10.1038/s41467-023-36216-6 

 Potapov, A. A., Semenina, E. E., Korotkevich, A. Y., Kuznetsova, N. A., and Tiunov, A. V. (2016). Connecting taxonomy and ecology: trophic niches of collembolans as related to taxonomic identity and life forms. Soil Biol. Biochem. 101, 20–31. doi: 10.1016/j.soilbio.2016.07.002

 Ren, H., Gao, W., Huang, S., Zhang, G., Tang, J., Li, M., et al. (2020). Effect of partial substitution of chemical fertilizer with manure and/or straw on soil nematode community in greenhouse vegetable production. J. Plant Nutr. Fertil. 26, 1303–1317. doi: 10.11674/zwyf.20016

 Schapheer, C., Pellens, R., and Scherson, R. (2021). Arthropod-microbiota integration: its importance for ecosystem conservation. Front. Microbiol. 12:702763. doi: 10.3389/fmicb.2021.702763 

 Sowani, H., Kulkarni, M., and Zinjarde, S. (2018). An insight into the ecology, diversity and adaptations of Gordonia species. Crit. Rev. Microbiol. 44, 393–413. doi: 10.1080/1040841X.2017.1418286 

 Stegen, J. C., Lin, X., Konopka, A. E., and Fredrickson, J. K. (2012). Stochastic and deterministic assembly processes in subsurface microbial communities. ISME J. 6, 1653–1664. doi: 10.1038/ismej.2012.22 

 Sun, X., Xie, Z., Qiao, Z., Gao, M., Yin, R., Chang, L., et al. (2024). Research advances in trait-based approaches in soil animal community ecology. Chin. J. Appl. Ecol. 35, 1150–1158. doi: 10.13287/j.1001-9332.202404.028 

 Sun, J., Zhang, C., Yu, D., Yin, X., Cheng, Y., Chen, X., et al. (2024). Responses of invertebrate traits to litter chemistry accelerate decomposition under nitrogen enrichment. Soil Biol. Biochem. 198:109572. doi: 10.1016/J.SOILBIO.2024.109572

 Tebbe, C. C., Czarnetzki, A. B., and Thimm, T. (2006). Collembola as habitat for microorganisms. Soil biology, 6th edn. Berlin/Heidelberg: Springer-Verlag, 133–149.

 Thakur, M. P., and Geisen, S. (2019). Trophic regulations of the soil microbiome. Trends Microbiol. 27, 771–780. doi: 10.1016/j.tim.2019.04.008 

 Thakuria, D., Schmidt, O., Finan, D., Egan, D., and Doohan, F. M. (2010). Gut wall bacteria of earthworms: a natural selection process. ISME J. 4, 357–366. doi: 10.1038/ismej.2009.124 

 Tian, R., Ning, D., He, Z., Zhang, P., Spencer, S. J., Gao, S., et al. (2020). Small and mighty: adaptation of superphylum Patescibacteria to groundwater environment drives their genome simplicity. Microbiome 8:51. doi: 10.1186/s40168-020-00825-w 

 Wang, Y. F., Chen, P., Wang, F. H., Han, W. X., Qiao, M., Dong, W. X., et al. (2022). The ecological clusters of soil organisms drive the ecosystem multifunctionality under long-term fertilization. Environ. Int. 161:107133. doi: 10.1016/j.envint.2022.107133 

 Wang, Y. F., Qiao, M., Duan, G. L., Li, G., and Zhu, D. (2021). Insights into the role of the fungal community in variations of the antibiotic resistome in the soil collembolan gut microbiome. Environ. Sci. Technol. 55, 11784–11794. doi: 10.1021/acs.est.0c08752 

 Wang, Y. F., Qiao, M., Wang, H. T., and Zhu, D. (2019). Species-specific effects of arsenic on the soil collembolan gut microbiota. Ecotoxicol. Environ. Saf. 183:109538. doi: 10.1016/j.ecoenv.2019.109538 

 Winck, B. Q., de Sá Saccol, E. L., Rigotti, V. R., and Chauvat, M. (2017). Relationship between land-use types and functional diversity of epigeic Collembola in southern Brazil. Appl. Soil Ecol. 109, 49–59. doi: 10.1016/j.apsoil.2016.09.021

 Xu, Q., Vandenkoornhuyse, P., Li, L., Guo, J., Zhu, C., Guo, S., et al. (2022). Microbial generalists and specialists differently contribute to the community diversity in farmland soils. J. Adv. Res. 40, 17–27. doi: 10.1016/j.jare.2021.12.003 

 Yu, D., Yao, J., Chen, X., Sun, J., Wei, Y., Cheng, Y., et al. (2022). Ecological intensification alters the trait-based responses of soil microarthropods to extreme precipitation in agroecosystem. Geoderma 422:115956. doi: 10.1016/J.GEODERMA.2022.115956

 Zeng, Z., Yue, W., Kined, C., Raciheon, B., Liu, J., and Chen, X. (2023). Effect of Lysinibacillus isolated from environment on probiotic properties and gut microbiota in mice. Ecotoxicol. Environ. Saf. 258:114952. doi: 10.1016/j.ecoenv.2023.114952 

 Zhao, J., Xie, X., Jiang, Y., Li, J., Fu, Q., Qiu, Y., et al. (2024). Effects of simulated warming on soil microbial community diversity and composition across diverse ecosystems. Sci. Total Environ. 911:168793. doi: 10.1016/j.scitotenv.2023.168793 

 Zhou, J., and Ning, D. (2017). Stochastic community assembly: does it matter in microbial ecology. Microbiol. Mol. Biol. Rev. 81, e00002–e00017. doi: 10.1128/MMBR.00002-17 

 Zhu, D., Ke, X., Wu, L., Huang, Y., Peter, X., and Luo, Y. (2017). Refinement of methodology for cadmium determination in soil micro-arthropod tissues. Pedosphere 27, 491–501. doi: 10.1016/S1002-0160(17)60345-X

 Zhu, D., Zheng, F., Chen, Q. L., Yang, X. R., Christie, P., Ke, X., et al. (2018). Exposure of a soil collembolan to ag nanoparticles and AgNO3 disturbs its associated microbiota and lowers the incidence of antibiotic resistance genes in the gut. Environ. Sci. Technol. 52, 12748–12756. doi: 10.1021/acs.est.8b02825 


Copyright
 © 2025 Yang, Li and Xiu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-16-1509447-g005.jpg
Body length 08
0.6
Body width
0.4
Antenna length . 02
0
Foreleg length -02
-04
Middleleg length
0.6
0.8

Hindleg length





OPS/images/fmicb-16-1509447-t001.jpg
Functional trait length Treatment

(mm)

Body length 135 £ 0.03a 141 £ 0.02a 135 £ 0.03a 1.34£0.03a

Body widih 03900200 0422001 0360016 036+ 0,02

Antenna length 053+ 0.02b 0.58 + 0.02ab 0.60 £ 0.02a 0.55 + 0.03ab
Fore leg length 0.36 +0.02a 0.39 £ 0.01a 0.35£0.01a 0.35+0.02a

Middle leg length 045002 0460012 0460020 0422002
Hind leg length 0.62 + 0.03ab 0.68 +0.02a 0.63 + 0.02ab 0.57 £ 0.03b

Data were presented as mean + standard error (SE), and the different lowercase letters indicate the statistical significance (p < 0.05). Functional traits (i = 20).





OPS/images/fmicb-16-1509447-g003.jpg
100

=
S

50

Relative abundance (%)

N
@

Phylum
Proteobacteria
[ Bacteroidota
[ Actinobacteriota
W Firmicutes
1 Patescibacteria
M Acidobacteriota
[ Planctomycetota
~ Sumerlacota
Verrucomicrobiota
1 Choroflexi
W Others

CK o1 02 03
Treatment

Relative abundance (%)

100

75

50

25

CK 01 02
Treatment

03

Genus
Flavobacterium

B Myroides

lcanivorax

W Gordonia

lealigenes

W Vagococcus

ocardioides

~ Sphingobacterium
Lysinibacillus

W Parapedobacter

Others






OPS/images/fmicb-16-1509447-g004.jpg
02

B
20
a

35

g b
=

L

:-5‘1.0

z

05
Wk o1 02

Treatment

Treatment

[l Heterogencous selection (Hes)
lomogeneous selection (HoS)
‘Homogenizing dispersal (HD)

12 Dispersllimitaion (OL)

Drift and others (DR)






OPS/images/fmicb-16-1509447-t002.jpg
Abundance and Treatment

a-diversity
Abundance (1046/ind.) 4.88£0.27a 3.310.26b 3.16 £ 0.15b 2841 0.46b
Chaol index 380.38 £ 9.67a 300.20 + 19.06a 376.89 + 31.59a 345.76 + 36.05a
Shannon index 3.93£0.17a 299 +0.18b 3.55 + 0.20ab 3.35 £ 0.24ab

Data were presented as mean  standard error (SE), and the different lowercase letters indicate the statistical significance (p < 0.05). Abundance (n = 9), Chao 1 index and Shannon index
(n=3).





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Responses of a soil-inhabiting collembolan (Entomobrya proxima Folsom) to organic fertilizer addition illustrated by functional traits and gut bacterial community



		1 Introduction



		2 Materials and methods



		2.1 Test collembolan



		2.2 Experimental design



		2.3 Sample collection and functional trait measurement



		2.4 DNA extraction of gut microbiota



		2.5 Determination of gut bacterial community abundance



		2.6 PCR amplification, high-throughput sequencing, and bioinformatic analysis



		2.7 Statistical analysis









		3 Results



		3.1 Effects of organic fertilizer on functional traits of Entomobrya proxima



		3.2 Effects of organic fertilizer on the abundance, diversity and structure of gut bacterial community of Entomobrya proxima



		3.3 Effects of organic fertilizer on gut bacterial community composition of Entomobrya proxima



		3.4 Effects of organic fertilizer on the assembly and niche breadth of intestinal bacterial community of Entomobrya proxima



		3.5 Correlation analysis of functional traits and intestinal bacterial community









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Footnotes



		References



















OPS/images/fmicb-16-1509447-g001.jpg
GUT MICROBIOTA

Affect the growth rate,
survival rate and reproductive
success rate. i

Enhance the immune respons
tand  help fight again:
pathogens and parasites.

i Decompose complex organi
| material into simplef
ompounds.

Digestive System Immune System Reproduction development

-

COLLEMBOLAN





OPS/images/fmicb-16-1509447-g002.jpg
050 - Compuion B pvalue _padjusied
ekwso 0216 0005 0005
| Olvs02 0385 0000 0120
| OIw0s 0338 0100 0120

2‘ 2 ' 02vs03 0.297 0.300 0.300
025- !
| ®o012
_ 0032
é d | 0033 Treatment
= 011 . 02 1@ ® CK
0001 — - — i T --—-{ @01
< e 02
S 102 2 S
S C.Kﬁ e @ 03
CK2 : °
I 023 a1
~0.25- ) § |
CK_1 |
1
i
~0.50- ;
y y \ : .
-0.50 -025 0.00 025 050

PCoAl (30.30%)





OPS/images/cover.jpg
’ frontiers | Frontiers in Microbiology

Responses of a soil-inhabiting
collembolan (Entomobrya
proxima Folsom) to organic
fertilizer addition illustrated by
functional traits and gut bacterial
community












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






