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Introduction

The gut microenvironment in housefly harbors a rich and diverse microbial community which plays a crucial role in larval development. However, little is known about the impact of specific symbiotic bacteria on larval development as well as the composition of the indigenous gut microbiota of housefly.



Methods

In the present study, two novel strains were isolated from housefly larval gut, i.e., Klebsiella pneumoniae KX (aerobe) and K. pneumoniae KY (facultative anaerobe). Moreover, the bacteriophages KXP/KYP specific for strains KX and KY were used to analyse the effects of K. pneumoniae on larval development.



Results

Our results showed that dietary supplementation with K. pneumoniae KX and KY individually promoted housefly larval growth. However, no significant synergistic effect was observed when the two bacterial strains were administered in combination. In addition, using high-throughput sequencing, it was demonstrated that the abundance of Klebsiella increased whereas that of Provincia, Serratia and Morganella decreased when housefly larvae received supplementation with K. pneumoniae KX, KY or the KX-KY mixture. Moreover, when used combined, K. pneumoniae KX/KY inhibited the growth of Pseudomonas and Providencia. When the abundance of both bacterial strains simultaneously increased, a balance in total bacterial abundance was reached.



Discussion

Thus, it can be assumed that strains K. pneumoniae KX and KY maintain an equilibrium to facilitate their development in housefly gut, by establishing competition but also cooperation with each other to maintain the constant composition of gut bacteria in housefly larvae. Thus, our findings highlight the essential role of K. pneumoniae in regulating the composition of the gut microbiota in insects.
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Introduction

The microorganisms found in the gut of insects form a stable community and affect the physiological functions of the host (1–3). Moreover, it is widely known that bacteria in the gut of insects play a dominant role during insect development and reproduction, but also in the digestion, since they provide important nutrients to the host (4, 5). In addition, certain microorganisms shape the competence of mosquito female vectors by modulating their immune response (6).

However, an antagonistic relationship between bacteria in the gut of housefly larvae has been suggested, which likely affects insect growth and development. For instance, Enterobacter hormaechei can inhibit the growth of harmful bacteria in the gut of the housefly larvae, such as Pseudomonas aeruginosa, Providencia stuartii and Providencia vermicola, and promote the reproduction of beneficial bacteria (7). In Anopheles mosquitoes, Enterobacteriaceae could interfere with parasite development prior to invasion in the host midgut epithelium, thus protecting the host from Plasmodium infection (8, 9). Moreover, it has been shown that substrate-associated microorganisms affect black soldier fly larval performance by altering larval microbiota (10). In addition, certain intestinal bacteria can affect the transmission of dengue virus, increase the infection of vector pathogens (11) and interact with pathogenic fungi to promote mosquito infection (12). It has been demonstrated that viral infection in Aedes (13) and Anopheles mosquitoes (14) is increased by the presence of Serratia odorifera in the midgut. For instance, S. odorifera in the midgut of the mosquito Aedes aegypti increases its susceptibility to dengue type-2 virus by blocking the prohibitin molecule found on the surface of host midgut (13).

Houseflies (Musca domestica) belong to the family Muscidae, which harbors a great number of species. Houseflies have an expected life span of approximately 30 days, during which time four distinct developmental stages unfold: egg, larvae, (pre) pupa, and adult (15). The gut of housefly larvae provides a suitable environment for microbial colonization, and it has been shown that gut bacteria play an important role in the regulation of both physiological and pathological processes of housefly (15). However, the regulatory mechanism by which specific bacteria influence the development of housefly larvae is poorly understood. Most studies on insect gut bacteria are based on the “total removal and replenishment” model, which interferes with untargeted bacteria in the intestine (16–18). Therefore, it is necessary to design precise and predictable approaches to target and control susceptible bacterial species in the gut microbiota in order to remodel it and study its functions.

Bacteriophages are viruses that specifically infect and parasitise bacteria. Phages can be used as efficient antibacterial agents that regulate indigenous bacterial populations (19). Previous studies have discussed the essential role of phages in the formation of bacterial communities and have highlighted their potential therapeutical value to animals (20–22) and plants (23–25). In contrast to antibiotics and bacterial inoculants (26), phages can invade bacterial cells with high specificity via specific cell surface receptors. Therefore, phages with the appropriate properties could be leveraged as powerful tools for targeting specific species.

Previous studies have revealed that phages can regulate insect gut bacterial community and re-establish health in insect models previously infected by bacteria (27, 28). Moreover, studies in animal models have yielded promising results. In addition, the bacteriophage BUCT610 could significantly improve the survival rate of Galleria mellonella larvae challenged with Klebsiella pneumoniae infection (29). Other studies have emphasized the therapeutic potential of phages in insects (30, 31). For instance, two phages showed activity against the strain Klebsiella pneumoniae ST13 and could replicate the decrease in bacterial titers in G. mellonella larvae, thus improving the survival of infected larvae (31). In another study, the Bordetella bronchiseptica phage vB_BbrP_BB8 could efficiently eliminate biofilm and prevent lethality of B. bronchiseptica in G. mellonella honeycomb moth larvae (30). Moreover, the interplay between phages and the gut microbiota is complex and may be affected by the host immune system (32–35), spatial structure within the tissue, nutrient availability (35) and local microbiota. However, experimental models established in previous studies are usually based on single bacteria-phage pairs in the natural environment. The interaction between phages and their targeted bacteria as well as its effect on housefly larval gut bacterial community are still poorly understood. Therefore, it is necessary to establish an insect model to better study the interaction between phages, targeted bacteria and gut microbiota.

In our previous research, a phage-targeted method was established to reduce the abundance of the strain Pseudomonas aeruginosa Y12 in housefly larval gut. Using P. aeruginosa-specific bacteriophage as a targeting tool, the effects of P. aeruginosa Y12 on housefly larvae growth, development, and gut microbiota composition were explored (36). Then our following research further found that bacteriophages can result in alteration of housefly gut community structure which further influenced housefly larval growth and development (37). Previous research showed that single bacteriophage could be used for function analysis of housefly gut microbes. However, the influence of combined application of two phages on housefly gut community, and function analysis of aerobic bacteria and facultative anaerobic bacteria in housefly intestine has been little reported till now. It is necessary to study multivalent phage cocktails on bacteria–phage interactions in insect guts in the future. In our experiment, function of bacteria was studied from aerobic and anaerobic states and using a single phage to reduce the host bacteria and using two-phage combinations to feed housefly larvae at the same time to study whether the combined application of phages has a synergistic effect. Thus, in order to expand the current understanding of the interplay between beneficial aerobic/acultative anaerobic gut bacteria and insect health, an insect gut model was proposed. The aerobic strain Klebsiella pneumoniae KX and the facultative anaerobic strain K. pneumoniae KY were isolated from housefly larval gut; simultaneously, the bacteriophage KXP of K. pneumoniae KX and the bacteriophage KYP of K. pneumoniae KY were isolated and used as specific antibacterial agents to regulate the abundance of K. pneumoniae KX/KY in housefly larval gut. Furthermore, the gut microbial community structure of larvae fed with K. pneumoniae KX/KY or bacteriophages KXP/KYP was analysed to elucidate the functional mechanism by which K. pneumoniae KX/KY impact housefly larval development. Our research revealed the important role of aerobic and facultative anaerobic K. pneumoniae played in the housefly aerobic midgut and the anaerobic hindgut. The results discussed herein highlight the potential of combined application of bacteriophages in future studies on insect gut microbiota.



Results


Characteristics of Klebsiella pneumoniae

Isolation and identification of K. pneumoniae from housefly larval intestines was achieved through the traditional isolation and culture method, the culturable aerobic K. pneumoniae KX was isolated from housefly larval intestines under an aerobic environment, and the culturable facultative anaerobic K. pneumoniae KY was isolated from housefly larval intestine under an anaerobic environment. The results showed that K. pneumoniae KY and K. pneumoniae KX clustered into different branches of the K. pneumoniae genus, indicating that they are two different strains of K. pneumoniae (Figure 1).




Figure 1 | Phylogenetic analysis showing the evolutionary position of Klebsiella pneumoniae KX and KY. Phylogenetic position of KX and KY based on the 16S rRNA gene sequences. The phylogenetic analysis was performed using the Maximum Likelihood method in MEGA, and associated taxa clustered together in the bootstrap test of 2000 replicates.





Isolation of phages from sewage targeted against K. pneumoniae

The phages obtained from sewage were purified by a double-layer agar plate method and uniform plaque was produced on the double-layer plates (Figures 2A–D). Host specificity analysis revealed that phage KXP lysed only its susceptible bacteria K. pneumoniae KX and had no apparent impact on the other commensal bacteria isolated from the intestine of housefly larvae, including K. pneumoniae KY, Providencia sneebia DSM 19967, Pseudocitrobacter faecalis, Morganella morganii, Enterobacter hormaechei, Enterococcus casseliflavus, Providencia. stuartii and Enterococcus faecalis (Table S1). It was observed by transmission electron microscopy that the head of phage KXP has a typical icosahedral structure and short tail, which is consistent with the characteristics of Podoviridae (Figure 2B). Phage KXP had almost no latent period and tended to become stable after a sharp increase in titer, and the burst size was 3.73 × 1013/3.80 × 103 = 9.82 × 109 particles/infected cell (Figure 3B). When the multiplicity of infection (MOI, the ratio of the number of phages to the number of host bacteria) was 10–2, the phage KXP titer reached the highest level, approximately 12.55 log plaque forming unit (PFU) mL-1, indicating that the optimal multiplicity of infection (OMOI) (OMOI, the highest phage titration of the proportion of phage and its host) of phage KXP was 10-2 (Figure 3A). The phage could withstand a pH 5-11 environment for 1 h (Figure 3C). In addition, it withstood a temperature from 4°C to 60°C for 1 h (Figure 3D). In a certain range of temperature and pH, the phage KXP shows good stability. Genome sequencing analysis revealed that the genome of KXP had a total length of 42,946 bp, and the average GC content was 54.2%, the number of protein-coding genes is 45, the gene length/genome ratio is 0.885 (Figure S1A, Table S2).




Figure 2 | Morphology of phage KXP and phage KYP. (A) Morphology of phage KXP plaques in nutrient agar medium. The plaques of KXP are medium in size and transparent. (B) Electron micrograph of the negatively stained, purified phage KXP used in this study. (C) Morphology of phage KYP plaque in nutrient agar medium. The plaques of KYP are small and pinhole shaped, and there is a halo around the centre. (D) Electron micrograph of the negatively stained, purified phage KYP used in this study. KX, Klebsiella pneumoniae KX; KY, Klebsiella pneumoniae KY. Values are the means ± standard deviations from triplicates of each treatment.






Figure 3 | Analysis of the biological characteristics of phage KXP. (A) The MOI of phage KXP. The (K) pneumoniae KX strain was infected with phage KXP at various MOIs (10, 1, 10-2, 10-4, 10-6) and incubated at 37°C for 3.5 (h) When the MOI was 10-2, the titer reached the highest value (12.55 log PFU·mL-1). (B) One-step growth curve of phage KXP. Phage KXP has almost no latent period. The phage titer increased rapidly and stabilized at 80 minutes. The titer of the sample was measured at different time points. (C) The pH stability of phage KXP. Phage KXP is stable over a relatively wide range of pH values, and it (∼106 PFU/mL) was incubated in PBS at different pH values ranging from 4 to 12 at 37°C for 1 (h) (D) The thermal stability of phage KXP determined at 4, 25, 37, 50, 60 and 70°C for 1 (h) Values are the means ± standard deviations from triplicates of each treatment.



Similarly, host specificity analysis revealed that phage KYP lysed only its susceptible bacteria K. pneumoniae KY and had no apparent impact on the other commensal bacteria isolated from the intestine of housefly larvae, including K. pneumoniae KX, P. sneebia DSM 19967, P. faecalis, M. morganii, E. hormaechei, E. casseliflavus, P. stuartii and E. faecalis (Table S1). It was observed by transmission electron microscopy that the head of phage KYP had a typical icosahedral structure and a short tail, which was in line with the short-tailed phage family (Podoviridae) (Figure 2D). The latent period of phage KYP was approximately 20 min, and then the titer increased sharply and reached the highest value, with a burst size of 3.28 × 1012/4.08 × 108 = 8.04 × 103 particles/infected cell (Figure 4B). When the MOI was 10–2, the phage KYP titer reached the highest level, approximately 12.61 log PFU mL-1, indicating that the OMOI of phage KYP was 10-2 (Figure 4A). It withstood a pH 5-11 environment for 1 h (Figure 4C). In addition, it withstood temperatures from 4°C to 60°C for 1 h (Figure 4D). In summary, the stability of phage KYP is good. Genome sequencing analysis showed that the total length of the KYP genome was 43,195 bp, and the average GC content was 55.99%, the number of protein-coding genes is 48, the gene length/genome ratio is 0.919 (Figure S1B, Table S3).




Figure 4 | Analysis of the biological characteristics of phage KYP. (A) The MOI of phage KYP. The (K) pneumoniae KY strain was infected with phage KYP at various MOIs ((10, 1, 10-2, 10-4, 10-6) and incubated at 37°C for 3.5 (h) When the MOI was 10-2, the titer reached the highest value (12.61 log PFU mL-1). (B) One-step growth curve of phage KYP. Phage KYP has a latent period of 20 min. The phage titer increased rapidly and reached the highest value in 100 minutes. The titer of the sample was measured at different time points. (C) The pH stability of phage KYP. Phage KYP is stable over a relatively wide range of pH values, and it (∼106 PFU/mL) was incubated in PBS at different pH values ranging from 4 to 12 at 37°C for 1 (h) (D) The thermal stability of phage KYP determined at 4, 25, 37, 50, 60 and 70°C for 1 (h) Values are the means ± standard deviations from triplicates of each treatment.





Effects of K. pneumoniae KX/KY on the growth and development of housefly larvae

In order to analyze the effects of K. pneumoniae KX/KY and KX-KY mixture on larval development, feeding experiments were carried out. Based on our results, single feeding of K. pneumoniae KX (109 colony forming unit (CFU)/mL), K. pneumoniae KY (109 CFU/mL), and mixed feeding of K. pneumoniae KX (109 CFU/mL) and K. pneumoniae KY (109 CFU/mL) significantly promoted the growth and development of housefly larvae, but there was no synergistic effect on the growth and development of housefly larvae fed with mixed K. pneumoniae KX and KY. Feeding phage KXP (107 PFU/mL), phage KYP (107 PFU/mL), and mixed feeding of phages KXP (107 PFU/mL) and KYP (107 PFU/mL) significantly inhibited the growth and development of housefly larvae, but mixed feeding of phages KXP and KYP had no synergistic effect (F (24, 308) = 102.7, P<0.0001)(Figure 5). These results showed that compared with the control group, addition of K. pneumoniae KX/KY had a positive impact on the growth and development of housefly larvae, and the phage-mediated decrease in K. pneumoniae KX/KY had a negative impact on the growth and development of housefly larvae, thereby compromising larval health.




Figure 5 | Effects of different treatments on the growth and development of housefly larvae. (A) Different treatments had significant effects on the body weight of housefly larvae. (B) Different treatments had significant effects on the body length of housefly larvae. MLB, MKX, MKY, MKXY, MKXP, MKYP and MKXYP were cultured in LB liquid medium, and (K) pneumoniae KX (109 CFU/mL), (K) pneumoniae KY (109 CFU/mL), (K) pneumoniae KX (109 CFU/mL) and (K) pneumoniae KY (109 CFU/mL), (K) pneumoniae phage KXP (107 PFU/mL), (K) pneumoniae phage KYP (107 PFU/mL), (K) pneumoniae phage KXP (107 PFU/mL) and (K) pneumoniae phage KYP (107 PFU/mL) were fed to housefly larvae. Each treatment included twelve biological repeats. The data are expressed as the means ± SEMs. Repeated measures ANOVA followed by Sidak correction was used for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****P < 0.0001.





Effects of the addition and removal of K. pneumoniae on intestinal microflora of housefly larvae

To study the effect of the addition or lack of bacteria on the composition of the bacterial community, the 16S rRNA gene of intestinal bacteria of housefly larvae in group MLB, MKX, MKY, MKXY, MKXP, MKYP and MKXYP was sequenced. MLB, MKX, MKY, MKXY, MKXP, MKYP and MKXYP were cultured in LB liquid medium, K. pneumoniae KX (109 CFU/mL), K. pneumoniae KY (109 CFU/mL), K. pneumoniae KX (109 CFU/mL) and K. pneumoniae KY (109 CFU/mL), K. pneumoniae phage KXP (107 PFU/mL), K. pneumoniae phage KYP (107 PFU/mL), K. pneumoniae phage KXP (107 PFU/mL) and K. pneumoniae phage KYP (107 PFU/mL) were fed to housefly larvae. A total of 2,235,406 high-quality bacterial sequences with sequence numbers from 100025 to 116160 were produced from all samples. These sequences were normalized and clustered into 3,768 OTUs at a 97% similarity level among all the samples (Table 1). Chao1 indices showed that compared with the control group, the bacterial richness of housefly larvae in the phage-treated group (MKXP, MKYP and MKXYP) and bacteria-treated group (MKX, MKY and MKXY) decreased (Figure 6A). Shannon indices suggested that compared with the control group, the bacterial diversity of housefly larvae increased in the phage-treated group (MKXP, MKYP and MKXYP) but decreased in the bacteria-treated groups (MKX, MKY) (Figure 6B). PCoA analysis showed that there were significant differences in the intestinal microflora of housefly larvae between the phage treatment groups and the bacterial treatment groups (Figure 6C). The phage treatment groups (MKXP, MKYP and MKXYP) and bacterial treatment groups (MKX, MKY and MKXY) clustered together, and neither of them clustered with the control group (MLB). An unweighted pair-group method with arithmetic mean (UPGMA) tree further proved the aggregation of phage-treated group (MKXP, MKYP and MKXYP) and bacteria-treated group (MKX, MKY and MKXY) samples (Figure 6D). Therefore, the addition or lack of K. pneumoniae (KX, KY) significantly interfered with the larval intestinal flora.


Table 1 | Information about 16S rRNA gene analysis in this study.






Figure 6 | Bacterial richness and diversity of samples. (A) Chao1 index. (B) Shannon index. The data were compared by one-way ANOVA. The Brown-Forsythe test was used for significance analysis. Values are the means ± standard deviations from triplicates of each treatment. (C) Principal coordinate analysis (PCoA) of bacterial community structure in seven groups. Each symbol represents a sample of intestinal bacteria. (D) UPGMA tree analysis of the samples. (E) Venn diagram analysis of unique and shared OTUs of the intestinal bacteria in housefly larval samples. The number represents the number of unique OTUs in each sample and common OTUs shared by two or more samples.



The Venn diagram showed the common and unique OTUs of all samples, of which 248 OTUs (6.58%) were common to all samples (Figure 6E). There were 1319 (35.01%), 60 (1.59%), 56 (1.49%), 103 (2.73%), 82 (2.18%), 333 (8.84%) and 176 (4.67%) unique OTUs in the MLB, MKX, MKY, MKXY, MKXP, MKYP and MKXYP samples, respectively (Figure 6E). The Venn diagram showed the differences in the intestinal microflora of housefly larvae in different samples.

To further study the composition of the bacterial community in different groups, the composition and structure of the intestinal bacterial community were analyzed at different levels. Top 5 phyla and top 12 genera with relatively high abundance were selected for analysis. The results showed that the housefly larvae of different treatment groups had only slight differences at the phylum level, but had different bacterial community structures at the genus level. (Figures 7A, B). Proteobacteria accounted for the highest proportion of all intestinal bacteria in housefly larval samples (Figure 7A). In addition, in the bacterial treatment groups (MKX, MKY and MKXY) and phage treatment groups (MKXP, MKYP and MKXYP), the proportion of Proteobacteria increased, while Firmicutes and Bacteroidota decreased (Figure 7A). Among the 12 most abundant genera in the intestines of housefly larvae, the genus Klebsiella was significantly increased in abundance in the bacterial treatment group (MKX, MKY and MKXY), but the genus Providencia, Serratia, Morganella, and Vagococcus showed a significantly decreasing trend (Figure 7B). In the phage treatment group (MKXP, MKYP and MKXYP), the genus Klebsiella and Pseudomonas increased significantly in abundance, the genus Proteus increased slightly, and the genus Vagococcus decreased significantly (Figure 7B). The relative abundances of the genus Serratia and Enterobacter were significantly increased in the phage treatment group (MKYP, MKXYP) (Figures 7B, C). Therefore, the composition of the intestinal bacterial community of housefly larvae was greatly altered by the bacterial treatment group. Although phages have host specificity, they induce cascading effects on microbiota species that are not directly targeted. Similarly, the composition of the intestinal bacterial community of housefly larvae is greatly affected. Bacterial genera with great changes in abundance and proportion were investigated. In the group of larvae fed with K. pneumoniae KX/KY or with mixed KX and KY, the proportions of the genus Klebsiella and Bordetella were significantly increased while the abundance of the genus Providencia, Serratia, Morganella and Vagococcus decreased significantly. Significantly, the abundance of the genus Paenalcaligenes and Enterobacter showed the opposite trend in the two bacterial treatment groups (MKX, MKY). In the group of larvae fed with phage KXP/KYP or mixed KXP and KYP, the proportions of the genus Klebsiella, Pseudomonas, Proteus and Enterobacter were significantly increased, while the abundance of the genus Providence decreased slightly, and that of the genus Vagococcus decreased significantly. The proportion of the genus Serratia was significantly increased, while the abundance of the genus Paenalcaligenes was significantly decreased in the phage treatment group (MKYP, MKXYP). Similarly, the abundance of the genus Paenalcaligenes, Ignatzschineria, Serratia and Bordetella showed a reverse trend in the two phage treatment groups (MKXP, MKYP). Therefore, we speculate that in addition to the increase or phage-mediated decrease in K. pneumoniae (KX, KY), the change in the proportion of dominant bacteria, such as the genus Klebsiella, Providence, Serratia, Morganella, Bordetella, Pseudomonas, Vagococcus and Enterobacter in the intestinal tract of housefly larvae is another important factor affecting the health of houseflies. To determine the interaction between culturable bacteria and K. pneumoniae KX/KY, antagonism assays were carried out in aerobic cultures and facultative anaerobic cultures. The antagonism assay showed that the growth of K. pneumoniae KY, P. aeruginosa Y12 and P. stuartii Ps was inhibited by high abundances of K. pneumoniae KX, and the growth of K. pneumoniae KX, P. aeruginosa Y12 and P. stuartii Ps was also inhibited by high concentrations of K. pneumoniae KY (Figures S2, 3).




Figure 7 | The relative abundances of the top 5 phyla and the top 12 genera of intestinal bacteria in different treatment groups. (A) Relative abundances of the top 5 phyla in housefly larval samples. (B) The relative abundances and distributions of the top 12 genera in housefly larval samples. (C) Dynamic variation in the OTU number of key bacteria in different groups. The data were compared by one-way ANOVA. The Brown-Forsythe test was used for significance analysis.





Network of gut microbiota in larvae treated with different bacteria amended diets

To analyse the bacterial correlations within the bacterial community, we constructed a network based on the Spearman correlation. Bacterial correlations among the larval intestinal flora were significantly changed after the larvae were treated with the two K. pneumoniae strains and K. pneumoniae-specific phages (Figure 8). Compared to the control group, oral administration of K. pneumoniae and phages significantly reduced bacterial correlations, especially in Firmicutes (except MKXYP), Actinobacteriota (except MKXY) and Bacteroidota (except MKY) (Figure 8). The total number of nodes, total links, average degree and average cluttering coefficient (except MKXY) of the interaction network in the gut microflora of the larvae decreased in the bacterial treatment group (MKX, MKY and MKXY) and phage treatment group (MKXP, MKYP and MKXYP) (Table S1). We speculated that there was less contact between harmful bacteria in the bacterial treatment group and less contact between beneficial bacteria in the phage treatment group. However, compared with the bacterial treatment groups (MKX, MKY and MKXY), the phage-treated groups (MKXP, MKYP and MKXYP) had more total links and total nodes indicating that phage treatment increased the association between harmful bacteria (Table S4). In all samples, a high degree of connectivity between Proteobacteria was observed (Figure 8). However, compared with the bacterial treatment group (47.62% in MKX, 65.00% in MKY and 42.31% in MKXY), the interaction between Proteobacteria increased in the phage-treated groups (59.26% in MKXP, 60.71% in MKYP and 67.44% in MKXYP). We speculate that there is an increased association between some harmful bacteria in Proteobacteria in phage-treated groups (MKXP, MKYP and MKXYP). Based on the results, alteration of the loads of specific bacteria in the intestine could greatly affect the bacterial interactions among the microbial communities.




Figure 8 | Intestinal bacterial cooccurrence microbiome networks between different processing groups. Each point in the graph represents a species, and those related species are connected by a line. The red lines represent positive correlations, and the green lines represent negative correlations. The node colors represent the taxon classification at the phylum level.





Bacterial assay of K. pneumoniae KX/KY in housefly larvae using specificity of their targeting phages under different conditions

The dynamic analysis of K. pneumoniae KX/KY in housefly larvae under different oxygen concentrations revealed that phage KXP showed a higher titer in the environment under a high oxygen content while phage KYP revealed a higher titer in the environment under a low oxygen content. As phage KXP/KYP could rapidly amplify only in the presence of their host bacteria K. pneumoniae KX/KY, the titers of phages KXP/KYP revealed the result that a higher bacterial load of aerobic K. pneumoniae KX in the environment under a high oxygen content, while a higher bacterial load of anaerobic K. pneumoniae KY in the environment under a low oxygen content (Figures 9A, B). The results indicated that aerobic K. pneumoniae KX plays a major role in environments with a high oxygen content, while facultative anaerobic K. pneumoniae KY plays a major role in environments with a low oxygen content.




Figure 9 | Bacterial assay of Klebsiella pneumoniae KX/KY under different conditions. (A) The titers of KXP in different groups under different oxygen concentrations, (B) The titers of KYP in different groups under different oxygen concentrations. C: control group, X: normal oxygen group, Y: low oxygen content culture group. (C) The titers of KXP in different treatment groups from the midgut and hindgut of housefly larvae, (D) The titers of KYP in different groups from the midgut and hindgut of housefly larvae. C: control group, M: the midgut group, H: the hindgut group. Values are the means ± standard deviations from triplicates of each treatment. (E) The titers of KXP in different groups feeding with various diets and placed on a shaking table for 1 hour, (F) The titers of KYP in different groups feeding with various diets and placed on a shaking table for 1 hour, (G) The titers of KXP in different groups feeding with various diets and placed on a shaking table for 4 hour, (H) The titers of KYP in different groups feeding with various diets and placed on a shaking table for 4 hour. MLB: feeding LB medium, MKX: feeding Klebsiella pneumoniae KX, MKY: feeding Klebsiella pneumoniae KY, MKXY: feeding Klebsiella pneumoniae KX-KY. Values are the means ± standard deviations from triplicates of each treatment. *p < 0.05, **p < 0.01, ***p < 0.001, ****P < 0.0001.





Bacterial assay of K. pneumoniae KX/KY in the midgut and hindgut of housefly larvae

The midgut and hindgut maintain different oxygen concentration in housefly larvae. To analyze the dynamic alterations of K. pneumoniae KX/KY in the gut of housefly larvae with different oxygen concentrations, the bacterial load of K. pneumoniae KX/KY in the midgut and hindgut of housefly larvae was assayed. Based on the results, higher KXP titers was found in the midgut while higher KYP titers was found in hindgut indicating a higher bacterial load of aerobic K. pneumoniae KX in the high oxygen midgut while a higher bacterial load of anaerobic K. pneumoniae KY in the low oxygen hindgut. Our results revealed that aerobic K. pneumoniae KX plays a major role in the aerobic midgut, while facultative anaerobic K. pneumoniae KY plays a major role in the anaerobic hindgut (Figures 9C, D).



Bacterial assay of K. pneumoniae KX/KY in housefly larvae after feeding K. pneumoniae KX/KY alone or feeding with mixed K. pneumoniae KX and KY

To further analyse the in vivo interactions between K. pneumoniae KX and KY in housefly larvae, the bacterial load of K. pneumoniae KX/KY in housefly larvae feeding K. pneumoniae KX/KY alone or mixed K. pneumoniae KX-KY was assayed through phage titer analysis. Phage titer analysis revealed that the phage KXP titer increased in the MKX and MKXY groups and decreased in the MKY group (Figures 9E, G). The phage KYP titer increased in groups MKY and MKXY, and the KYP titer decreased in group MKX (Figures 9F, H). The above experiments showed that the bacterial load of K. pneumoniae KX increased and that of KY decreased after the larvae were fed KX, while K. pneumoniae KY increased and KX decreased after the larvae were fed KY; both KX and KY increased after the larvae were fed mixed K. pneumoniae KX-KY. Therefore, we assume that K. pneumoniae KX and KY could maintain a dynamic balance in the housefly larvae and competitively facilitate larval development.




Discussion

In this study, we isolated aerobic K. pneumoniae KX and facultative anaerobic K. pneumoniae KY, and phage KXP and phage KYP that specifically targeted the two strains of bacteria. The health of housefly larvae was positively affected by the increase in the abundance of K. pneumoniae KX/KY or two mixed bacteria and negatively affected by the decrease in the abundance of K. pneumoniae KX/KY or two mixed bacteria. Furthermore, the addition of K. pneumoniae KX/KY or phage KXP/KYP can affect the intestinal flora. Based on the results of our research, we speculate that the alteration of intestinal flora caused by the addition of K. pneumoniae KX/KY or phage KXP/KYP is an important factor affecting housefly larvae. These findings indicate the complexity of intestinal flora-host interactions in the intestinal tracts of insects and show that the phage predation not only knockdown their bacterial targets but also affect non-targeted species within a community of commensal bacteria colonizing the gut through cascading effects.

Pathogenic bacterial invasion can affect the growth of housefly larvae and even lead to their death (38). However, the effects of beneficial bacteria on the growth of housefly larvae need to be studied. In this study, we found that individual addition of K. pneumoniae KX/KY or the mixed addition of K. pneumoniae KX and KY in larval diets can affect the composition of intestinal microflora, inhibit the growth of harmful bacteria including Pseudomonas aeruginosa which inhibited housefly larval growth and accelerated larvae death at high bacterial concentration (38), and thus promote the development of housefly larvae (Figure 10). Using the K. pneumoniae-specific phage KXP/KYP to reduce the bacterial abundance of K. pneumoniae KX/KY in the larval gut microbiota, we found that the individual or mixed addition of phage KXP and KYP in larval diets can both affect the composition of intestinal microflora and promote the growth of harmful bacteria, thus inhibit the development of housefly larvae (Figure 10). Among the 12 genera most abundant in the intestinal flora of housefly larvae, Klebsiella was significantly increased in abundance in the bacteria-treated group (MKX, MKY and MKXY), while Providencia, Serratia, Morganella, and Vagococcus showed a significant decreasing trend. The abundance of Klebsiella in housefly larvae fed high concentrations of K. pneumoniae increased significantly in a short time, which could be attributed to the high concentrations of K. pneumoniae in the larval diet.




Figure 10 | Patterns of the effects of two strains of Klebsiella pneumoniae on larval development of houseflies. Different colours represent different bacteria. Green, red and other colours represent Klebsiella pneumoniae KX, Klebsiella pneumoniae KY and other bacteria, respectively.



Enterobacter AA26 and Klebsiella oxytoca sp. have been used as probiotics in the diet of medfly. It also affected the feeding efficiency and biological quality of medfly VIENNA 8D53+ GSS (39). Given these effects of Klebsiella, it is assumed that Klebsiella will play an important role in the growth and development of housefly larvae. Among the bacteria that were observed to be reduced after larvae were fed K. pneumoniae KX/KY, Providencia (40, 41) and Morganella (42) species have been reported to be pathogenetic bacteria in insects, causing a high level of mortality in insects. S. marcescens digests the membrane-bound mucins on the intestinal epithelium of mosquitoes by secreting SmEnhancin protein, which destroys the intestinal physical barrier, thus enhancing the arbovirus infection in the intestinal epithelium of mosquitoes (11). Therefore, we assume that the elevated bacterial abundance of K. pneumoniae KX/KY caused a decrease in some harmful bacteria in the larval gut, which further favored the proliferation of other beneficial bacteria in the larval gut and benefited larval development.

To analyze the interaction between K. pneumoniae and other culturable bacteria, A plate antagonism experiment was carried out. We found that although K. pneumoniae KX and KY were different strains, they revealed the same inhibitory effects on the growth of P. aeruginosa and P. stuartii. Furthermore, they also showed inhibitory effects on each other. Based on the results of the plate antagonism experiment and gut community structure analysis, we assume that the elevated abundance of K. pneumoniae may result in it competing with other strains for nutrition and inhibit the growth of P. stuartii and P. aeruginosa in the intestinal tracts of housefly larvae, reducing the reproduction of harmful bacteria and promoting the growth and development of housefly larvae. The mutual inhibition between K. pneumoniae KX and K. pneumoniae KY explains why the mixed feeding of the two strains had no synergistic effect on the growth and development of housefly larvae. Furthermore, aerobic K. pneumoniae KX mainly exists in environments with a high oxygen content, while facultative anaerobic K. pneumoniae KY mainly exists in environments with a low oxygen content (Figure 8). Therefore, the two K. pneumoniae strains work together in the environment under different oxygen concentrations. Obviously, when these two bacteria in the intestines of housefly larvae increase to a certain extent, they will inhibit each other to achieve a certain balance. We speculate that the change in intestinal flora will protect larvae from pathogen invasion and promote the growth of host larvae.

Studies have shown that the biocontrol effect of phage combinations is improved by increasing the concentration of phages (43, 44). Bacterial resistance during phage therapy is restricted by the receptors or mechanisms of various phages (45, 46). In this experiment, two-phage combinations were used to feed housefly larvae to study whether the combined application of phages has a synergistic effect. Single phage KXP or KYP treatment had a significant inhibitory effect on the growth and development of housefly larvae, but the inhibitory effect did not increase when phages were combined applied, indicating that K. pneumoniae KX and KY co-existed and inhibited each other in the larval gut. After the phage KXP mediated a decrease in K. pneumoniae KX to a certain extent, K. pneumoniae KY tended to increase because the inhibition of K. pneumoniae KX on K. pneumoniae KY was weakened. The increasing trend of K. pneumoniae KY was opposite to the decreasing trend of K. pneumoniae KY mediated by phage KYP. When K. pneumoniae KX decreased, K. pneumoniae KY increased relatively, and the two bacterial population levels reached a certain balance.

The function and composition of insect intestinal flora are dynamic, and the interbacterial interactions is crucial to the health of insects. Therefore, we studied the structure of the intestinal microflora after an increase or phage-mediated decrease in K. pneumoniae in housefly larvae and analysed the interaction between them. The results showed that the structure of the intestinal flora changed after the increase or phage-mediated decrease in K. pneumoniae, and there were significant differences in network interactions among different strains. Compared with the control group MLB, the bacterial treatment groups MKX, MKY and MKXY and the phage treatment groups MKXP, MKYP and MKXYP increased the negative correlations among flora, indicating intensified competition among bacteria. When K. pneumoniae is added, K. pneumoniae will compete with some bacteria for resources, resulting in a decrease in harmful bacteria such as Providence and Serratia. A phage-mediated decrease in K. pneumoniae will induce an increase in harmful bacteria. These increased bacteria, such as Serratia and Pseudomonas, will also compete with each other and then affect the health of housefly larvae. In addition, the network diagram showed that eight phyla, Proteobacteria, Firmicutes, Actinobacteriota, Acidobacteriota, Bacteroidota, Planctomycetota, Nitrospirota and Myxococcota, were found in the control group. However, there were only Proteobacteria, Firmicutes (except MKY), Actinobacteriota and Bacteroidota in the bacterial treatment group (MKX, MKY and MKXY) and phage treatment group (MKXP, MKYP and MKXYP). Compared with the control group, the connection between the flora in the bacterial treatment groups MKX, MKY and MKXY and the phage treatment groups MKXP, MKYP and MKXYP was weakened. We speculated that the addition of K. pneumoniae KX/KY to larval diets reduced the contact between harmful bacteria and that the addition of the K. pneumoniae-specific phage KXP/KYP reduced the contact between beneficial bacteria. Compared with the bacteria-treated groups MKX, MKY and MKXY, the flora were more closely related, and the interaction between Proteobacteria increased in the phage-treated groups MKXP, MKYP and MKXYP. We speculated that the association between harmful bacteria in Proteobacteria, such as Serratia and Pseudomonas, increased in the phage-treated groups MKXP, MKYP and MKXYP. Therefore, an increase or phage-mediated decrease in K. pneumoniae in the intestine greatly affects the interaction between other bacterial groups.

According to our results, we believe that the factors contributing to the rapid growth of larvae caused by the addition of single K. pneumoniae KX/KY or K. pneumoniae KX and KY mixtures are as follows: (i) A large number of K. pneumoniae consume a large amount of nutrients or produce substances that inhibit the growth of pathogens to inhibit the growth of intestinal pathogens. (ii) The increase in K. pneumoniae caused significant changes in the intestinal flora of housefly larvae, resulting in complex interactions between the flora. There are two main factors that can explain why phage treatment inhibits the development of housefly larvae. The first reason is that the phage-mediated decrease in K. pneumoniae KX/KY will provide more nutritional resources and space for other harmful bacteria. The second reason is that reduction in K. pneumoniae abundance disturbed the balance of intestinal flora, which further affected the development of housefly larvae. We believe that the interaction between phages and their host bacteria affects the growth and development of insects by changing the relationship between bacteria and insects. This ecological evolutionary feedback is widely found in various systems. Our study analysed the interaction between phages, intestinal bacteria and insects in the intestinal environment and revealed the importance of gut bacteria in larval development.

In conclusion, this study investigated the dynamic changes in intestinal microflora caused by aerobic and facultative anaerobic K. pneumoniae strains using phages as a targeting tool. Based on our research, aerobic K. pneumoniae KX and facultative anaerobic K. pneumoniae KY plays necessary role in the aerobic midgut and anaerobic hindgut of housefly, respectively. Our work provides a framework to guide these future investigations in more complex environments that will seek to elucidate the interplay between insect aerobic/anaerobic microbes and insect health.



Methods


Animal and microbial strains

A housefly (Musca domestica) colony was reared and maintained in the Laboratory of Vector and Insect Diseases of Shandong First Medical University since 2005 (36).

Using traditional isolation and culture methods and anaerobic techniques (anaerobic airbag and anaerobic tank), K. pneumoniae KX was isolated from the intestine of 3-day-old housefly larvae under aerobic condition, and K. pneumoniae KY was isolated from the intestine of 3-day-old housefly larvae under facultative anaerobic condition (7). The isolated strains were sent to Qingdao sequencing Department of Beijing Ruibo Xingke Biotechnology Co., Ltd. for sequencing. The 16s rDNA was amplified with the primers 27F (AGAGTTTGATCCTGGCTCAG) and 1492R (TACGGCTACCTTGTTACGACTT). The sequence was blast in the GenBank database to search for the most similar sequences. The retrieved homologous sequences were analyzed with MEGA11.0 software to construct phylogenetic tree by ML bayesian method.



Bacteriophage isolation and identification

In this experiment, sewage from Taian treatment plant in Shandong Province was collected for phage isolation. K. pneumoniae KX isolated from the intestinal tract of housefly larvae under aerobic condition and K. pneumoniae KY isolated from facultative anaerobic state were used as host bacteria to screen phages. Phage KXP were purified by a double-layer agar plate method as reported in our previous research (36). Except that the culture state is facultative anaerobic, the process of phage KYP separation is the same as that of phage KXP. The high concentration phage stocks were stored at 4°C. The purified phage preparation was imaged under transmission electron microscope (H-7700, Hitachi, Japan).

In order to confirm the host specificity (47, 48) of phage KXP, the spot titer technique was used. Take 10 μL 108 PFU/mL phage KXP and drop it on the double-layer agar plate overlays of each bacteria (without phage) including P. sneebia DSM 19967, P. faecalis, M. morganii,E. hormaechei, E. casseliflavus, P. stuartii, E. faecalis, K. pneumoniae KX, K. pneumoniae KY were isolated from the intestine of housefly larvae and plates were incubated overnight at 37°C aerobically depending on the bacterial culture conditions. Under the condition of co-culture with K. pneumoniae KX, the OMOI of phage KXP was determined (49). Under aerobic condition, K. pneumoniae KX was cultured in LB liquid medium (yeast extract 5.0 g liter-1, tryptone 10.0 g liter-1, NaCl 10.0 g liter-1) to the logarithmic growth phase (OD 600 = 0.6). Phage KXP and host K. pneumoniae KX (108 CFU/mL) were co-cultured at different MOIs ((10, 1, 10-2, 10-4, 10-6)). After incubated at 37°C for 3.5h, the phage KXP titer of supernatant was determined. The group with the highest titer is the OMOI of the phage KXP. The one-step growth curve experiment was carried out using the method reported in our previous research (37). One hundred microliter of phage KXP was mixed with 900 µL of SM buffer in different pH values (4–12), then incubated in a water bathe at 37°C. Samples were taken out after 3.5 h, and the potency was measured. One milliliter of phage KXP was incubated in a water bath at 4°C, 25°C, 37°C, 50°C, 60°C and 70°C, respectively. Samples were taken out after 1h to measure the titers. The titer of phage was determined by double-layer agar plate method. All analyses were performed as previously described, with some modifications, and were performed in triplicate. Except that the culture state is facultative anaerobic, the biological determination method of phage KYP was the same as that of phage KXP.



Phage genome sequencing and bioinformatics analysis

Phage chromosomal DNA was isolated using the λ phage genomic DNA purification kit (ABigen) following the manufacturer’s instructions. Whole-genome sequencing was performed with an Illumina HiSeq 4000 platform. The METAVIRALSPADES pipeline (50) was used to identify the phage in the sample (mainly including sequence assembly, phage sequence identification, and phage integrity identification). The whole gene sequence was predicted by GeneMarkS software, the tRNA gene in the whole genome was predicted by tRNAscan-SE, the rRNA gene was predicted by Barrnap, and the prediction of other non-coding RNA was mainly obtained by comparing with Rfam database. The functional annotation of protein coding genes was compared with Swiss-Prot, NR, pfam, GO, KEGG and other databases by blastp. Annotated genome map was made using the criclize package in R. Phage sequences were deposited in the NCBI (KXP: ON755175, KYP: ON755176).



Experimental design of insect feeding and K. pneumoniae (KX and KY) and phage (KXP and KYP)

To study the effects of K. pneumoniae KX/KY on the growth and development of housefly larvae. K. pneumoniae KX/KY was inoculated in freshly prepared LB liquid medium and placed in a constant temperature shaker. The concentration of K. pneumoniae KX/KY was about 109 CFU/mL after shaking at 110 rpm at 37°C for 24 h, which could be used as a high concentration of K. pneumoniae. To study the effects of K. pneumoniae KX-KY mixture on the growth and development of housefly larvae, K. pneumoniae KX and KY were mixed at 1:1 at the same concentration of 109 CFU/mL. Effects of K. pneumoniae phage KXP on the growth and development of housefiy larvae. The feeding experiment of phage KXP was designed as follows: polyethylene glycol (PEG) precipitation was used to enrich the phage particles, and the high concentration of phage KXP was about 1011 PFU/mL. Phage KXP was diluted into 107 PFU/mL with LB liquid medium. The feeding experiment on the effects of K. pneumoniae phage KYP on the growth and development of housefly larvae was the same as above. Housefly larvae from different groups that were fed LB liquid medium, K. pneumoniae KX (109 CFU/mL), K. pneumoniae KY (109 CFU/mL), K. pneumoniae KX (109 CFU/mL) and K. pneumoniae KY (109 CFU/mL), K. pneumoniae phage KXP (107 PFU/mL), K. pneumoniae phage KYP (107 PFU/mL), K. pneumoniae phage KXP (107 PFU/mL) and K. pneumoniae phage KYP (107 PFU/mL) were named MLB, MKX, MKY, MKXY, MKXP, MKYP and MKXYP respectively. The solutions of different treated groups were mixed with sterilized wheat bran at 1:1 ratio, respectively, and placed in a 5 mL perforated tube to ensure ventilation. The same amount of wheat bran (1.5 g~1.6 g) was placed in each tube, and then 10 normal-breeding, good-growing, uniform-sized 1-day-old larvae were added to each centrifuge tube. Each group is repeated three times and a piece of gauze is placed between the tube and the lid to prevent the larvae from escaping. They were placed in an artificial climate chest at 25 ± 1°C, a 50-55% relative humidity (RH), and a photoperiod of LD 12:12 h. Each group of experiments were carried out in three perforated test tubes, and four samples were taken from each tube every day as repetition. The body length and weight of housefly larvae were recorded regularly every day.

The surface debris of housefly larvae was removed and placed in a 1.5 mL centrifuge tube containing 75% alcohol, soaked and disinfected 10min, and then rinsed with sterile deionized water to remove bacteria adhering to the surface. After strict body surface disinfection, the housefly larva samples were stored in -80°C, and the samples of housefly larval on the day with the largest difference were selected for 16S rRNA high-throughput sequencing. Five larvae taken from different treatment groups and control groups were taken as sampling units, and there were 3 repeats in each group (38).



Plate confrontation assay between K. pneumoniae and cultivable bacteria isolated from the gut of houseflies

In order to determine the interaction between culturable bacteria and K. pneumoniae (KX and KY) and between K. pneumoniae KX and K. pneumoniae KY of housefly larvae, plate confrontation assay were carried out in nutrient agar (NA) medium plates (peptone 10.0 g liter-1, agar 20 g liter-1, NaCl 5.0 g liter-1, beef extract 3.0 g liter-1) under aerobic and facultative anaerobic culture conditions. K. pneumoniae KX, K. pneumoniae KY, P. aeruginosa Y12 and Providencia stuartii Ps were inoculated in LB liquid medium (yeast extract 5.0 g liter-1, tryptone 10.0 g liter-1, NaCl 10.0 g liter-1) and cultured at 37°C overnight (OD600 >1.0). K. pneumoniae KX cultures was inoculated on half of the nutrient agar plate using the spread plate method with a sterile cotton swab, and the opposite side of the agar plate was used as a negative control. Two 6mm-diameter sterile filter papers were placed symmetrically on both sides of the agar medium. 10 µL of the isolated cultivable gut bacteria, including K. pneumoniae KY, P. aeruginosa Y12 and P. stuartii Ps were added to the filter papers. Similarly, K. pneumoniae KY cultures was inoculated on half of the nutrient agar plate using the spread plate method with a sterile cotton swab, and the opposite side of the agar plate was used as a negative control. Two 6mm-diameter sterile filter papers were placed symmetrically on both sides of the agar medium. 10 µL of the isolated cultivable gut bacteria, including K. pneumoniae KX, P. aeruginosa Y12 and P. stuartii Ps were added to the filter papers. All plates were cultured at 37°C and cultured in aerobic and anaerobic conditions for 48 h. Finally, the growth diameter of bacteria was recorded. The interaction between them was evaluated by measuring the colony size of K. pneumoniae KX, K. pneumoniae KY, P. aeruginosa Y12 and P. stuartii Ps. The experiments were conducted with six independent biological replications.



Sequencing and bioinformatics analysis

DNA extraction of the intestinal bacteria and determining changes in gut composition using Illumina MiSeq Sequencing were carried out using the same method as described in our previous research (36). MENAP is used to analyze the OTU data of each sample, and the edge and node data are obtained. The network was performed using Gephi. The parameters used in drawing mainly include: node size is degree (degree: the degree of connection, the more connections, the higher the degree), the node color is phylum classification, the edge color is positive and negative correlation, and the node layout is Fruchterman Reingold.



Bacterial assay of Klebsiella pneumoniae KX/KY in housefly larvae grown under different oxygen concentrations

Based on the highly specificity of phages, phage KXP/KYP could rapidly amplify only in the presence of their host bacteria. Therefore, bacterial load of K. pneumoniae KX/KY in housefly could be analyzed by measuring the titers of their specific phages in vitro. In order to analyze the load of K. pneumoniae KX and K. pneumoniae KY in housefly larvae grown under different oxygen concentrations, phage titer analysis was carried out. In the normal oxygen content culture group, LB liquid medium was mixed with sterilized wheat bran at a 1:1 ratio while the ration of LB liquid medium was increased (1.5:1) to create the low oxygen environment. The same amount of wheat bran (1.5 g~1.6 g) was placed in each tube, and then 10 uniform-sized 1-day-old larvae with normal breeding behavior and good growth were added to each centrifuge tube. Each group was repeated three times, and a piece of gauze was placed between the tube and the lid to prevent the larvae from escaping. Larvae were placed in an artificial climate chest at 25 ± 1°C, 50-55% relative humidity (RH), and a photoperiod of LD 12:12 h. After the larvae were 3 days old, the larvae cultured in normal oxygen and low oxygen environment were collected and ground thoroughly to obtain a uniform grinding solution as the stock solution. The larvae cultured in the normal oxygen group were taken as an example. The larvae were removed from the 5 mL centrifuge tube and placed in a 1.5 mL centrifuge tube. The larvae were killed by being placed in the freezer at -20°C for a few minutes. Then, the larvae were removed, soaked in alcohol for 2 min, and rinsed with sterile water three times to thoroughly disinfect their body surface. PBS (1000 μL) was added to a 1.5 mL centrifuge tube, ground thoroughly with a grinding rod after high-pressure sterilization, and shaken with a shaker for 1 min to obtain a uniform grinding solution as the stock solution. Then, PBS buffer was used to dilute the uniform grinding solution to obtain a 10-4 grinding solution. The treatment of larvae in the low oxygen content culture group was the same as above. Each group had 3 parallels. Then, 3 groups were established. Control group: 0.1 mL KXP (107 PFU/mL) and 9.9 mL LB were mixed, and 0.1 mL KYP (107 PFU/mL) and 9.9 mL LB were mixed. Normal oxygen content culture group: after mixing 1 mL grinding solution (10–4) and 20 mL LB, the bacteria were shaken on a shaking table for 12 h to obtain bacterial solution X1. Then, 1 mL bacterial solution X1, 0.1 mL KXP (107 PFU/mL) and 8.9 mL LB were mixed, and 1 mL bacterial solution X1, 0.1 mL KYP (107 PFU/mL) and 8.9 mL LB were mixed. Low oxygen content culture group: The experimental process was the same as above. Each group was analyzed in triplicate. The mixed solutions of different treatment groups were placed on a shaking table for 2 h and then filtered to measure the titers of KXP and KYP in different groups to determine the load of K. pneumoniae KX and KY in the housefly larvae under the two culture conditions.



Bacterial assay of Klebsiella pneumoniae KX/KY in the midgut and hindgut of housefly larvae

As the midgut and hindgut contain different oxygen conditions, phage titers analysis was incorporated to analyze the dynamic bacterial load of K. pneumoniae KX and K. pneumoniae KY in midgut and hindgut.

The normally reared housefly larvae were cultured to 3-day-old larvae, and the midgut and hindgut were taken with a scalpe in clean bench for further analysis. The specific operations are as follows. First, the 3-day-old housefly larvae were taken out and placed in a 1.5 mL centrifuge tube. The larvae were killed by placing them in the refrigerator at -20°C for a few minute. Then, the larvae were removed, soaked in alcohol for 2 min, and rinsed with sterile water three times to thoroughly disinfect their body surface. Then the housefly larvae were dissected and the midgut and hindgut were taken in clean bench.

Take 6 portions of midgut and put it in 1000 μL of PBS in a 1.5 mL centrifuge tube, ground thoroughly with a sterile grinding rod, and shaken with a shaker for 1 min to obtain a uniform grinding solution as the stock solution. Then, PBS buffer was used to dilute the uniform grinding solution to obtain a 10-4 grinding solution. The treatment of hindgut group of housefly larvae was the same as above. Each group had 3 parallels. Then, 3 groups were established. Control group: 0.1 mL KXP (105 PFU/mL) and 9.9 mL LB were mixed, and 0.1 mL KYP (105 PFU/mL) and 9.9 mL LB were mixed. Midgut group: after mixing 1 mL of 10-4 grinding solution and 20 mL LB, the bacteria were shaken on a shaking table for 12 h to obtain bacterial solution M1. Then, 1 mL bacterial solution M1, 0.1 mL KXP (105 PFU/mL) and 8.9 mL LB were mixed, and 1 mL bacterial solution M1, 0.1 mL KYP (105 PFU/mL) and 8.9 mL LB were mixed. Hindgut group: The experimental process was the same as above. Each group was analyzed in triplicate. The mixed solutions of different treated groups were placed on a shaking table for 4 h and then filtered to measure the titers of KXP and KYP in different groups to determine the concentrations of K. pneumoniae KX and KY in the midgut and hindgut of housefly larvae.



Bacterial assay of Klebsiella pneumoniae KX/KY in housefly larvae after feeding Klebsiella pneumoniae KX/KY alone or feeding with mixed Klebsiella pneumoniae KX and KY

The 1-day-old larvae in the control group were fed LB medium (group MLB), while others were fed K. pneumoniae KX (group MKX, 109 CFU/mL), K. pneumoniae KY (group MKY, 109 CFU/mL) and K. pneumoniae KX-KY (group MKXY, 109 CFU/mL) until they grew to 3-day-old larvae. Phages KXP and KYP were used to measure the concentrations of K. pneumoniae KX and K. pneumoniae KY in housefly larvae in the four groups. In the control group, LB liquid medium was mixed with sterilized wheat bran at a 1:1 ratio and placed in a 5 mL perforated tube to ensure ventilation. In the MKX group, K. pneumoniae KX (109 CFU/mL) bacterial solution was mixed with sterilized wheat bran at a 1:1 ratio and placed in a 5 mL perforated tube to ensure ventilation. In the MKY group, K. pneumoniae KY (109 CFU/mL) bacterial solution was mixed with sterilized wheat bran at a 1:1 ratio and placed in a 5 mL perforated tube to ensure ventilation. In the MKXY group, both K. pneumoniae KX (109 CFU/mL) and K. pneumoniae KY (109 CFU/mL) were mixed with sterilized wheat bran at a 1:1 ratio and placed in a 5 mL perforated tube to ensure ventilation. Each treatment was repeated three times, and a piece of gauze was placed between the tube and the lid to prevent the larvae from escaping. Larvae were placed in an artificial climate chest at 25 ± 1 °C, 50-55% relative humidity (RH), and a photoperiod of LD 12:12 h. After three days, the 3-day-old larvae were removed from the 5 mL centrifuge tube and placed in a 1.5 mL centrifuge tube. The larvae were killed by placing them in the refrigerator at -20°C for a few minutes. Then, the larvae were removed, soaked in alcohol for 2 min, and rinsed with sterile water three times to thoroughly disinfect their body surface. PBS (1000 μL) was added to a 1.5 mL centrifuge tube, ground thoroughly with a grinding rod after high-pressure sterilization, and shaken for 1 min to obtain a uniform grinding solution as the stock solution. The stock solution was 10-4 diluted with PBS buffer. Then, 1 mL of the 10-4 diluted solution was transferred to a sterile conical flask mixed with 20 mL of LB, and the conical flasks were cultured for 12 h to obtain bacterial solution C1. Then, 1 mL of bacterial solution C1, 0.1 mL of KXP (105 PFU/mL) and 8.9 mL of LB were mixed, and 1 mL of bacterial solution C1, 0.1 mL of KYP (105 PFU/mL) and 8.9 mL of LB were mixed. After shaking for 1 and 4 h, the cultures were filtered to measure the titers of KXP and KYP to determine the concentrations of K. pneumoniae KX/KY in housefly larvae in different groups. The experimental processes for the MKX, MKY and MKXY groups were the same as above. Each group was analysed in triplicate.




Statistical analysis

All data analysis was performed by IBM SPSS Statistics 20 statistical software. All data are expressed as mean ± SD. Two-way ANOVA was used to compare the changes of body weight and body length of housefly larvae under different treatments. Significance analysis was performed by Sidak’s multiple comparisons test (p < 0.05).



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/supplementary material.



Author contributions

RZ and ZZ conceived and designed the experiments. SW and DY supervised the project. KZ, XZ, QZ, WL, YL, YY and SA performed the experiments. All authors analyzed and discussed the data. KZ, SW and DY wrote the manuscript. RZ and ZZ revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (No.81572028 and 81871686).



Acknowledgments

The authors are grateful to Liu Chao for his kind help with the sequencing.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1102065/full#supplementary-material



References

1. Noman, MS, Shi, G, Liu, LJ, and Li, ZH. Diversity of bacteria in different life stages and their impact on the development and reproduction of zeugodacus tau (Diptera: Tephritidae). Insect Sci (2021) 28:363–76. doi: 10.1111/1744-7917.12768

2. Ceja-Navarro, JA, Vega, FE, Karaoz, U, Hao, Z, Jenkins, S, Lim, HC, et al. Gut microbiota mediate caffeine detoxification in the primary insect pest of coffee. Nat Commun (2015) 6:1–9. doi: 10.1038/ncomms8618

3. Jang, S, and Kikuchi, Y. Impact of the insect gut microbiota on ecology, evolution, and industry. Curr Opin Insect Sci (2020) 41:33–9. doi: 10.1016/j.cois.2020.06.004

4. Zhao, X, Zhang, X, Chen, Z, Wang, Z, Lu, Y, and Cheng, D. The divergence in bacterial components associated with bactrocera dorsalis across developmental stages. Front Microbiol (2018) 9:114. doi: 10.3389/fmicb.2018.00114

5. Wang, X, Sun, S, Yang, X, Cheng, J, Wei, H, Li, Z, et al. Variability of gut microbiota across the life cycle of grapholita molesta (Lepidoptera: Tortricidae). Front Microbiol (2020) 11:1366. doi: 10.3389/fmicb.2020.01366

6. Gabrieli, P, Caccia, S, Varotto-Boccazzi, I, Arnoldi, I, Barbieri, G, Comandatore, F, et al. Mosquito trilogy: Microbiota, immunity and pathogens, and their implications for the control of disease transmission. Front Microbiol (2021) 12:630438. doi: 10.3389/fmicb.2021.630438

7. Zhang, Q, Wang, S, Zhang, X, Zhang, K, Liu, W, Zhang, R, et al. Enterobacter hormaechei in the intestines of housefly larvae promotes host growth by inhibiting harmful intestinal bacteria. Parasites Vectors (2021) 14:1–15. doi: 10.1186/s13071-021-05053-1

8. Cirimotich, CM, Dong, Y, Clayton, AM, Sandiford, SL, Souza-Neto, JA, Mulenga, M, et al. Natural microbe-mediated refractoriness to plasmodium infection in anopheles gambiae. Science (2011) 332:855–8. doi: 10.1126/science.1201618

9. Boissière, A, Tchioffo, MT, Bachar, D, Abate, L, Marie, A, Nsango, SE, et al. Midgut microbiota of the malaria mosquito vector anopheles gambiae and interactions with plasmodium falciparum infection. PloS Pathog (2012) 8:1–12. doi: 10.1371/journal.ppat.1002742

10. Schreven, SJJ, De Vries, H, Hermes, GDA, Smidt, H, Dicke, M, and Van Loon, JJA. Relative contributions of egg-associated and substrate-associated microorganisms to black soldier fly larval performance and microbiota. FEMS Microbiol Ecol (2021) 97:1–14. doi: 10.1093/femsec/fiab054

11. Wu, P, Sun, P, Nie, K, Zhu, Y, Shi, M, Xiao, C, et al. A gut commensal bacterium promotes mosquito permissiveness to arboviruses. Cell Host Microbe (2019) 25:101–112.e5. doi: 10.1016/j.chom.2018.11.004

12. Wei, G, Lai, Y, Wang, G, Chen, H, Li, F, and Wang, S. Insect pathogenic fungus interacts with the gut microbiota to accelerate mosquito mortality. Proc Natl Acad Sci Unite. States America (2017) 114:5994–9. doi: 10.1073/pnas.1703546114

13. Apte-Deshpande, A, Paingankar, M, Gokhale, MD, and Deobagkar, DN. Serratia odorifera a midgut inhabitant of aedes aegypti mosquito enhances its susceptibility to dengue-2 virus. PloS One (2012) 7:3–4. doi: 10.1371/journal.pone.0040401

14. Carissimo, G, Pondeville, E, McFarlane, M, Dietrich, I, Mitri, C, Bischoff, E, et al. Antiviral immunity of anopheles gambiae is highly compartmentalized, with distinct roles for RNA interference and gut microbiota. Proc Natl Acad Sci Unite. States America (2015) 112:E176–85. doi: 10.1073/pnas.1412984112

15. de Jonge, N, Michaelsen, TY, Ejbye-Ernst, R, Jensen, A, Nielsen, ME, Bahrndorff, S, et al. Housefly (Musca domestica l.) associated microbiota across different life stages. Sci Rep (2020) 10:1–9. doi: 10.1038/s41598-020-64704-y

16. Imai, Y, Meyer, KJ, Iinishi, A, Favre-Godal, Q, Green, R, Manuse, S, et al. A new antibiotic selectively kills gram-negative pathogens. Nature (2019) 576:459–64. doi: 10.1038/s41586-019-1791-1

17. Wang, S, Huang, Z, Wan, Q, Feng, S, Xie, X, Zhang, R, et al. Comparative genomic and metabolomic analyses of two pseudomonas aeruginosa strains with different antifungal activities. Front Microbiol (2020) 11:1841. doi: 10.3389/fmicb.2020.01841

18. Li, G, Xia, X, Zhao, S, Shi, M, Liu, F, and Zhu, Y. The physiological and toxicological effects of antibiotics on an interspecies insect model. Chemosphere (2020) 248:126019. doi: 10.1016/j.chemosphere.2020.126019

19. Febvre, HP, Rao, S, Gindin, M, Goodwin, NDM, Finer, E, Vivanco, JS, et al. PHAGE study: Effects of supplemental bacteriophage intake on inflammation and gut microbiota in healthy adults. Nutrients (2019) 11:1–12. doi: 10.3390/nu11030666

20. Hsu, BB, Gibson, TE, Yeliseyev, V, Liu, Q, Lyon, L, Bry, L, et al. Dynamic modulation of the gut microbiota and metabolome by bacteriophages in a mouse model. Cell Host Microbe (2019) 25:803–814.e5. doi: 10.1016/j.chom.2019.05.001

21. Javaudin, F, Bémer, P, Batard, E, and Montassier, E. Impact of phage therapy on multidrug-resistant escherichia coli intestinal carriage in a murine model. Microorganisms (2021) 9:1–10. doi: 10.3390/microorganisms9122580

22. Jeon, J, and Yong, D. Two Novel Bacteriophages Improve Survival in Galleria mellonella Infection and Mouse Acute Pneumonia Models Infected with Extensively Drug-Resistant Pseudomonas aeruginosa. Appl Environ Microbiol. 2019 18;85(9):e02900–18. doi: 10.1128/AEM.02900-18

23. Liu, M, Tian, Y, Zaki, HEM, Ahmed, T, Yao, R, Yan, C, et al. Phage resistance reduced the pathogenicity of xanthomonas oryzae pv. oryzae on rice. Viruses (2022) 14:9–13. doi: 10.3390/v14081770

24. Zhang, M, Qian, J, Xu, X, Ahmed, T, Yang, Y, Yan, C, et al. Resistance of xanthomonas oryzae pv. oryzae to lytic phage X2 by spontaneous mutation of lipopolysaccharide synthesis-related glycosyltransferase. Viruses (2022) 14:12–13. doi: 10.3390/v14051088

25. Wang, X, Wei, Z, Yang, K, Wang, J, Jousset, A, Xu, Y, et al. Phage combination therapies for bacterial wilt disease in tomato. Nat Biotechnol (2019) 37:1513–20. doi: 10.1038/s41587-019-0328-3

26. Ahasan, MS, Kinobe, R, Elliott, L, Owens, L, Scott, J, Picard, J, et al. Bacteriophage versus antibiotic therapy on gut bacterial communities of juvenile green turtle, chelonia mydas. Environ Microbiol (2019) 21:2871–85. doi: 10.1111/1462-2920.14644

27. Jończyk-Matysiak, E, Owczarek, B, Popiela, E, Świtała-Jeleń, K, Migdał, P, Cieślik, M, et al. Isolation and characterization of phages active against paenibacillus larvae causing american foulbrood in honeybees in poland. Viruses (2021) 13:18–21. doi: 10.3390/v13071217

28. Mikonranta, L, Buckling, A, Jalasvuori, M, and Raymond, B. Targeting antibiotic resistant bacteria with phage reduces bacterial density in an insect host. Biol Lett (2019) 15:2–3. doi: 10.1098/rsbl.2018.0895

29. Pu, M, Han, P, Zhang, G, Liu, Y, Li, Y, Li, F, et al. Characterization and comparative genomics analysis of a new bacteriophage BUCT610 against klebsiella pneumoniae and efficacy assessment in galleria mellonella larvae. Int J Mol Sci (2022) 23:12–13. doi: 10.3390/ijms23148040

30. Szymczak, M, Grygorcewicz, B, Karczewska-Golec, J, Decewicz, P, Pankowski, JA, Országh-Szturo, H, et al. Characterization of a unique bordetella bronchiseptica vB_BbrP_BB8 bacteriophage and its application as an antibacterial agent. Int J Mol Sci (2020) 21:1–17. doi: 10.3390/ijms21041403

31. Laforêt, F, Antoine, C, Reuter, BB, Detilleux, J, Pirnay, JP, Brisse, S, et al. In vitro and In vivo assessments of two newly isolated bacteriophages against an ST13 urinary tract infection klebsiella pneumoniae. Viruses (2022) 14:9–10. doi: 10.3390/v14051079

32. Palmela, C, Chevarin, C, Xu, Z, Torres, J, Sevrin, G, Hirten, R, et al. Adherent-invasive escherichia coli in inflammatory bowel disease. Gut (2018) 67:574–87. doi: 10.1136/gutjnl-2017-314903

33. Vitetta, L, Vitetta, G, and Hall, S. Immunological tolerance and function: Associations between intestinal bacteria, probiotics, prebiotics, and phages. Front Immunol (2018) 9:2240. doi: 10.3389/fimmu.2018.02240

34. Gogokhia, L, Buhrke, K, Bell, R, Hoffman, B, Brown, DG, Hanke-Gogokhia, C, et al. Expansion of bacteriophages is linked to aggravated intestinal inflammation and colitis. Cell Host Microbe (2019) 25:285–299.e8. doi: 10.1016/j.chom.2019.01.008

35. Jończyk-Matysiak, E, Łodej, N, Kula, D, Owczarek, B, Orwat, F, Międzybrodzki, R, et al. Factors determining phage stability/activity: challenges in practical phage application. Expert Rev Anti-Infect. Ther (2019) 17:583–606. doi: 10.1080/14787210.2019.1646126

36. Zhang, X, Wang, S, Li, T, Zhang, Q, Zhang, R, and Zhang, Z. Bacteriophage: A useful tool for studying gut bacteria function of housefly larvae, musca domestica. Microbiol Spectr (2021) 9:1–23. doi: 10.1128/spectrum.00599-21

37. Zhang, X, Wang, S, Zhang, Q, Zhang, K, Liu, W, Zhang, R, et al. The expansion of a single bacteriophage leads to bacterial disturbance in gut and reduction of larval growth in musca domestica. Front Immunol (2022) 13:885722. doi: 10.3389/fimmu.2022.885722

38. Zhang, Q, Wang, S, Zhang, X, Zhang, R, and Zhang, Z. Negative impact of pseudomonas aeruginosa Y12 on its host musca domestica. Front Microbiol (2021) 12:691158. doi: 10.3389/fmicb.2021.691158

39. Kyritsis, GA, Augustinos, AA, Cáceres, C, and Bourtzis, K. Medfly gut microbiota and enhancement of the sterile insect technique: Similarities and differences of klebsiella oxytoca and enterobacter sp. AA26 probiotics during the larval and adult stages of the VIENNA 8D53+ genetic sexing strain. Front Microbiol (2017) 8:2064. doi: 10.3389/fmicb.2017.02064

40. Ferraresso, J, Lawton, B, Bayliss, S, Sheppard, S, Cardazzo, B, Gaze, W, et al. Determining the prevalence, identity and possible origin of bacterial pathogens in soil. Environ Microbiol (2020) 22:5327–40. doi: 10.1111/1462-2920.15243

41. Guerfali, MM, Djobbi, W, Charaabi, K, Hamden, H, Fadhl, S, Marzouki, W, et al. Evaluation of providencia rettgeri pathogenicity against laboratory Mediterranean fruit fly strain (Ceratitis capitata). PloS One (2018) 13:1–18. doi: 10.1371/journal.pone.0196343

42. Zhang, LY, Yu, H, Fu, DY, Xu, J, Yang, S, and Ye, H. Mating leads to a decline in the diversity of symbiotic microbiomes and promiscuity increased pathogen abundance in a moth. Front Microbiol (2022) 13:878856. doi: 10.3389/fmicb.2022.878856

43. Malik, S, Nehra, K, and Rana, JS. Bacteriophage cocktail and phage antibiotic synergism as promising alternatives to conventional antibiotics for the control of multi-drug-resistant uropathogenic escherichia coli. Virus Res (2021) 302:198496. doi: 10.1016/j.virusres.2021.198496

44. Niu, YD, Hyun, JE, and Nguyen, N. Bacteriophage effectiveness for biocontrol of foodborne pathogens evaluated via high-throughput settings. J Visual. Exp. (2021) 2021:1–11. doi: 10.3791/62812

45. Liu, CG, Green, SI, Min, L, Clark, JR, Salazar, KC, Terwilliger, AL, et al. Phage-antibiotic synergy is driven by a unique combination of antibacterial mechanism of action and stoichiometry. mBio (2020) 11:1–19. doi: 10.1128/mBio.01462-20

46. Burmeister, AR, Fortier, A, Roush, C, Lessing, AJ, Bender, RG, Barahman, R, et al. Pleiotropy complicates a trade-off between phage resistance and antibiotic resistance. Proc Natl Acad Sci Unite. States America (2020) 117:3–4. doi: 10.1073/pnas.1919888117

47. Gordillo Altamirano, F, Forsyth, JH, Patwa, R, Kostoulias, X, Trim, M, Subedi, D, et al. Bacteriophage-resistant acinetobacter baumannii are resensitized to antimicrobials. Nat Microbiol (2021) 6:157–61. doi: 10.1038/s41564-020-00830-7

48. Yehl, K, Lemire, S, Yang, AC, Ando, H, Mimee, M, Torres, MDT, et al. Engineering phage host-range and suppressing bacterial resistance through phage tail fiber mutagenesis. Cell (2019) 179:459–469.e9. doi: 10.1016/j.cell.2019.09.015

49. Yu, L, Wang, S, Guo, Z, Liu, H, Sun, D, Yan, G, et al. A guard-killer phage cocktail effectively lyses the host and inhibits the development of phage-resistant strains of escherichia coli. Appl Microbiol Biotechnol (2018) 102:971–83. doi: 10.1007/s00253-017-8591-z

50. Antipov, D, Raiko, M, Lapidus, A, and Pevzner, PA. Metaviral SPAdes: Assembly of viruses from metagenomic data. Bioinformatics (2020) 36:4126–9. doi: 10.1093/bioinformatics/btaa490



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.

Copyright © 2023 Zhang, Wang, Yao, Zhang, Zhang, Liu, Li, Yin, An, Zhang and Zhang. 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.


OEBPS/Images/fimmu-14-1102065-g007.jpg
o, 4
F of L.
5 § + 4@.& P +++¢
H H - ro % _ H Fo %
i g Fogs g s Fos
H E s " -, g , .
Y o % v s b,
< —H Fe? < i Liz
3 Y 4,
E ol re, b bo
e B © - 4 8 e ® o v N o %
(1+n10u) epegaionz (v +nLonl snojaig
: Fe, arf bo,
a L™ - [ 4,
K 1 W,
of Fo % o——ilo s
g i s w 5,
g ° o g e Fop%
= } 4, ° £
v © Fete T al e
a [, < %
< u +) < oH— 4y
g Fo g ak e
T * A 1%
(1+n100] eyauetion (+n100n] sesoeigozey

<
Pl
L
+
R
ANOVA P <00001

ANOVA, P <0.0001

10
8
6
4
2
o
0-

Q
R
&

K
£ F
ENRAR

Actinobactrita
00011
K
&

b

a

&
GRS

R

ANOVA, P <0.0001
ANOVA, P

b

2

o

P S e e e |

[(14n10)u1] seuaBifeoeusey

3 ™,

|
=1 e

o %

ANOVA, P <0.0001

ANOVA, P<0,0001

[(1+nL0NN] evsuoszieus;

ANOVA, P <0.0001

ANOVA, P <0.0001
i
+
b

Tin il nesani T ik oo





OEBPS/Images/fimmu-14-1102065-g005.jpg
weignt (mg)

body length (cm)

S LB o mKx e o . - e - mse - uipe
- o LB o MKy ol - LB < KRy oo © MLES MK T L o T MLES MKxvE
" HENH 5 P oote -
g g H E H
10 z £ £ 5 £
zw 0 Z0 z 0 Z 0
H H £ £ i
s s s s s s
o o o o o
2 3 4 5 1 2.3 4 5 1.2 3 4 5 1.2 3 4 5 2.3 80 2 3 4 5
Time (day) Time (day) Time (day) Time (day) Time (day) Time (day)
N e B M Y o S R o, o MBS MKXP  MLse MKvP o © MLBC MKXY
o cos L Pogoe Bl = 5 |
B g g A g o~
08 =08 Zos £ 08 5 ¥
04 5 04 504 £ o4 £ :
02 Zoz £ Zo H
00 o0 00 00 o0 o0

203 4
Time (day)

5

R
Time (day)

5

IR
Time (day)

IR
Time (day)

]
Time (day)

2 3 4 s
Time (day)





OEBPS/Images/fimmu-14-1102065-g002.jpg
\ head e 6

T4






OEBPS/Images/fimmu-14-1102065-g004.jpg
15+

Log (PFU/mI)

Log (PFU/ml)

-
o
1

o
1

102 10'4 10

1

MOl

9

11

12

Log (PFU/mI)

Log (PFU/ml)

14-

12

104

8-

6T T T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100110120

Time (min)

154

104

~-
N
a
w
S
o
<]
)
S
~
=]

Temperature °C





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Aerobic and facultative anaerobic Klebsiella pneumoniae strains establish mutual competition and jointly promote Musca domestica development

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Results

        

          		

            Characteristics of Klebsiella pneumoniae

          



          		

            Isolation of phages from sewage targeted against K. pneumoniae

          



          		

            Effects of K. pneumoniae KX/KY on the growth and development of housefly larvae

          



          		

            Effects of the addition and removal of K. pneumoniae on intestinal microflora of housefly larvae

          



          		

            Network of gut microbiota in larvae treated with different bacteria amended diets

          



          		

            Bacterial assay of K. pneumoniae KX/KY in housefly larvae using specificity of their targeting phages under different conditions

          



          		

            Bacterial assay of K. pneumoniae KX/KY in the midgut and hindgut of housefly larvae

          



          		

            Bacterial assay of K. pneumoniae KX/KY in housefly larvae after feeding K. pneumoniae KX/KY alone or feeding with mixed K. pneumoniae KX and KY

          



        



        



        		

          Discussion

        



        		

          Methods

        

          		

            Animal and microbial strains

          



          		

            Bacteriophage isolation and identification

          



          		

            Phage genome sequencing and bioinformatics analysis

          



          		

            Experimental design of insect feeding and K. pneumoniae (KX and KY) and phage (KXP and KYP)

          



          		

            Plate confrontation assay between K. pneumoniae and cultivable bacteria isolated from the gut of houseflies

          



          		

            Sequencing and bioinformatics analysis

          



          		

            Bacterial assay of Klebsiella pneumoniae KX/KY in housefly larvae grown under different oxygen concentrations

          



          		

            Bacterial assay of Klebsiella pneumoniae KX/KY in the midgut and hindgut of housefly larvae

          



          		

            Bacterial assay of Klebsiella pneumoniae KX/KY in housefly larvae after feeding Klebsiella pneumoniae KX/KY alone or feeding with mixed Klebsiella pneumoniae KX and KY

          



        



        



        		

          Statistical analysis

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1102065-g010.jpg
Inhibit development Promote development

%% N % -caoc..~~

Feed KXP

°°§' oo o .- .- s == o%:cf:cgoo ——
% n— ==, —_— 0
Feed KXP+KYP Feed KX+KY

Anaerobic Environment Aerobic Environment





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2023.1102065_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Aerobic and facultative
anaerobic Klebsiella pneumoniae
strains establish mutual
competition and jointly promote
Musca domestica development





OEBPS/Images/fimmu-14-1102065-g008.jpg
Positive interaction

Negative interaction

@ Proteobacteria @ _cidobacteriota
@ Firmicutes @ Bacteroidota

@ Actinobacteriota ® Planctomycetota

o Nitrospirota

o Myxococcota





OEBPS/Images/fimmu-14-1102065-g001.jpg
8 Klebsiella quasipneumoniae CW-D 3 NR 132596.1
% Klebsiella pneumoniae DSM 30104 NR 036794.1
49 KY
26 —— Salmonella bongori HBUAS56479 MZ959600.1
96— Salmonella enterica ATCC 13314 NR 041696.1
30| I Klebsiella michiganensis W14 NR 118335.1

- Klebsiella grimontii strain HBUAS59663 ON125473.1

L Klebsiella oxytoca ATCC13182T Y17655.1

L Klebsiella aerogenes JCM 20090 LC571941.1
Morganella morganii M11 NR 028938.1






OEBPS/Images/fimmu-14-1102065-g006.jpg
PLe: 1043%

05

00

-05

Chao index

B
<
3000 ANOVA, P =0.0005 8- ANOVA, P<0.0001
2000
® ;
Y T
Q ab £
_____ <
o
bc be £
1000 H
Lo &= &
0
¥ 4+ A R R AR
N R Rt
) N\
AR I RS
QD
D
z &~
Pcoa 2 £ ~
e § TP F
I, ar
a . < P group
-0
o Micxve o MKX
Y e - MKXP
= MKXYP1 - MKXY
ve & MKXYF
e e . o MKY
- ‘ﬂﬁ\” o MKYP
e X L
o \}I‘j:(
-10 05 00 0s 10 15
pet: 52.20%

e e

IERRERE]






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1102065-g003.jpg
Log (PFU/ml)

Log (PFU/mI)

15+

-
o
|

1

1072 104 10
MOl

7 8 9 10 1

12

Log (PFU/ml)

Log (PFU/m)

15+

10

0

0 10 20 30 40 50 60 70 80 90100110120

10

Time (min)

T T T T T
25 37 50 60 70

Temperature °C

!





OEBPS/Images/fimmu-14-1102065-g009.jpg
>
x
X
s
> T >
&
s
< . s o3
=
. &) o q
=
@© © < N = © © < N = ® © ¥ &« o
w w w w0 w (3] [sp] ™ ™ ™ AI_E\Du_n_V mOI_
@ (w/n4d) 6o a (w/n4d) 6o W
g
=
H T z
=
H s o
=
m
(&) |
=
0 S 0 S S 0 S 0 = © N o~ <
[t} 0 < < < © ) o~ Y (lw/n4d) o

< o (

(qw/n4d) 6o

qu/n4d) o

© <
(qu/n4d) 6o

N

o

MLB MKX MKY MKXY

MIB MKX MKY MKXY





OEBPS/Images/table1.jpg
Normalize

e OTU number Shannon Simpson Coverage

MLB_1 110478 81906

MLB MLB_2 106403 81906 1085.00 + 173.73 530 £ 0.22 0.9359 + 0.0113 1723.71 + 557.24 09958 + 0.0020
MLB_3 109817 81906
MKX_1 106608 81906

MKX MKX_2 105099 81906 432,67 + 2641 468+ 0.27 0.9154 + 0.0292 473.44 + 32.67 09991 + 0.0001
MKX_3 103293 81906
MKY_1 100543 81906

MKY MKY_2 104974 81906 487.33 £ 67.34 4.82+025 0.9260 + 0.0137 528.17 + 73.82 09992 + 0.0001
MKY_3 107099 81906
MKXY_1 I 100025 | 81906

MKXY MKXY_2 101407 81906 634.67 + 32.36 524+ 0.13 0.9518 + 0.0051 846.12 + 20.19 0.9980 + 0.0001
MKXY_3 116160 81906
MKXP_1 108512 81906

MKXP MKXP_2 104765 81906 71133 + 18.93 5.66 + 0.08 0.9452 + 0.0022 829.28 + 73.48 09983 + 0.0004
MKXP_3 107643 81906
MKYP_1 [ 109759 81906

MKYP MKYP_2 100510 81906 1138.00 + 96.44 6.77 % 0.31 0.9773 + 0.0065 1488.67 + 169.12 09965 + 0.0005
MKYP_3 109738 81906
MKXYP_1 107371 81906

MKXYP MKXYP_2 107400 81906 947.00 £ 72.20 6.00 £ 0.34 0.9538 + 0.0172 1238.53 + 139.80 09970 + 0.0004
MKXYP_3 I 107802 » 81906

Data are expressed as the mean + standard deviation of three replicate samples in each sampling.





