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Abstract

:

Ionizing radiation induces biological/physiological changes and affects commensal microbes, but few studies have examined the relationship between the physiological changes induced by irradiation and commensal microbes. This study investigated the role of commensal microbes in the γ-ray irradiation-induced physiological changes in Drosophila melanogaster. The bacterial load was increased in 5 Gy irradiated flies, but irradiation decreased the number of operational taxonomic units. The mean lifespan of conventional flies showed no significant change by irradiation, whereas that of axenic flies was negatively correlated with the radiation dose. γ-Ray irradiation did not change the average number of eggs in both conventional and axenic flies. Locomotion of conventional flies was decreased after 5 Gy radiation exposure, whereas no significant change in locomotion activity was detected in axenic flies after irradiation. γ-Ray irradiation increased the generation of reactive oxygen species in both conventional and axenic flies, but the increase was higher in axenic flies. Similarly, the amounts of mitochondria were increased in irradiated axenic flies but not in conventional flies. These results suggest that axenic flies are more sensitive in their mitochondrial responses to radiation than conventional flies, and increased sensitivity leads to a reduced lifespan and other physiological changes in axenic flies.
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1. Introduction


Currently, ionizing radiation is being used in various fields, such as cancer treatment [1] and sterilization [2]. Radiotherapy is a highly effective remedy that destroys cancer by subjecting the cancer cells to radiation. This method uses low or high linear energy radiation to kill tumor cells while minimizing the dose of radiation to healthy cells to prevent toxicity [3]. Sterilization by γ-ray irradiation is commonly used in many disciplines, such as drugs [2], healthcare products [4], and food packaging [5]. In addition to the benefits of radiation, there are also negative aspects of radiation. After the nuclear leak in Chernobyl [6] and Fukushima [7], people have had concerns about the adverse effects of radiation. Moreover, excessive doses of radioactive radon were recently detected in a bed mattress in Korea [8].



Several studies have examined the harmful effects of radiation on humans and animals. Next to smoking, radiation is the second highest cause of lung cancer [9], and ionizing radiation can have potentially damaging effects on the human brain [10]. In mammalian cells, ionizing radiation leads to lethal cell damage and chromosomal aberrations [11,12], and induces the downregulation of genes involved in the cell cycle regulation [13]. Radiation can also impair the locomotor activity and change the development time in experimental animal models, such as Drosophila melanogaster [14,15]. In addition, ionizing radiation has been reported to affect the proliferation of intestinal stem cells [16], alter the lifespan [17], and reduce fertility in D. melanogaster [18].



The pathological effects of ionizing radiation are associated mainly with the oxidization of subsequent damage to macromolecules, such as DNA [19]. Ionizing radiation releases electrons from atoms and molecules, generating ions that can break the covalent bonds of molecules, such as water and DNA. Ionizing radiation can also influence the DNA structure directly by breaking the DNA molecule [20]. Although the main target of ionizing radiation damage is considered to be the nucleus, recent reports have shown that mitochondria are the target organelles that can be damaged by ionizing radiation [19,21]. Ionizing radiation increases mitochondrial oxidative stress [22], affects the mitochondrial functions [23], and induces apoptosis. Radiation triggers mitochondria-encoded ATP synthase 6 gene expression changes related to cell survival [24]. In addition, ionizing radiation regulates the antioxidant response changes in vivo [25]. Most of the detrimental effects caused by radiation are oxidative stress-related damage. Oxidative stress is related to the generation of reactive oxygen species (ROS) via acute water radiolysis [19], as well as ROS occurrence and leakage from chronic mitochondrial damage [26]. The effects associated with mitochondrial impairment could result in aging-related changes and several diseases [27,28].



Ionizing radiation affects not only the host organism but also the commensal microbes that reside in the host’s body. Commensal microbes can regulate the health of the host by affecting the host’s development [29], immunity [30], and longevity [31], and these changes are dependent on the host’s physiology [32,33] and dietary factors [34,35,36]. Storelli et al. and Shin et al. demonstrated that altered microbes by undernutrition diet could regulate the growth and development of D. melanogaster through TOR and insulin signaling pathways [37,38]. In particular, a study using monocolonized mouse models showed that Lactobacillus plantarum promoted juvenile growth, similar to previous results in D. melanogaster [39].



Both ionizing and ultraviolet radiation can alter the abundance and composition of specific taxa within the microbiome [40,41]. For example, ultraviolet radiation has been shown to alter the diversity of the human skin microbiome [41]. Mice subjected to ionizing radiation exhibited a slight decrease in gut microbiota diversity compared with that of non-irradiated mice [40]. In addition, microbial alterations after irradiation in mice contributed to functional and metabolic shifts [40]. In cancer patients who received radiotherapy, the gut microbial composition was altered, with the number of species being dramatically reduced and the abundance also changing after radiotherapy [42]. In this regard, it is plausible that commensal microbes mediate the physiological changes resulting from radiation, but few studies have shown the roles of commensal microbes in the physiological changes after radiation exposure [43,44,45].



In this study, we used D. melanogaster as a model organism. The Drosophila microbiota is relatively simple, whereas that of vertebrates have complex diversity [46,47]. The dominant commensal bacteria resided in the intestine of D. melanogaster are Acetobacteraceae, Lactobacillales, and γ-Proteobacteria [46], but some species, such as Enterococcus faecalis [48], Gluconobacter morbifer [49], and Enterobacteriaceae [50], are also found in the Drosophila under laboratory-specific conditions.



Here, we examined whether the commensal microbiota can affect the physiological changes induced by γ-ray irradiation. Our results suggest that commensal microbes have a radioprotective effect on the lifespan, ROS generation, and mitochondrial changes induced by γ-ray irradiation.




2. Materials and Methods


2.1. Fly Husbandry and Generation of Axenic (Axe) D. melanogaster


Oregon-R flies were used as the wild type. The flies were obtained from the Bloomington Stock Center (Indiana University, Bloomington, IN, USA) and had been adapting to the laboratory environment for the past 8 years. The flies were maintained at 25 °C and 70% relative humidity. The eggs were cultivated on sterile standard cornmeal–sugar–yeast (CSY, 5.2% cornmeal, 11% sugar, 2.5% instant yeast, 0.5% propionic acid, 0.04% methyl-4-hydroxybenzoate, and 1% agar) medium food bottles. After eclosion, the flies were maintained on sterile sugar–yeast (SY, 10% sugar, 10% instant yeast, 0.5% propionic acid, 0.04% methyl-4-hydroxybenzoate, and 1% agar) medium food vials under a 12 h light–dark cycle. For sterile media, each of the media mentioned above was autoclaved at 120 °C for 20 min, and all bottles or vials for food were exposed to ultraviolet (UV) light for 20 min on a clean bench. To exclude the possibility that the change of egg production of female flies by irradiation could influence the lifespan of female flies [51], all experiments with adults were performed using male flies except for the measurement of fecundity.



Axe flies were generated by bleaching the embryos, as described in a previous study [31]. The embryos were collected for 12 h and then dechorionated for 50 s in 5% sodium hypochlorite solution (Wako, Osaka, Japan), rinsed for 50 s in 70% ethanol, and washed for 1 min in sterile distilled water. The sterile embryos were transferred to sterile CSY medium bottles on a clean bench. Third-generation Axe flies from bleached eggs were used because the lifespan of Axe flies differs by the generation [31]. All conventional (Conv) and Axe adult flies were transferred to fresh sterile food every 2 days on a clean bench. The axenic conditions were confirmed by plating fly homogenate on plate count agar (PCA, Neogen Corporation, Lansing, MI, USA) containing 0.5% tryptone, 0.25% yeast extract, 0.1% glucose, and 1.5% bacto agar.




2.2. γ-Ray Irradiation


Radiation tolerance varies greatly according to life stages in D. melanogaster [52]. We selected the third instar larval stage as the irradiation stage since it is more susceptible to radiation than the adult stage. The eggs were collected from 5- to 7-day-old adult female flies for 8 h on a sterile CSY medium. The feeding third instar larvae were subjected to radiation in a γ-ray irradiation machine at 0.1 Gy (dose rate of 0.67 cGy/min, 137Cs, MDI-KIRMAS 137, Seoul, Korea) or 5 Gy (dose rate of 3.25 Gy/min, 137Cs, Gammacell 3000 Elan, Nordion Inc., Ottawa, ON, Canada). After irradiation, the irradiated and non-irradiated larvae were transferred immediately to new sterile CSY media to exclude secondary effects arising from the microbes in media excreted by Conv flies. Non-irradiated and irradiated flies were maintained contemporaneously under the same conditions at 25 °C.




2.3. Quantitative Analysis of Bacteria


The colony-forming units (CFUs) were determined according to the following procedure. The non-irradiated and irradiated adult flies were transferred to new SY food 1 day before the test. Five adult male flies (10 biological replicates) were collected in 1.5 mL tubes. To eliminate the bacteria on the fly surface, the flies were rinsed in 70% ethanol for 3 s and removed quickly. The flies were then homogenized with a tissue grinder-disposable plastic pellet pestle in sterile distilled water. The homogenates were diluted as necessary and plated onto MRS media (Lactobacilli MRS broth, BD & Difco, Sparks, MD, USA) or Acetobacter-selective (AS) media containing 2.5% D-mannitol (BD & Difco, Sparks, MD, USA), 0.5% yeast extract (BD & Difco, Sparks, MD, USA), 0.3% peptone (BD & Difco, Sparks, MD, USA), and 1.5% bacto agar. After plating the diluted homogenates, the media were cultivated for 2–3 days at 29 °C. The number of colonies was counted after colony formation. The data are presented as mean ± standard error of the mean (SEM) values.



For 16S rRNA PCR, the total genomic DNA from 30 adult male flies was extracted using a DNeasy Tissue Kit (Qiagen, Hilden, Germany) in accordance with the manufacturer’s instructions. The PCR assays were performed with a 60 °C annealing temperature and 40–60 cycles using taxon-specific 16S rRNA gene primers for the universal PCR primers (27F and 1492R). The sequences for the universal primer (27F, 1492R) were as follows: forward 5′-AGA GTT TGA TCM TGG CTC AG-3′, reverse 5′-TAC GGY TAC CTT GTT ACG ACT T-3’. After agarose gel electrophoresis, relative band intensity was quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Data are presented as mean ± SEM values.




2.4. Pyrosequencing of the 16S rRNA Gene


The dominant commensal microbe species in the gut of the irradiated and non-irradiated adult flies was determined by 454 pyrosequencing analysis of the 16S rRNA gene. Amplification, purification, and pyrosequencing of bacterial 16S rRNA gene sequences were performed at ChunLab Inc. (Seoul, Korea). The extracted genomic DNA from 150 guts dissected from surface-sterilized irradiated and non-irradiated adult male flies (5 biological replicates) was amplified using primers targeting the V3 to V4 hypervariable regions of the bacterial 16S rRNA gene. The sequences for the primer were as follows: V3-341F: 5′-X-AC-CCTACGGGNGGCWGCAG-3′, V4-805R: 5′-X-AC-GACTACHVGGGTATCTAATCC-3′, where X denotes a barcode uniquely designed for each sample followed by a common linker AC. The 16S rRNA gene amplicons were analyzed by pyrosequencing using the 454 GS FLX Titanium Sequencing System (Roche, Branford, CT, USA) at ChunLab Inc.



To improve the data quality, low-quality (< Q25) reads were filtered using the Trimmomatic 0.32 read trimming tool. Among the quality-controlled raw data, paired-end sequence data (250 bp) were merged together using PANDAseq. The primers were trimmed with ChunLab’s in-house program at a similarity cut-off of 0.8. Nonspecific amplicons that do not encode 16S rRNA were detected by HMMER’s hmmsearch program with 16S rRNA profiles. The sequences were denoised using DUDE-Seq to correct for sequencing errors, and nonredundant reads were finally extracted using UCLUST clustering. The EzBioCloud 16S rRNA database was used for taxonomic assignment using USEARCH (8.1.1861_i86linux32), followed by more precise pairwise alignment UCHIME, and the nonchimeric 16S rRNA database from EzBioCloud was used to detect chimera on reads with <97% similarity. Reads that were not identified to the species level (with <97% similarity) in the EzBioCloud database were compiled, and UCLUST was used to perform de novo clustering to generate additional operational taxonomic units (OTUs). Pyrosequencing data were analyzed using the CLcommunity™ program, version 3.46. (ChunLab Inc., Seoul, Korea).




2.5. Lifespan Assay


Newly eclosed adult flies were collected over 48 h and then provided with a 1-day stabilizing period. The adult male flies were assigned randomly to sterile SY vials to a final density of 20 flies per vial (5 replicates). The vials were changed every 2 days for new vials containing fresh sterile SY media. During transfer, the dead flies were removed and recorded. Five replicate vials were established for each group, and the experiment was performed three times.




2.6. γH2AX Staining


To detect the double-strand breaks, the wing imaginal discs of the third instar larvae were dissected in ice-cold PBS and fixed for 1 h at room temperature in PBS containing 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA). After washing and blocking for 1 h with PBS containing 0.1% Triton and 2% BSA, the samples were incubated at 4 °C overnight with anti-phospho-histone H2AX (γH2AX, Merck Millipore, Burlington, MA, USA). Subsequently, the samples were washed and incubated with the Cy3-conjugated goat anti-mouse secondary antibody (Jackson Immuno Research Laboratories, West Grove, PA, USA) for 2 h at room temperature. For visualization, the samples were mounted in VECTASHIELD mounting media (Vector Lab., Burlingame, CA, USA), and fluorescence images were acquired using a confocal microscope (LSM510 META, Carl Zeiss, Oberkochen, Germany). The ratio of γH2AX foci to nucleus area was quantified using ImageJ software. Data are presented as mean ± SEM values.




2.7. Measurement of Fecundity


Within the first 24 h of emergence, the virgin female flies were collected every 3 h and placed in SY food-containing vials at a fly density of one female and two males (10 replicates). Female virginity was confirmed by the absence of progeny in the food after 24 h. Each female was allotted 24 h for laying eggs. The flies were transferred to new sterile SY vials daily, and the number of eggs laid by each female was evaluated for 10 days. Ten vials were tested for each group. The data are presented as mean ± SEM values.




2.8. Measurement of Physical Activity


The locomotion performance was assessed by rapid iterative negative geotaxis (RING) assay. Newly eclosed adult flies were collected over 48 h, allowing a 1-day stabilization period. Male flies were assigned randomly to sterile SY vials to a final density of 10 flies per vial before performing a vertical climbing assay (13 replicates). Ten flies were loaded into the vertical climbing assay apparatus, which was then tapped on a tabletop three times in rapid succession to initiate a negative geotaxis response. The positions of the flies in the apparatus tubes were captured by obtaining digital images 4 s after the initiation of climbing behavior. The flies were assessed in consecutive trials separated by a minute of rest period. Thirteen replicates for each group were used in all the experiments for 5 weeks. The flies were transferred to new sterile SY vials three times a week. The data are presented as mean ± SEM values.




2.9. ROS Detection


The ROS in the gut was detected using DCFDA assays as described previously [53]. The guts from irradiated larvae or 7-day-old adult male flies were dissected in PBS and incubated in 40 μM CM-H2DCFDA [5-(and-6)-chloromethyl-2′,7′-dichloro-dihydrofluorescein diacetate, acetyl ester, Invitrogen, Waltham, MA, USA] for 10 min in the dark. After washing, the samples were mounted in VECTASHIELD mounting media, and fluorescence images were obtained using an inverted microscope (IX71, Olympus, Tokyo, Japan) equipped with a U-RFL-T mercury lamp (Olympus, Tokyo, Japan) at an excitation wavelength of 488 nm. Quantification of fluorescence intensity was conducted by ImageJ software. Data are presented as mean ± SEM values.




2.10. MitoTracker Red Staining


To detect the mitochondria in flies, the fat bodies of larvae or 7-day-old adult male flies were dissected in ice-cold PBS and fixed for 20 min at room temperature in PBS containing 4% paraformaldehyde. After washing and blocking with PBS containing 0.1% Triton and 2% BSA, the fat bodies were incubated with 500 nM MitoTracker red (Invitrogen, Waltham, MA, USA) for 30 min. The samples were mounted in VECTASHIELD mounting media, and fluorescence images were acquired using a confocal microscope.




2.11. Measurement of Mitochondrial DNA


The total genomic DNA from 30 adult male flies was extracted using a DNeasy Tissue Kit according to the manufacturer’s instructions (3 replicates). The mitochondrial DNA was quantified relative to nuclear DNA by the ratio of amplicons of cytochrome oxidase subunit I (COI) to amplicons of glyceraldehyde 3- phosphate dehydrogenase (GAPDH) in quantitative real-time PCRs. Quantitative PCR (qPCR) was performed using the QuantStudio™ 1 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). At least three replicates were established in each group. The data are presented as mean ± SEM. The qPCR assays were performed with a 60 °C annealing temperature and at 40 cycles. The sequences for the COI and GAPDH were as follows: COI forward 5′-GAA TTA GGA CAT CCT GGA GC-3′, COI reverse 5′-GCA CTA ATC AAT TTC CAA ATC C-3′, GAPDH forward 5′-GAC GAA ATC AAG GCT AAG GTC G-3′, GAPDH reverse 5′-AAT GGG TGT CGC TGA AGA AGT C-3′ [54].




2.12. Statistical Analysis


Log-rank tests were carried out to determine the statistical significance of differences in the results of survival analysis. The JMP statistical package (SAS, Cary, NC, USA) was used for the analyses. Spearman’s correlation coefficients, as provided in R 3.5.1 software, were used to analyze the correlation between the radiation dose and mean lifespan. The two-way analysis of variance (ANOVA), repeated measures ANOVA, and Tukey’s honestly significant difference (HSD) post hoc test using SPSS Statistical 21 (IBM, Armonk, NY, USA) were performed to assess the mean lifespan, fecundity, relative band intensity, CFU, operational taxonomic unit (OTU) numbers, and locomotion performance. A Student’s t-test was performed to compare the fluorescence intensity and the expression of mtDNA using the Excel Statistics Tool (Microsoft Corporation, Redmond, WA, USA).





3. Results


3.1. γ-Ray Irradiation Changes Commensal Microbe Flora in D. melanogaster


The effects of γ-ray irradiation on the commensal microbial flora in D. melanogaster were examined by measuring the changes in the microbial load and composition in 7-day-old D. melanogaster after 0.1 or 5 Gy irradiation at the third instar larval stage. In a previous report, 0.1 and 5 Gy were considered to be low and high doses of radiation, respectively [55,56]. Both the 16S rRNA PCR and CFU results showed that the abundance of commensal microbes was altered by irradiation (Figure 1). In the 16S rRNA PCR test, the bacterial load of the 5 Gy irradiated flies was increased compared with that of non-irradiated flies, but that of the 0.1 Gy irradiated flies was decreased (Figure 1a, ANOVA: F2,6 = 18.462, p = 0.003; Tukey’s HSD test: 0 vs. 0.1 Gy, p = 0.04, 0 vs. 5 Gy, p = 0.004). In the CFU test, the bacterial load of the 5 Gy irradiated flies was increased, but that of the 0.1 Gy irradiated flies was not changed in both the MRS and AS media (Figure 1b, AS media, ANOVA: F2,27 = 32.052, p < 0.001; Tukey’s HSD test: 0 vs. 0.1 Gy, p = 0.253, 0 vs. 5 Gy, p < 0.001; MRS media, ANOVA: F2,27 = 30.416, p < 0.001; Tukey’s HSD test: 0 vs. 0.1 Gy, p = 0.402, 0 vs. 5 Gy, p < 0.001).



This study examined whether the composition of microbial flora had been altered by γ-ray exposure through 454 pyrosequencing analysis of the 16S rRNA gene. There were 329 OTUs in both the 0.1 and 5 Gy irradiated flies, whereas 677 OTUs were detected in the non-irradiated flies (Figure 1c), indicating that the microbial species in the gut flora of D. melanogaster were decreased after γ-ray exposure. At the phylum level, Proteobacteria (including Acetobacter and Komagataeibacter), Firmicutes (including Lactobacillus, Weissella, and Leuconostoc), and Actinobacteria (including Propionibacterium) composed >80% of the microbiome in D. melanogaster (Figure 1d). At the genus level, Komagataeibacter (14.37% of the microbiome), Acetobacter (13.77%), Lactobacillus (12.89%), Weissella (8.49%), Propionibacterium (6.19%), and Leuconostoc (3.19%) were detected in the non-irradiated flies (Figure 1d). Comparatively, the proportions of Acetobacter (0.1 Gy 24.81%; 5 Gy 22.47%), Lactobacillus (0.1 Gy 20.66%; 5 Gy 25.73%), and Komagataeibacter (0.1 Gy 18.06%; 5 Gy 17.98%) were increased by γ-ray irradiation, but the proportions of Weissella (0.1 Gy 5.91%; 5 Gy 6.12%), Propionibacterium (0.1 Gy 3.15%; 5 Gy 5.48%), and Leuconostoc (0.1 Gy 2.75%; 5 Gy 2.22%) were decreased by γ-ray irradiation (Figure 1d). In addition, the bacterial diversity analyzed by the Shannon and Simpson diversity index was significantly reduced by γ-ray irradiation (Table 1). These results suggested that γ-ray irradiation at 0.1 and 5 Gy can decrease the diversity of the gut microbial flora and alter the gut microbial composition in D. melanogaster.




3.2. Effects of γ-Ray Irradiation on Lifespan and DNA Damage Response in Conventional and Axenic D. melanogaster


The role of the commensal microbes on γ-ray irradiation-induced lifespan changes in D. melanogaster was assessed by examining the lifespan of conventional (Conv) and axenic (Axe) flies after 0.1 or 5 Gy γ-ray irradiation at the third instar larval stage. In all three trials, the lifespan of the Conv flies tended to increase after 0.1 or 5 Gy radiation exposure compared with 0 Gy radiation exposure (Figure 2a and Table 2). Interestingly, the lifespan of the Axe flies decreased after 0.1 or 5 Gy radiation exposure compared with that of 0 Gy radiation exposure (Figure 2a and Table 1). Spearman’s correlation analysis showed that the mean lifespan of the Conv flies was not correlated significantly with the radiation dose (Figure 2b, Spearman’s correlation, rho = 0.422, p = 0.258). In contrast, the mean lifespan of the Axe flies was negatively correlated with the radiation dose (Figure 2b, Spearman’s correlation, rho = −0.685, p = 0.042). These results suggest that commensal microbes have a radioprotective effect on the host.



Several reports indicate that commensal microbes have a distinct impact on DNA damage [57]. The level of DNA damage in the imaginal discs of the flies after radiation exposure was next measured to determine whether the DNA damage response was different between the Conv and Axe flies. The γH2AX foci, an indicator of DNA damage, was increased after 5 Gy irradiation at the third larval stage in both the Conv and Axe flies (Figure 2c), indicating that the flies were exposed to a radiation dose sufficient to increase the level of DNA damage. On the other hand, there was no significant difference in the DNA damage response between the Conv and Axe flies, suggesting that commensal microbes are not involved in the DNA damage response, and the aforementioned radioprotective effect of the commensal microbes may not be due to the protective effect on DNA damage.



The effects of commensal microbes on the physiological changes resulting from irradiation were determined by measuring the fecundity and locomotion performance of the Conv and Axe flies after γ-ray irradiation. The daily number of eggs and the average number of eggs in the Conv flies did not change after γ-ray irradiation (Figure 3a,c). In contrast, the number of eggs of the Axe flies decreased compared with that of the Conv flies, but the decrease was not statistically significant (Figure 3c). γ-Ray irradiation increased the daily number of eggs in the Axe flies in some periods, but the average number of eggs was not significantly different after radiation (Figure 3b,c). These results suggest that neither radiation nor commensal microbes alter the fecundity.



The vertical climbing activity of the Conv and Axe flies after radiation exposure was next measured. The climbing activity of the Conv flies was decreased by aging (Figure 4a, repeated measures ANOVA: F4,60 = 15.741, p < 0.001). The climbing activity of the Conv flies was also decreased by 5 Gy radiation exposure (Figure 4a, two-way repeated measures ANOVA: F2,36 = 3.975, p = 0.028; Tukey’s HSD test: 0 vs. 0.1 Gy, p = 0.833, 0 vs. 5 Gy, p = 0.029). Similar to the result in a previous report [58], the physical activity of the Axe flies was decreased compared with that of the Conv flies (Figure 4b). The climbing activity of the Axe flies was decreased by aging (Figure 4b, repeated measures ANOVA: F4,60 = 9.068, p < 0.001) but not by γ-ray irradiation (Figure 4b, two-way repeated measures ANOVA: F2,36 = 2.795, p = 0.074; Tukey’s HSD test: 0 vs. 0.1 Gy, p = 0.905, 0 vs. 5 Gy, p = 0.080). These results suggest that the commensal microbes are involved in the functional decline by radiation exposure.




3.3. Effects of Commensal Microbes on ROS Generation by γ-Ray Irradiation


Ionizing radiation generates ROS, which are associated with radiation-induced cytotoxicity resulting from oxidation of and damage to macromolecules, such as DNA and RNA [59]. The gut epithelia in contact with enteric commensal bacteria generate ROS rapidly to eliminate the excess bacteria proliferation and express several antioxidant systems to maintain the redox balance [60]. To determine whether the commensal microbes play a role in regulating oxidative stress after γ-ray irradiation, the guts of the Conv and Axe flies were stained with DCFDA, a ROS indicator, after 5 Gy irradiation.



One day after irradiation, the fluorescence density increased in the Conv and Axe flies (Figure 5, second panel, t-test, Conv p = 0.001, Axe p = 0.004). At 14 days after irradiation, the density of fluorescence was greater in the non-irradiated Conv flies than in the non-irradiated Axe flies (Figure 5, third panel, t-test, p = 0.003), supporting the previous result regarding the role of commensal bacteria on ROS generation [61]. Irradiation did not further increase the fluorescence density in the Conv flies after 14 days, while the ROS signal increased in the Axe flies after 14 days (Figure 5, fourth panel, t-test, Conv p = 0.287, Axe p = 0.015). These results suggest that commensal microbes have a radioprotective role in ROS generation by irradiation, and intestinal microbes are related to the oxidative stress response following by γ-ray irradiation.




3.4. Effects of Commensal Microbes on Mitochondrial Change by γ-Ray Irradiation


Although ROS are produced by water radiolysis in irradiated cells, there is increasing evidence suggesting that the mitochondrial dysfunction induced by γ-irradiation is the leading cause of oxidative stress in irradiated cells, particularly in the long-term radiation effects [19,62]. In particular, radiation-induced mitochondrial dysfunction decreases the mitochondrial transmembrane potential and increases the mitochondrial mass [63,64]. To determine whether commensal microbes modulate radiation-induced ROS generation mediated by the mitochondrial metabolism, the mitochondria were labeled with MitoTracker red at 1 or 14 days after γ-ray irradiation. The amounts of labeled mitochondria in the Conv flies at 1 and 14 days were not altered significantly by γ-ray irradiation (Figure 6a, upper panel). In contrast, the signal of the labeled mitochondria was increased markedly after γ-ray irradiation in the Axe flies (Figure 6a, lower panel).



The mitochondria were quantified by measuring the amount of mitochondrial DNA (mtDNA) relative to nuclear DNA. Consistent with the results from the MitoTracker labeling, the amount of mtDNA was not altered significantly by γ-ray irradiation in the Conv flies. In contrast, it was increased by γ-ray irradiation in the Axe flies (Figure 6b, t-test, Conv p = 0.496, Axe p = 0.014). These results suggest that commensal microbes protect the host from the γ-ray irradiation-induced increase in mitochondrial quantity, highlighting the radioprotective effect of commensal microbes.





4. Discussion


Radiation can affect the lifespan of humans and experimental animals. Lifespan shortening was observed in humans exposed to high-dose irradiation in both Hiroshima and Nagasaki [65], and the lifespan of mice was reduced significantly by 0.5 Gy ionizing radiation [66]. Similarly, γ-irradiation has been reported to decrease the lifespan of fruit flies [56], and ultraviolet radiation has been shown to reduce the lifespan of nematodes [67]. Previously, it was well established that the absence of commensal microbes extends the lifespan in Drosophila, and the abundance of microbes is the major contributor in aging [31,68,69,70,71]. In addition, several studies have reported that the commensal microbiota is involved in the host health change following irradiation, but the studies are limited with no conclusive results. For example, Hou et al. reported that the treatment of broad-spectrum antibiotics to 6-week-old Kunming mice decreased their survival after total-body irradiation at a lethal dose of 12 Gy [45].



In contrast, Crawford and Gordon reported that total body irradiation of 16 Gy γ-ray to germ-free C57BL/6J mice produced fewer apoptotic cells in the small intestine compared with the control mice [44], indicating the role of commensal microbes on radiation-induced intestinal damage. Similarly, McLaughlin et al. reported that germ-free mice (ND-2) could better tolerate X-ray irradiation than the control mice [43]. Our study showed that commensal microbes have a radioprotective effect on lifespan shortening with γ-ray irradiation in D. melanogaster. Interestingly, γ-ray irradiation did not affect the lifespan of the Conv flies (Figure 2), which is different from previously reported results, showing that γ-ray irradiation decreased the lifespan of D. melanogaster significantly when flies were irradiated at the embryo stage [52]. This conflicting result can be interpreted as a difference in radiation tolerance between the embryo and third instar larvae. Feeding third instar larvae, the stage used in this study, have been reported to be a radioresistant life stage in D. melanogaster [52].



Radiation alters the gut microbiome, which is considered an important biomarker of host health [72]. Interestingly, the abundance and composition of specific taxa were reported to change after radiation exposure [40,41,73]. For example, the diversity of the gut microbiota was decreased in the fecal sample of mice subjected to ionizing radiation compared with that of non-irradiated mice [40]. In that study, there were significant perturbations on the relative abundances of bacteria in the order of Bifidobacteriales, Coriobacteriales (Actinobacteria), Verrucomicrobiales (Verrucomicrobia), and Lactobacillales (Firmicutes) after irradiation [40]. Similarly, in cancer patients receiving radiotherapy, the gut microbial composition was shown to be remodeled [42], with a dramatic reduction in the number of bacterial species. In particular, the abundances of Firmicutes and Fusobacterium were decreased significantly after radiation exposure [42]. Recently, Asimakis et al. reported that in melon flies, the application of irradiation to two distinct larval diets led to the formation of different bacterial profiles, including species richness, diversity, and composition. When melon flies were reared on an artificial bran-based diet, bacterial genera, such as Raoultella and Citrobacter, were reduced considerably, while sequences affiliated with members of Providencia, Morganella, and Enterobacter were increased. When flies were reared on sweet gourd, however, there was a significant decrease in species richness and minor differences in the relative abundance for members of Enterobacter and Providencia [73]. In the current study, the microbial floral change in D. melanogaster was analyzed after γ-ray irradiation at the third larval stage. γ-Ray irradiation increased the abundance of microbes at 5 Gy irradiation but decreased the diversity of microbial flora at both 0.1 and 5 Gy irradiation (Figure 1). The diversity of microbial flora is also a significant contributor to host health [74]. In particular, although our result is based on 16S rRNA sequencing, not full genome, two species identified with high specificity—Acetobacter cerevisiae and Lactobacillus plantarum—were increased after γ-ray exposure (Acetobacter cerevisiae, 0 Gy, 9.78%; 0.1 Gy, 20.3%; 5 Gy, 19.03%; Lactobacillus plantarum, 0 Gy, 4.34%; 0.1 Gy, 15.92%; 5 Gy, 20.89%). Although Acetobacter cerevisiae is one of the most frequently reported microbes in vinegar production [75,76], their role in the health benefit has not been reported. Several studies have reported that Lactobacillus plantarum could modulate the health by promoting systemic growth and inducing cellular ROS production in Drosophila [37,61].



Based on these results, several causes of the increases in specific species following γ-ray exposure are proposed. First, the predominant species that were increased by γ-ray exposure could be more radioresistant than the other species. Lactobacillus sake strains were reported to be resistant to γ-ray irradiation, with a 68% increase in resistance in the log phase over the stationary phase [77]. In addition, Deinococcus radiodurans has been reported to have 31 proteins that are upregulated by low-dose γ-ray irradiation, including proteins involved in DNA replication and repair [78]. Based on the expression of radiosensitive proteins, Deinococcus radiodurans has been described as being radioresistant. Therefore, investigating specific genes within a bacterium species could provide a novel perspective on the radiation defense systems. Second, an increased abundance of commensal bacteria could relate to the changes in immunity following γ-ray irradiation. Radiation influences the immune responses, including inflammation [55,79,80]. Stoecklein et al. reported that applying ionizing radiation to CD-1 mice produced chronic inflammasome activation in immune cells [81]. Moreover, ultraviolet radiation-induced immune suppression could alter the microbiome of the skin, suggesting that radiation-induced immune suppression could influence microbial proliferation [82]. Lastly, an environmental change associated with γ-ray exposure may be suitable for the proliferation of specific microbial species. After radiation exposure, changes in environmental factors, such as pH, oxygen concentration, and other growth-related elements, can result in a change in the composition of microbial flora [83]. Further studies will be needed to determine the radiation sensitivity of gnotobiotic flies inoculated with only Lactobacillus plantarum or Acetobacter cerevisiae.



In the early responses to ionizing radiation, radiolysis of water and activation of nitric oxide synthases (NOS) are the major sources of ROS in irradiated cells [19]. The mitochondria are the main source of ROS, consuming approximately 90% of the oxygen [84]. In the later stages of the response to radiation, the function of the mitochondria is disrupted, leading to delayed effects of radiation on oxidative stress. After X-ray radiation exposure of mouse heart tissue, there was a change in the mitochondrial oxidative metabolism [85]. In addition, when mouse NIH/3T3 cells were subjected to X-ray irradiation, the mtDNA level was increased in a time-dependent manner [64]. In this study, the ROS level after 5 Gy γ-ray irradiation was unaffected by the presence of commensal microbes at 1 day after irradiation (Figure 5). At 14 days after γ-ray irradiation, however, the ROS level was increased in the Axe flies, indicating that ROS generation in the later response to radiation is associated with the presence of commensal bacteria. In line with this finding, the change in the mitochondria quantity following γ-ray irradiation was suppressed by the presence of commensal microbes (Figure 6). The mitochondria–microbiota interaction has been actively investigated. The microbiota quality and diversity have been reported to modulate the mitochondria function. The metabolites released by microbiota modulate the mitochondrial respiratory chain and ATP production [86]. Moreover, a large quantity of hydrogen sulfide produced by several enteric bacteria inhibits the cytochrome respiratory chain activity in the colon [87], and nitric oxide (NO) produced by microbiota impairs the energy metabolism by decreasing acetyl-CoA production [88,89]. In addition, the microbiota-generated short-chain fatty acids (SCFAs) can be used as a donor of the mitochondrial electron transfer chain [90,91]. Although the effects of commensal microbes on the mitochondrial metabolism have been studied, there are few reports on the relationship between mitochondrial metabolism and commensal microbes in γ-ray irradiated conditions, and our results are novel findings in this respect.




5. Conclusions


In this study, γ-ray irradiation increased the bacterial abundance but decreased the diversity of the Drosophila microbiome. Although it is known that increased abundance of commensal microbes shortens the lifespan [31], irradiation did not cause significant change in the lifespan in conventional flies. In contrast, γ-ray irradiation shortened the lifespan of axenic flies. γ-Ray irradiation increased the ROS production and the amount of mitochondria in axenic flies compared with conventional flies. According to our results, commensal microbes have a radioprotective effect on the lifespan shortening and ROS generation induced by γ-ray irradiation. In line with the current trend of growing societal attention to radiation, this research provides a novel perspective that the presence of commensal microbes can mediate the physiological changes induced by radiation exposure. Our results showing the relationship of commensal microbes and physiological changes induced by γ-ray irradiation will provide fundamental knowledge to understand the underlying mechanisms of the somatic effects of ionizing radiation.
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Figure 1. Microbial floral changes in D. melanogaster induced by γ-ray irradiation. (a) PCR assay of microbial 16S rRNA amplified gene using a universal primer (27F, 1492R). Microbial 16S rRNA gene sequences were amplified from the genomic DNA extracted from irradiated flies. ANOVA with Tukey’s post hoc test, * p < 0.05, ** p < 0.005. (b) The total number of CFUs from irradiated flies in Acetobacter-selective (AS) or MRS media plates. ANOVA with Tukey’s post hoc test, *** p < 0.001. (c) Rarefaction curves and the assigned number of operational taxonomic units (OTUs) obtained from the 454 pyrosequencing data. The inset shows the average number of OTUs in each group. The error bars represent the SEM. (d) Double pie charts of the bacterial compositions of irradiated flies. These charts show the major phylum and genus identified by 454 pyrosequencing of the 16S rRNA gene. 
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Figure 2. Effects of commensal microbes on the lifespan and DNA damage response of D. melanogaster after γ-ray irradiation. (a) Representative survival of the conventional (Conv) and axenic (Axe) flies after γ-ray irradiation at the third instar larval stage. (b) Mean lifespan of the Conv (Spearman’s correlation, rho = 0.422, p = 0.258) and Axe (Spearman’s correlation, rho = −0.685, p = 0.042) flies according to the radiation dose. The error bars represent the SEM. (c) The formation of radiation-induced γH2AX foci on wing imaginal discs of flies after γ-ray irradiation. Phosphorylated H2AX was used as a marker of DNA double-strand breaks. Foci on the imaginal discs of the Conv and Axe third instar larvae were detected by immunostaining with the specific antibodies for γH2AX. The arrows indicate the foci of DNA double-strand breaks on the wing imaginal discs of D. melanogaster. DAPI was used to stain the nuclei (blue). Original magnification was 400×. The graph represents the ratio of detected area of γH2AX foci to nuclei based on confocal microscopy images. Student’s t-test, * p < 0.05. n.s, not significant. The error bars represent the SEM. 
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Figure 3. Fecundity of Conv or Axe D. melanogaster after γ-ray irradiation. The number of eggs per fly of the Conv (a) or Axe (b) flies for 10 days. The line with circles indicates the non-irradiated flies, the line with inverted triangles indicates the 0.1 Gy irradiated flies, and the line with squares indicates the 5 Gy irradiated flies. (c) The average number of eggs laid by the Conv or Axe flies after irradiation. The black bars indicate the average number of eggs laid by the non-irradiated flies, the light gray bars indicate the average number of eggs laid by the 0.1 Gy irradiated flies, and the dark gray bars indicate the average number of eggs laid by the 5 Gy irradiated flies. No significant (n.s) differences were detected between the groups. Two-way repeated measures ANOVA with Tukey’s post hoc test, * p < 0.05, *** p < 0.001. The error bars represent the SEM. 
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Figure 4. Effects of commensal microbes on the physical activity of Conv (a) or Axe (b) D. melanogaster after γ-ray irradiation. The physical activity was measured by assaying the vertical climbing behavior of the Conv or Axe flies after γ-ray irradiation. The line with circles indicates the non-irradiated flies, the line with inverted triangles indicates the 0.1 Gy irradiated flies, and the line with squares indicates the 5 Gy irradiated flies. Two-way repeated measures ANOVA with Tukey’s post hoc test, * p < 0.05. Error bars represent the SEM. 
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Figure 5. Effects of commensal microbes on ROS occurrence in the gut of D. melanogaster after γ-ray irradiation. ROS detection with DCFDA in the gut of the Conv or Axe flies at 1 and 14 days after γ-ray irradiation. Original magnification was 100×. The graph represents the fluorescence intensity based on microscopy images. Student’s t-test, * p < 0.05, ** p < 0.005. n.s, not significant. The error bars represent the SEM. 
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Figure 6. Effects of commensal microbes on the mitochondrial amount after γ-ray irradiation. (a) MitoTracker red-labeled mitochondria in the abdominal fat body of the Conv or Axe flies at 1 and 14 days after γ-ray irradiation. DAPI was used to stain the nuclei (blue). The original magnification was 400×. (b) The amount of mitochondrial DNA (mtDNA) relative to the nuclear DNA of the Conv or Axe flies was analyzed by examining the ratio of amplicons of COI to amplicons of GAPDH after the γ-ray irradiation. Student’s t-test, * p < 0.05 (t-test, Conv p = 0.496, Axe p = 0.014). The error bars represent the SEM. 
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Table 1. Summary for microbial diversity analysis by 454 pyrosequencing.
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	Group
	OTU Number
	Shannon
	Simpson
	Chao





	0 Gy
	677.40 ± 241.07
	4.30 ± 0.54 a
	0.06 ± 0.02 a
	705.34 ± 241.91 a



	0.1 Gy
	329.20 ± 76.18
	2.94 ± 0.30 b
	0.16 ± 0.03 b
	340.07 ± 76.02 a



	5 Gy
	329.40 ± 40.26
	2.81 ± 0.40 b
	0.19 ± 0.06 b
	342.38 ± 42.11 a







a Values with different letters in a column indicate significant difference at p < 0.05 tested by one-way ANOVA with Tukey’s HSD test.
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Table 2. Lifespan of the Conv and Axe flies after γ-ray irradiation at the third instar larval stage.
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Trial

	
Radiation Dose (Gy)

	
Mean Lifespan (Day)

	
Median Lifespan (Day)

	
Maximum Lifespan (Day)

	
Number of Flies

	
Log-Rank ‡

	
Wilcoxon ‡




	
ꭓ2

	
p-Value

	
ꭓ2

	
p-Value






	
Conv †

	
1st

	
0

	
53.38 ± 1.29

	
57

	
61

	
140

	

	

	

	




	
0.1

	
53.44 ± 1.45

	
59

	
65

	
154

	
1.5165

	
0.2181

	
0.4455

	
0.5045




	
5

	
58 ± 1.25

	
61

	
67

	
130

	
8.3963

	
0.0038 *

	
8.2578

	
0.0041 *




	
2nd

	
0

	
46.32 ± 2.53

	
55

	
62

	
85

	

	

	

	




	
0.1

	
55.13 ± 1.97

	
60

	
66

	
78

	
3.8521

	
0.0497 *

	
6.8168

	
0.009 *




	
5

	
51.21 ± 2.21

	
57

	
64

	
71

	
0.2432

	
0.6219

	
0.9642

	
0.3261




	
3rd

	
0

	
54.16 ± 1.95

	
57

	
63

	
69

	

	

	

	




	
0.1

	
60.3 ± 1.42

	
62

	
63

	
68

	
4.9049

	
0.0268 *

	
5.3073

	
0.0212 *




	
5

	
56.12 ± 1.53

	
56

	
63

	
66

	
0.1918

	
0.6614

	
0.0317

	
0.8588




	
Axe †

	
1st

	
0

	
57.79 ± 1.32

	
59

	
67

	
157

	

	

	

	




	
0.1

	
57.6 ± 1.99

	
61

	
69

	
73

	
0.0274

	
0.8686

	
0.0408

	
0.8400




	
5

	
52.53 ± 1.89

	
57

	
67

	
120

	
1.266

	
0.2605

	
3.204

	
0.0735




	
2nd

	
0

	
58.57 ± 2.31

	
60

	
72

	
70

	

	

	

	




	
0.1

	
51.24 ± 4.48

	
53

	
70

	
25

	
1.8119

	
0.1783

	
2.1248

	
0.1449




	
5

	
48.48 ± 4.18

	
60

	
68

	
44

	
1.4508

	
0.2284

	
2.1308

	
0.1444




	
3rd

	
0

	
52.61 ± 2.34

	
51

	
66

	
51

	

	

	

	




	
0.1

	
39.01 ± 2.88

	
35

	
63

	
74

	
2.5024

	
0.1137

	
8.1454

	
0.0043 *




	
5

	
39.94 ± 2.66

	
38

	
57

	
70

	
4.2501

	
0.0392 *

	
9.4652

	
0.0021 *








† Conv, conventional fly; Axe, axenic fly; ‡ Log-rank and Wilcoxon tests were performed as comparisons with the 0 Gy result. * Asterisks indicate significant differences from the 0 Gy result.3.3. Effects of Commensal Microbes on the Reproduction and Locomotion Performance after γ-Ray Irradiation.
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