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A B S T R A C T   

With the rapidly increasing popularity of 5G mobile technology, the effect of radiofrequency radiation on human 
health has caused public concern. This study explores the effects of a simulated 3.5 GHz radiofrequency elec
tromagnetic radiation (RF-EMF) environment on the development and microbiome of flies under intensities of 
0.1 W/m2, 1 W/m2 and 10 W/m2. We found that the pupation percentages in the first 3 days and eclosion rate in 
the first 2 days were increased under exposure to RF-EMF, and the mean development time was shortened. In a 
study on third-instar larvae, the expression levels of the heat shock protein genes hsp22, hsp26 and hsp70 and 
humoral immune system genes AttC, TotC and TotA were all significantly increased. In the oxidative stress 
system, DuoX gene expression was decreased, sod2 and cat gene expression levels were increased, and SOD and 
CAT enzyme activity also showed a significant increase. According to the 16S rDNA results, the diversity and 
species abundance of the microbial community decreased significantly, and according to the functional pre
diction analysis, the genera Acetobacter and Lactobacillus were significantly increased. In conclusion, 3.5 GHz RF- 
EMF may enhance thermal stress, oxidative stress and humoral immunity, cause changes in the microbial 
community, and regulate the insulin/TOR and ecdysteroid signalling pathways to promote fly development.   

1. Introduction 

With the development of technology, mobile phone devices such as 
smartphones have occupied an important position in our social lives 
(Organization, 2011). In present society, mobile phones are used not 
only for communication but also online for financial transactions, social 
media, news dissemination and other convenient tools. As a result, the 
requirements for mobile communication performance are also 
increasing, as is the distribution density of signal transmission base 
stations, not only in urban areas but also in rural areas, where there are 
many base stations. The signal sources emitted by these base stations are 
considered to be important sources of radiofrequency radiation pollu
tion in the environment (Balmori, 2015), and the resulting health effects 
are generating increasing concern. 

Over the past decade, a large number of epidemiological and labo
ratory studies have demonstrated a correlation between health and RF- 

EMF exposure. Surveys show that people living near mobile phone base 
stations in France are exposed to higher doses of exposure when they are 
stay in the open air than when they are stay in their house (De Giudici 
et al., 2021), and that RF-EMF exposure is strongly associated with 
insomnia (Martin et al., 2021) (Rafique et al., 2020). Electromagnetic 
radiation may also cause health problems such as cancer (Carlberg et al., 
2020) (Gorski et al., 2021) (Peleg et al., 2018), abnormal reproductive 
development (Erkut et al., 2016) (Altun et al., 2018), cardiovascular 
disease (Bandara and Weller, 2017), neurological disease (Gokcek-Sarac 
et al., 2021) (Balaguru et al., 2012), endocrine system disease (Meo 
et al., 2015), cognitive impairment (Guxens et al., 2016) (Verbeek et al., 
2021), and sleep disorders (Eggert et al., 2020) (Danker-Hopfe et al., 
2016). In 2011, the International Agency for Research on Cancer clas
sified radiofrequency electromagnetic radiation (RF-EMF) as a possible 
carcinogen, but the evidence is weak and far from conclusive. 

In recent years, the impact of mobile radiation on reproduction and 
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development has been a topic of public concern and controversy. 
Regarding the impact on reproduction, studies have proposed that short- 
term radiofrequency radiation has no effect on the reproductive ability 
of wild invertebrates (Vijver et al., 2014). However, some studies have 
proposed different perspectives, and a study of the effects of radio
frequency radiation on queen bees found that mobile phone radiation 
can significantly reduce the hatching rate but does not reduce the suc
cessful mating rate (Odemer and Odemer, 2019). Some studies suggest 
that radiofrequency radiation exposure of the bee colony can also cause 
interference, so that bee population size, bee reserves, the number of 
foraging worker bees returning to hives, and the ability of the queen bee 
to lay eggs decrease significantly (Dalio,). Radiofrequency radiation of 
900 MHz also affected female and male fruit flies and reduced their 
reproductive capacity (Panagopoulos et al., 2004). Therefore, electro
magnetic radiation is considered to be a driver of the decline in insect 
populations (Balmori, 2021). Studies have suggested that nonthermal 
radiation from mobile phones may increase the number of offspring by 
increasing the expression levels of hsp70 and activating signal trans
duction pathways (Weisbrot et al., 2003), with differing views and un
clear studies on the mechanism underlying the effect on reproductive 
capacity. There is little research on the growth and development of fruit 
flies exposed to radiofrequency radiation, and the specific mechanism is 
not very clear. It was reported that 100-MHz-radiofrequency radiation 
affected fertilized zebrafish embryos at 24–72 h, especially in the 48 h 
stage, by increasing oxidative stress gene transcription and changing 
cholesterol metabolism so that the growth rate is reduced (Piccinetti 
et al., 2018). Dasgupta et al. also proposed that exposure of zebrafish to 
3.5 GHz, 8.27 W/kg for 6–48 h had no significant effect on mortality, 
morphology or photomotor response (Dasgupta et al., 2020). At the 
same time, many studies have suggested that bacteria in symbiosis with 
fruit flies are often involved in the growth and metabolic processes of the 
host. Compared with that of conventional fruit flies, the larval growth 
rate of sterile fruit flies decreased, and the size of the adults did not 
differ, indicating that the microbiome promoted the growth rate of the 
larvae (Ridley et al., 2012). Symbiotic Serratia promote the synthesis of 
fatty acids in pea aphid hosts and promote host growth and development 
(Zhou et al., 2021); thus, intestinal microorganisms are now also 
considered to be “host” factors affecting energy intake. Studies have 
suggested that plant Lactobacillus can control hormone signals (Storelli 
et al., 2011) by acting upstream of the host nutrition perception system 
on TOR. Another symbiotic bacterium, Bacillus acetate, has been found 
to regulate insulin/insulin-like growth factor signals (IISs) in fruit flies, 
thus regulating the balance mechanism within the host body and regu
lating developmental rate, body size and energy metabolism (Shin et al., 
2011). Therefore, microbial immunity has a profound influence on 
many aspects of host physiology and is regarded as a factor affecting the 
growth of the host. The influence of RF electromagnetic radiation on 
microbial immunity is still unclear, and whether RF radiation can 
indirectly affect the development of organisms by affecting the micro
biomes of the organisms remains unknown. 

This study selected 3.5 GHz, the main 5G frequency band in China, 
and studied the development of fruit flies and the effect mechanisms of 
exposure to 3.5 GHz continuous wave radio frequency radiation (RF- 
EMF). By measuring the pupation percentages in the first 3 days and 
eclosion rate in the first 2 days of the pupation and feather stages, the 
results showed that 3.5 GHz radiofrequency radiation may promote the 
development of fruit flies. We further explored the mechanism by which 
RF radiation promotes the development of fruit flies through changes in 
thermal stress, oxidative stress, immunity and the structure of the 
microbiome in the body. Hopefully, this study can provide a reference 
for environmental health issues for the public living in a radiofrequency 
radiation environment for a long time. 

2. Materials and methods 

2.1. Experimental animal and experimental conditions 

This study used wild-type black Drosophila melanogaster (Canton S 
strain) as the experimental subject, purchased from the Core Facility of 
Drosophila Resource and Technology, Institute of Biochemistry and Cell 
Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of 
Sciences. After culture with yeast-cornmeal standard medium, the basic 
culture conditions were a temperature of 25 ± 0.5◦C and a relative 
humidity (RH) of 60 ± 5%. The fruit flies selected for the experiment 
were all third-instar larvae. 

2.2. Radiofrequency electromagnetic exposure device 

The RF electromagnetic exposure simulation device mainly enlarges 
the radiation by a radio frequency vector signal generator (PSGE8267D, 
US Agilent) to a fixed amplifier (AV38701E, Qingdao Zhongdao In
strument Co., Ltd.), which then emits stable, continuous RF radiation 
(sine wave) through the transmitting antenna (AV89901, Qingdao 
Zhongdai Instrument Co., Ltd.). The frequency in our study is set to 3.5 
GHz, and the electromagnetic radiation analyser (PMM8053A, PMM) 
measures the electromagnetic radiation power density at different sites, 
determines the position with intensities of 0.1 W/m2, 1 W/m2, and 10 
W/m2, and calculates the corresponding SAR values of 0.0026 W/kg, 
0.026 W/kg, and 0.26 W/kg (Zhang et al., 2021) by detecting the con
ductivity of fruit fly tissue. 

2.3. Long-term RF-EMF treatment 

Newly hatched unmatched female flies and male flies were placed in 
the same culture tube, and each group of 10 parallel tubes was placed in 
a 3.5 GHz RF-EMF environment with an intensity of 0.1 W/m2, 1 W/m2 

or 10 W/m2. The control group was placed in a shielding box to ensure 
that the control group and treatment group were exposed to a consistent 
environment temperature. After three days of exposure, the parental 
fruit flies were poured out and placed in the original RF-EMF environ
ment to observe the number of pupae and feathers each day. The pu
pation percentage in the first 3 days is the number of corresponding flies 
in the first three days/the total number in the pupa stage, the eclosion 
rate in the first 2 days is the number in the feather stage in the first 2 
days/the total number in the feather stage, and the total eclosion rate is 
the total number in the feathre stage/the total pupa number. The above 
three treatments were repeated three times. 

2.4. ROS detection 

Third-instar larvae were collected from each experimental group (25 
each), and living tissue was centrifuged at 12,000 g for 10 min at low 
temperature. A total of 10 μl of liquid was added to PBS solution con
taining 1 μl of DCFH-DA, and the fluorescence intensity was detected by 
fluorescent enzyme markers at 488 ± 10 and 525 ± 20 nm, after incu
bation at 37◦C to avoid photo-bleaching for 40 min. This protocol is 
consistent with that used in previous research reports (Wang et al., 
2020). The experiment was repeated three times. 

2.5. Detection of antioxidant activity 

Third-instar larvae from each experimental group were collected, 
and the supernatant was removed after crushing. A protein quantifica
tion (TP) assay box (Kemas bright blue method) and assay kits (Nanjing 
Jiancheng) for total antioxidant capacity (T-AOC), superoxide dismut
ase (SOD) (WST-1), glutathione peroxide (GSH-PX) and hydrogen 
peroxide enzyme (CAT) (ammonium niobium nitrite method) were used 
to determine the T-AOC, SOD, GSH-PX and CAT contents in fruit flies. 
The data were analysed using standard methods. The experiment was 
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repeated three times. 

2.6. RT-PCR assay 

After collecting the third-instar larvae from each experimental 
group, 10 larvae were collected in 1.5 ml tubes, and three tubes were 
collected each time. Samples were ground after being frozen in liquid 
nitrogen, and total RNA was extracted using the TRIzol method (Invi
trogen). Then, the RNA was reverse transcribed into cDNA using a 
reverse transcription kit with Prime ScriptTM RT Master Mix (TaKaRa). 
Using SYBR Premix Ex Taq II Kits (TaKaRa) and a Light Cycler 480 II 
Fluorescence Quantitative PCR Instrument (Roche), the relative 
expression levels of heat stress-related genes (hsp22, hsp26, hsp70), hu
moral immune system-related genes (AttC, TotC, TotA), oxidative stress- 
related genes (DuoX, sod1, sod2, cat) and key insulin/TOR and ecdys
teroid signalling pathway genes (InR, Eip74B, Sad, Dilp2, Dilp3) were 
detected. In this study, rp49 was selected as the internal gene. Ampli
fication was performed with the two-step method, a TM value of 55◦C, 
and 40 cycles, and the results were calculated by the 2-△△Ct value, 
which was repeated three times in the experiment. The primer sequence 
is shown in Supplementary Table 1 below. 

2.7. Analysis of microbial community of flies 

The same number of long-term-exposed third-instar larvae was 
collected in centrifuge tubes (50 larvae per tube, 6 repetitions per 
group). The larval surface was washed with 70% alcohol, washed three 
times with PBS, frozen in liquid nitrogen and stored in a refrigerator for 
later use. The bacterial DNA of third-instar larvae was extracted by a 
FastDNA® Spin Kit for Soil (MP Biomedicals, US) bacterial DNA 
extraction kit following the sequencing company protocols. The ampli
fication primers 338F (ACTCCACGGGAGGGAGCAG) and 806R 
(GGACTACHVGGGTWTCTAAT) for the 16S rRNA gene in the V3–V4 
highly variable region were selected. Then, 16S amplification 
sequencing was carried out by Shanghai Meiji Biopharmaceutical 
Technology Co., Ltd., on the MiSeq PE300 platform. 

For microbiome data analysis, FASTP was used to further filter raw 
data containing adapters or low-quality reads (https://github.com/Op 
enGene/fastp, version 0.20.0). Splicing was performed using FLASH 
(http://www.cbcb.umd.edu/software/flash, version 1.2.7) with a min
imum overlap length of 10 bp, and the maximum mismatch allowed for 
the overlap area of the stitching sequence was 0.2. Using the UCHIME 
algorithm to search for “Clean” in the reference database, execution 
based on the combination of reference checks (http://drive5.com/ 
uparse/, version 7.1) was performed to remove all nested labels, and 
finally, the resulting valid label was used for further analysis. The 
comparison threshold was set to 70% for each sequence using RDP 
Classifier (http://rdp.cme.msu.edu/, version 2.2) to classify the species 
according to the Silva 16S rRNA database (v138). 

2.8. Statistical analysis 

The experimental data were analysed by using IBM SPSS 20 Statistics 
and ORIGIN 2021 software. The averages of each set were analysed 
using one-way ANOVA, and the LSD method was used to test for sig
nificance. P < 0.05 represents a statistically significant difference (”*” 
0.01 < P < 0.05; "**"P < 0.01). 

3. Results 

3.1. Effect of long-term RF-EMF on the development of flies 

After long-term RF-EMF exposure of female and male flies during 
mating, the number of offspring, the pupation percentages in the first 3 
days, the total eclosion rate, the eclosion rate in the first 2 days and the 
mean development time were analysed. It was found that under long- 

term 3.5-GHz RF radiation conditions, the number of pupae and the 
pupation percentages in the first 3 days showed significant increases 
(Fig. 1A and B), the overall eclosion rate was not significantly changed 
(Fig. 1C), and the eclosion rate in the first 2 days was significantly 
increased (P < 0.05) (Fig. 1D). In addition, the mean developmental 
time was reduced by 10.70%, 11.98% and 13.79% in the E0.1 group, E1 
group, and E10 group, respectively (Fig. 1E). Long-term radiofrequency 
radiation promotes the development of fruit flies, and the effect is sig
nificant under 10 W/m2 conditions. 

3.2. Effect of long-term RF-EMF on heat stress responses and humoral 
immunity in third-instar larvae 

Thermal stress is one of the main ways in which radiofrequency ra
diation affects organisms, so we explored the relative expression of the 
key heat stress genes hsp22, hsp26 and hsp70 and key humoral immune 
system genes AttC, TotC and TotA under exposure to long-term RF ra
diation. The results showed that the hsp22, hsp26 and hsp70 genes 
showed significant increases in E0.1, E1 and E10 (p < 0.01) compared to 
the control group (Fig. 2A). In the humoral immune system, the AttC 
gene showed significant increases in E0.1, E1 and E10 (p < 0.01) 
compared to the control group, and the Turandot family genes TotC and 
TotA, which encode humoral immune factors, showed significant in
creases in E0.1, E1 and E10 (p < 0.05) (Fig. 2B). Long-term radio
frequency radiation enhances the thermal stress response and humoral 
immune system in third-instar fruit fly larvae. 

3.3. Effect of long-term RF-EMF on oxidative stress in third-instar larvae 

Oxidative damage is considered to be another important way that 
radio frequency radiation can cause harm to the body. This study 
explored the relative expression level of the DuoX gene, which induces 
ROS, the sod1 and sod2 genes encoding SOD and the cat gene encoding 
CAT and explored ROS levels, T-AOC, CAT activity, SOD activity and 
GSH-PX activity. The results showed that the DuoX gene was signifi
cantly decreased in the E1 and E10 groups (p < 0.01), and the sod1 gene 
was significantly increased in the E0.1 group and E1 group and signif
icantly decreased in the E10 group (p < 0.0 1). The sod2 gene showed 
significant increases in the E0.1 and E10 groups (p < 0.01), while the cat 
gene showed significant increases in the E0.1 and E10 groups (p < 0.05) 
(Fig. 3A). Compared to the control group, there were no significant 
differences in ROS levels in E0.1, E1 and E10 (Fig. 3B) and no significant 
changes in the T-AOC average (Fig. 3C). CAT activity significantly 
increased in E0.1, E1 and E10 (p < 0.01) (Fig. 3D), SOD activity showed 
a significant increase in E0.1, E1 and E10 (p < 0.05) (Fig. 3E), and GSH- 
PX vitality showed a significant decrease only in E1 and E10 (p < 0.01) 
(Fig. 3F). Therefore, long-term radiofrequency radiation may enhance 
enzyme activity by regulating the relative expression of key genes, 
removing oxidative free radicals, and enhancing the antioxidant stress 
system in third-instar larvae. 

3.4. Effect of long-term RF-EMF on the microbial community in third- 
instar larvae 

The variation in microbial community structure in third-instar larvae 
after long-term exposure to RF-EMF was analysed by 16S rDNA 
sequencing, and 1 domain, 1 kingdom, 23 phylums, 41classes, 94 orders, 
139 families, 204 genuses, 252 species, and 291 OTUs were detected. In 
comparison to the control group of fruit flies, principal coordinate 
analysis (PCoA) showed that the three biological repetitions in the four 
groups could be well grouped into one group (Fig. 4A), and the results of 
the α diversity analysis showed that radiofrequency electromagnetic 
radiation had a significant effect on the microbiome of fruit flies 
(Table 1). The species abundance of bacteria and the Venn diagram of 
the core OTUs of the fruit flies exposed to different radiofrequency ra
diation intensities show a significant difference in microorganisms after 

Y. Wang et al.                                                                                                                                                                                                                                   

https://github.com/OpenGene/fastp
https://github.com/OpenGene/fastp
http://www.cbcb.umd.edu/software/flash
http://drive5.com/uparse/
http://drive5.com/uparse/
http://rdp.cme.msu.edu/


Environmental Pollution 294 (2022) 118646

4

radiofrequency electromagnetic radiation exposure and significant dif
ferences in the total number of species (Fig. 4B). For the relative 
abundance of species at each classification level, compared with the 
control group, at the phylum level, the effects of RF electromagnetic 
radiation in the E0.1 and E1 groups were to promote Proteobacteria and 
inhibit Firmicutes (Fig. 4C). At the class level, the effects of RF elec
tromagnetic radiation were to promote Alphaproteobacteria and inhibit 
Gammaproteobacteria (Fig. 4D). At the family level, the effects of RF 
electromagnetic radiation were to promote Anaplasmataceae and 

inhibit Pseudomonadaceae, Alcaligenaceae and Burkholderiaceae 
(Fig. 4E). At the genus level, the effects of RF electromagnetic radiation 
were to promote Wolbachia, Pseudomonas and Achromobacter 
(Fig. 4F). Species difference analysis revealed microorganisms with 
significant differences between the RF-EMF and control groups under 
different exposure intensities and showed that the abundance of Pseu
domonas, Ralstonia, Burkholderia-Caballeronia-Paraburkholderia and 
Dyella significantly decreased under different exposure intensities 
(Supplementary Fig. 1). 

Fig. 1. Effects of long-term exposure to 3.5 GHz (0.1 W/m2, 1 W/m2 and 10 W/m2) RF-EMF on flies. (A) The pupa number in the C, E0.1, E1 and E10 groups of F1 
flies. (B) Pupation percentages in the first 3 days. (C) The overall eclosion rate. (D) Eclosion rate in the first 2 days. (E) Mean development time. Values represent 
mean ± SEM. (*, 0.01 < p < 0.05; **, p < 0.01). 

Fig. 2. Effects of long-term exposure to 3.5 GHz (0.1 W/m2, 1 W/m2 and 10 W/m2) RF-EMF on heat responses and the immune system in L3 larvae. (A) Changes of 
hsp22, hsp26 and hsp70 gene expression in F1 L3 larvae. (B) Changes of AttC, TotC and TotA gene expression in F1 L3 larvae. Values represent mean ± SEM. (*, 0.01 <
p < 0.05; **, p < 0.01). 
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The results of functional phenotype prediction showed a significant 
increase in the Acetobacter and Lactobacillus genera in the gram- 
positive and gram-negative groups (Fig. 5ABC). The functional predic
tion results also showed that the COG functional composition of all 
samples was similar to that of the species. All bacteria in fruit flies had 
increased cellular processes, replication, repair, transcription and 
translation functional abundance, while RNA synthesis, energy pro
duction and conversion, lipid transport and metabolism, carbohydrate 
transport and metabolism, signalling and defence mechanisms were 
associated with reduced functional abundance (Fig. 5D). Long-term RF- 
EMF affects the species abundance and diversity of the microbial com
munity in fruit flies and affects the structure and function of the flora, 
with obvious differences between Bacillus acetate and Lactobacillus. 

3.5. Effect of long-term RF-EMF on insulin/TOR and the ecdysteroid 
signalling pathways in third-instar larvae 

Changes in the microbiome affect fruit fly development by regulating 
the insulin/TOR and ecdysteroid signalling pathways, and this study 
analysed the relative expression levels of the key genes InR, Eip74B, Sad, 
Dilp2 and DILP3. The results showed that in third-instar larvae, the InR 
gene decreased significantly under radiofrequency radiation conditions 
compared to the control (p < 0.01) (Fig. 6A), the Eip74B gene showed a 
significant increase in the E10 group (p < 0.01) (Fig. 6B), and the Sad 
gene showed significant increases in the E1 and E10 groups (p < 0.01) 
(Fig. 6C), and the Dilp2 and Dilp3 gene showed significant increases 
(Fig. 6DE). In summary, 3.5 GHz radiofrequency radiation can affect the 
insulin/TOR and moulting hormone signalling pathways in third-instar 
larvae. 

4. Discussion 

With the continuous development of global 5G, the impact of 5G RF- 
EMF on health has attracted great attention, but there has been little 
research and its mechanism is unclear. This study selected a main Chi
nese frequency band of 3.5 GHz to simulate its radiofrequency radiation 
environment and to investigate the development of fruit flies under 3.5 
GHz RF-EMF. 

Regarding the effects of RF-EMF on fruit flies’ development, a recent 
study showed that mobile phone radiation will reduce the hatching rate 
of fruit flies. Electromagnetic radiation may be an emerging factor 
(Balmori, 2021). However, there are also studies suggesting that 
high-frequency RF-EMF can delay the development of fruit flies (Atli and 
Unlu, 2006). In our study, it was found that long-term RF radiation 
exposure significantly increased the developmental rate of the first three 
days of fruit fly offspring. The feathering rate in the first two days also 
significantly increased, and the average development time was reduced, 
indicating that long-term 3.5 GHz RF-EMF promote the development of 
fruit flies. 

Long-term exposure to RF-EMF may induces an environmental stress 
response, and the most common physiological response is an increase in 
the expression of heat shock proteins (HSPs) (Colinet et al., 2010). It has 
been reported that RF-EMF exposure significantly increases the gene 
expression levels of the heat shock protein (Hsp) and thermal shock 
transcription factor (Hsf) families (Ohtani et al., 2016). Previous studies 
have also found that RF-EMF significantly increases the relative 
expression levels of hsp22, hsp26 and hsp70 genes in fruit flies (Zhang 
et al., 2021). In our study, we also found that the hsp22, hsp26 and hsp70 
genes in larvae significantly increased, enhancing the thermal stress 
response. And the same time, the changes of hsp70 gene were 
dose-dependent. HSP70 is one of the most easily induced cell protection 
proteins under stress conditions and has been found in many animal 

Fig. 3. Effects of long-term exposure to 3.5 GHz (0.1 W/m2, 1 W/m2 and 10 W/m2) RF-EMF on oxidative stress in L3 larvae. (A) Long-term exposure to 3.5 GHz (0.1 
W/m2, 1 W/m2 and 10 W/m2) RF-EMF affected the expression levels of the DuoX, sod1, sod2 and cat genes in L3 larvae. (B) The change in ROS levels in F1 L3 larvae. 
(C) The change in the total antioxidant capacity (T-AOC). (D) The change in CAT. (E) The change in SOD enzyme activity. (F) The change in GSH-PX enzyme activity. 
Values represent mean ± SEM. (*, 0.01 < p < 0.05; **, p < 0.01). 
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Fig. 4. Microbiome analysis of 16S rDNA sequencing data from control Drosophila (C) and exposed Drosophila (E). (A) Principal coordinate analysis of samples from 
four groups, n = 3. (B) Prediction of species composition level similarity with a Venn diagram. (C) Microbiome analysis performed at the phylum level. (D) 
Microbiome analysis performed at the class level. (E) Microbiome analysis performed at the family level. (F) Microbiome analysis performed at the genus level. 

Table 1 
α diversity indices statistics.  

Sample Name shannon P simpson P ace P chao P 

C 1.31 ± 0.10  0.41 ± 0.040  116.01 ± 2.33  117.04 ± 3.37  
E0.1 0.72 ± 0.05 ** 0.70 ± 0.02 ** 122.89 ± 10.51 n. s. 90.68 ± 2.85 * 
E1 1.052 ± 0.09 n. s. 0.53 ± 0.04 n. s. 87.11 ± 5.53 * 79.22 ± 4.30 ** 
E10 1.19 ± 0.09 n. s. 0.46 ± 0.05 n. s. 85.49 ± 10.00 * 79.68 ± 11.51 ** 

Note: * indicates that the difference between the exposure and control groups is significant, 0.01 < P < 0.05; ** indicates that the difference between the exposure and 
control groups is significant, P < 0.01; n. s. means that the difference is not significant. 
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experiments to respond to RF-EMF (Lee et al., 2005) (Gaestel, 2010). 
HSP70 is a biomarker considered to be a systemic inflammatory 
response to radiofrequency radiation (Balakrishnan et al., 2014), and 
changes or imbalances in HSP70 that trigger stress in the body (Othman 
et al., 2021), cause the body’s immune system to respond. 

There are 8 Turandot family genes in humoral immunity of flies, all 
of which can be induced by various stress conditions, such as thermal 
stress, bacterial infection or ultraviolet radiation, and they can improve 
the stress resistance of flies (Ekengren and Hultmark, 2001), but the 
mechanism by which they enhance immunity is unclear. TotA enhances 
the high-temperature resistance of fruit flies (Mahapatra and Rand, 
2012), and TotC encodes a protein expressed in the body in response to 
stress through the JAK-STAT pathway. In addition, AttC is one of the key 
genes involved in the humoral immune system. Our study revealed that 
long-term 3.5 GHz RF-EMF significantly increased the relative expres
sion of the AttC, TotC and TotA genes. 

Under long-term exposure to RF-EMF, the body’s oxidative stress 
systems may have a certain impact. Studies have suggested that the 
effectiveness of radiofrequency radiation-induced oxidative stress 
caused by cell phones and Wi-Fi frequencies can significantly increase 
the levels of intrabrain protein hydroxylization (PC), nitric oxide (NO) 
and propylene dialdehyde (MDA) in exposed rats and increase GSH-Px, 
T-AOC, SOD and CAT levels (Asl et al., 2020). At the same time, RF-EMF 
increases ROS levels in cells to reduce proliferation and increase ageing 
(Choi et al., 2020), but there is evidence that the increase in ROS does 
not occur immediately but with increased exposure time or cumulative 
dose (Liu et al., 2014). The increase in SOD can in turn reduce the in
crease in ROS (Consales et al., 2018). In our study, long-term RF-EMF 
exposure did not induce a significant increase in ROS levels in fruit flies, 
which may be because of an increase in CAT and SOD activity, 
enhancing the ability of the antioxidant stress defence systems in fruit 
flies to remove free radicals. In contrast, the GSH-PX level decreased 
with high-intensity radiation in the exposed fruit flies, which is 

consistent with the results of a former study (Esmekaya et al., 2011). The 
level of Duox gene expression involved in ROS production was also 
significantly decreased under high-intensity conditions, while the 
expression levels of the sod1, sod2, and cat genes were increased, and the 
change in enzyme activity is consistent. In addition, the host’s immune 
response and interference may also lead to a decrease in microbial 
community diversity in fruit flies (Wong et al., 2011). In our study, at the 
Shannon index level, the diversity of microbial flora in the larvae 
exposed to RF-EMF was also relatively low. It is well known that 
compositional changes in the microbiome affect the nutrition and 
development of insects, especially through the number of host fat bodies 
(Martinson and Strand, 2021) (Newell and Douglas, 2014) (Ma et al., 
2015), and microbiome evolution affects the host’s feathering time 
(Arora, Mars Brisbin et al., 2020). It has been reported that Citrobacter 
freundii and Klebsiella oxytoca promote the development and metabolism 
of fruit flies (Gao et al., 2020). 

Previous studies have found that symbiotic bacteria have effects on 
the physiology and development of fruit flies, and Bacillus acetate and 
Lactobacillus are the most common symbiotic bacteria (Storelli et al., 
2011). Animals that can oxidize sugar or ethanol to produce acetic acid 
experience food corruption but enhanced growth and reproduction, and 
this ability can significantly promote the development of larvae (Li et al., 
2017) (Lee et al., 2020). There are also related reports that both Bacillus 
acetate and Lactobacillus significantly shorten the development time of 
fruit flies, indicating that the two bacteria can improve the adaptability 
and promote the growth of fruit flies (Jin et al., 2020). In our study, 
long-term exposure to RF-EMF significantly increased Bacillus acetate 
and Lactobacillus in their microbiome. And Bacillus oriental acetate can 
also increase the number of cell divisions and promote the secretion of 
moulting hormones through the insulin signalling pathway (Li et al., 
2017), which significantly promotes the growth of fruit flies. Both Ba
cillus acetate and Lactobacillus can be coupled with nutritional depen
dence by activating the interaction between the insulin/TOR and moult 

Fig. 5. Microbiome function analysis of 16S rDNA sequencing data from control Drosophila (C) and exposed Drosophila (E). (A) Gram-positive-level microbiome 
phenotypes predicted with Bugbase. (B) Gram-negative-level microbiome phenotypes predicted with Bugbase. (C) The change in Acetobacter and Lactobacillus. (D) 
COG function classification. 
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hormone signalling pathways, and both insulin and TOR play a role in 
the production and entry of moulting steroids through direct coupling of 
nutritional perception in PGs (Layalle et al., 2008). 

Ecdysone has multiple effects on development, including the larval 
moulting period and the metamorphosis period, which control the 
transition period of development. Developmental transformations, such 
as metamorphosis, are controlled by the release of PTTH by the brain 
under the influence of JH, which stimulates PG to produce and release 
ecdysone, which is synthesized in thymus PG cells at the front end of 
larvae or the ring glands of fruit flies. The interaction between the ke
tone and insulin signals explains why the increase in the level of ketone 
inhibits the development of larval tissue, leading to overall decay at the 
end of larval life. Sad, a cytochrome P450-encoding gene involved in 
moulting steroid biosynthesis, can increase the activity of ecdysone 20E 
(Petryk et al., 2003). The InR gene acts as a negative feedback insulin 
receptor that plays a crucial role in the insulin/TOR signalling pathway 
and promotes the production of insulin-like peptide, and the Eip75B 
gene encodes a nuclear receptor whose product regulates eating 
behaviour, fat deposition, and developmental time by responding to the 
NO signalling pathway. Changes in gene expression in larvae stimulate 
growth hormone insulin-like peptides and moulting hormones to in
crease system signals, which in turn increases the growth rate of larvae, 
consistent with previous findings (Tower, 2011). Therefore, RF-EMF 
may act as an environmental stress trigger and lead to microbiome 
changes and further participate in the production of PG moulting ste
roids through the insulin/TOR signalling pathway, thereby regulating 
the development of fruit flies. 

5. Conclusion 

In summary, this study shows that long-term exposure to simulated 
3.5 GHz RF-EMF increases the pupation rate in the first 3 days and the 
eclosion rate in the first 2 days, shortens the mean development time, 
and advances the development of fruit flies. Environmental stress in the 
form of radiofrequency radiation will enhance the stress response and 
immune system of Drosophila (including thermal stress, the antioxidant 
stress system and humoral immune system) and affect the structural 
diversity, abundance and function of the microbial community in larvae. 
Furthermore, the systemic signals and ecdysteroid increases in the in
sulin/TOR and ecdysteroid signalling pathways are stimulated to pro
mote the development of fruit flies. This study reveals the effects of long- 
term radiofrequency radiation on the development of fruit flies and can 
provide a reference with which to understand the health effects of 
electromagnetic radiation. 
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the work reported in this paper. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.envpol.2021.118646. 
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