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Abstract

The interactions of microplastics (MPs) with other chemicals and the range of outcomes are 

of great importance to enhance understanding of their environmental impacts and health risks. 

Cadmium (Cd) and cadmium compounds are widely used as pigments and stabilizers in plastics, 

but they readily leach out. Here we addressed the impacts of MPs, Cd, and their joint exposure 

in a tractable Drosophila melanogaster model. We show that exposure to MPs lead to extensive 

particle size depended gut damage early in life and an enhancement of Cd-induced inhibition 

of locomotor-behavioral function in adult flies. In addition, we show that Cd exposure induces 

epigenetic gene silencing via position-effect variegation (PEV) in somatic tissues that was 

dramatically enhanced by co-exposure with MPs. The results indicate that MPs can aggravate 

the toxicity of other environmental contaminants and induce adverse effects across a range of 

diverse outcomes in a tractable and widely used model organism. These observations raise the 

prospects of using Drosophila as a tool for the rapid assessment of MP-mediated toxicity.
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1. Introduction

Exposure to microplastics (MPs) have raised worldwide concern because of their continuous 

environmental accumulation, global occurrence, and potential health risks. In one route of 

exposure, MP contamination primarily occur in aquatic environments and are transmitted 

through the food chain. Growing evidences have demonstrated that MPs can be ingested by 

various aquatic organisms such as fish (Lu et al., 2016), mussels (von Moos et al., 2012), 
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and zooplankton (Chua et al., 2014). MP can also be ingested by mosquito larvae and 

transfer into the adults (Al-Jaibachi R et al., 2018). Other recent studies found that half of 

the mayfly and caddisfly larvae in rivers contained MPs and the concentration was 0.01-0.04 

MPs mg−1 dry weight (Windsor Fredric M et al., 2018). Therefore, MPs can spread via 

flying insects, contaminating new environments, and threatening other organisms.

Health risks of MP exposure have also been evaluated in model organism such as zebrafish 

and mice. Drosophila melanogaster has made major contributions to biomedical research but 

its use in the context of MP exposure has been limited, despite the organism’s advantages 

as a tractable model system (Meyer et al., 2014; Mirzoyan et al., 2019; Ong et al., 

2015; Prussing et al., 2013; Zamberlan et al., 2020). In addition, it has been suggested 

that MPs can interact with other contaminants potentially acting as chemical carriers and 

influencing their bioaccumulation and toxic effects (Browne et al., 2013; Lu et al., 2018b). 

The interactions of MPs with other chemicals and the outcomes are of great importance to 

enhance the understanding of the environmental impacts and health risks of MP exposure.

Metals are used as pigments, heat stabilizers, and catalysts in plastic materials that come 

in contact with food products (Bakircioglu et al., 2011; Lahimer et al., 2017; Whitt et al., 

2013). MPs with high surface areas and polarity can also adsorb and concentrate metals 

to a much greater extent than natural sediments (Holmes et al., 2012) and may serve as a 

point source of acute metal exposure (Munier and Bendell, 2018). In addition, MPs can act 

as vectors that transport adsorbed metals into organisms thereby changing their exposure 

route and effective dose. For instance, the adsorption of MPs increased the intake of metals 

through dietary pathways, resulting in higher metal accumulation in the digestive tract (Khan 

et al., 2015). However, the outcome of this ability of MPs to act as vectors is still debatable. 

Studies have shown that MPs could change the localization of metals in tissues (Khan et al., 

2015). Release of metals from ingested MPs within tissues could result in elevated exposure 

and downstream impacts through additive or synergistic interactions (Lu et al., 2018a; Qiao 

et al., 2019a). On the other hand, studies have suggested that low-density MPs such as 

polyethylene (PE) MPs could reduce the bioavailability of metals in waters because PE-MPs 

tend to float on the water surface thereby limiting interactions between adsorbed metals 

and aquatic organisms (Chua et al., 2014; Khan et al., 2015). These contradictory studies 

illustrate the uncertainties that still govern our understanding of MPs-metal interactions.

Cadmium (Cd) and cadmium compounds are widely used as pigments and stabilizers in 

plastics such as PE, polyvinyl chloride (PVC), and acrylonitrile butadiene styrene (ABS), 

but they readily leach out (Abhay and Prashant, 2007; Liu et al., 2020; Turner, 2019). Here 

we examined the combined toxicity of MPs and Cd on Drosophila, a tractable model insect 

to evaluate the potential risk of toxicant exposure. To address the issues, we monitored 

an array of outcomes including mortality, locomotor function, and gut damage. We also 

monitored the ability of MPs and Cd to induce epigenetic gene silencing in Drosophila 

models of gene silencing via position effect variegation (PEV). Our results deepen the 

significance of toxicological studies of MPs exposure and highlight their interactions with 

heavy metal toxicants.
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2. Materials and Methods

2.1. Chemicals

The 0.1-μm and 1.0-μm polystyrene plastic beads stock as dispersions (2.5% w/v, 10 mL) 

were purchased from Polysciences Inc. (Warrington, USA). Before the experiment, MPs 

were rinsed with Milli-Q water three times to remove possible contaminants. Cadmium 

chloride (Cd) was purchased from Alfa Aesar (Ward Hill, USA). The stock solution (100 

mM) of Cd was prepared. In addition, the desired amounts of MPs and Cd were mixed and 

pre-incubated for 48 h before the combined Cd+MPs experiments.

2.2. Drosophila stocks

All fly strains and their different developmental stages were maintained at 24 ± 1 °C 

on standard Drosophila food, containing agar, corn meal, sugar, yeast, propionic acid and 

Tegosept. The pre-incubated solution containing MPs or metals was added to the hot food 

solution (> 70 °C), homogeneously mixed, poured into vials (10 mL food for each vial) and 

put into the refrigerator for quick solidification. Four D. melanogaster strains have been used 

in this study. For PEV assays, we scored the progeny of the cross between males of strain y; 
bw; e; ci ey; Ycs (herein labeled Ycs); and females of a strain carrying w[m4h] maintained 

in a background with the Su(var)3-102 (Su(var)3-102/TM3, Sb1 Ser1; w[m4h], Bloomington 

Drosophila Stock Center), as previously described by Lemos et al (Lemos et al., 2010). F1 

males that do not inherit the Su(var) allele display PEV. For gut damage, behavioral, and 

mortality analyses, we used a X^X/0/X^Y strain (herein labelled 995), a X^XY/0/X^Y strain 

(herein labelled CS10) and the Ycs strain described above.

2.3. Survival assay

Freshly hatched CS10 and 995 virgin female flies (not more than 4 h old individuals) were 

respectively placed into each vial (n = 20) and 4 vials for each treatment group. For each 

fly strain, 6 groups were set up: Control group (only standard food), MP(L) group (treated 

food containing 200 μg/mL 1-μm MPs), MP(S) group (treated food containing 200 μg/mL 

0.1-μm MPs), Cd group (treated food containing 1.5 mM Cd), Cd + MP(L) group (treated 

food containing 1.5 mM Cd and 200 μg/mL 1-μm MPs), and Cd + MP(S) group (treated 

food containing 1.5 mM Cd and 200 μg/mL 0.1-μm MPs). Over the course of 7 days, the 

number of alive files was counted every day. The concentration of MPs is based on previous 

toxicological studies about particulate matter on Drosophila (5-200 μg/mL) (Panacek et al., 

2011; Posgai et al., 2011). The concentration of Cd is according to previous toxicity data of 

Cd on Drosophila (0.01-2 mM) (Courgeon et al., 1984; Jacobson et al., 1981).

2.4. Climbing assay

Virgin Ycs females were firstly crossed with Ycs males. Then the mated females were 

transferred to the vials containing treated food and were aged. After 9 days, the adults were 

removed and then the freshly hatched virginal males and females (the first filial generation, 

F1) were separately collected. 20 males and 20 females were respectively placed into new 

vials containing treated food. To evaluate the dose response of Cd on locomotor function, 

flies were exposed to 0, 0.01, 0.1, 0.2 mM Cd added in food. For each gender, 4 vials were 
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used in each dose group. To evaluate the impacts of MPs and Cd on locomotor function, 

6 groups were set up: Control group (only standard food), MP(L) group (treated food 

containing 200 μg/mL 1-μm MPs), MP(S) group (treated food containing 200 μg/mL 0.1-μm 

MPs), Cd group (treated food containing 0.01 mM Cd), Cd + MP(L) group (treated food 

containing 0.01 mM Cd and 200 μg/mL 1-μm MPs), and Cd + MP(S) group (treated food 

containing 0.01 mM Cd and 200 μg/mL 0.1-μm MPs). The concentration of Cd was selected 

based on the above dose-response climbing assay.

After exposure for 7 days, the 20 flies from each vial were transferred to a 250 mL 

graduated cylinder for performing the climbing assay by following a reported protocol with 

slight modification (Madabattula et al., 2015). The top of the cylinder was closed with 

parafilm to prevent the escape of any flies. The cylinder was gently tapped to drop all the 

flies at the bottom of the cylinder. Each trial was conducted for 2 min from the flies were 

last tapped and the number of flies crossed the height of 9.5 cm (90 mL line) of the cylinder 

was recorded at each time point (quantify every 10 sec). The percentage of flies above the 

threshold line was calculated. To avoid error, the height of threshold line on each cylinder 

was individually measured and labeled. Four replicates (20 flies for each replicate) were 

conducted for each group.

2.5. Trypan blue staining

Trypan blue is a dye that has been widely used for selective staining of dead tissues or 

cells (Strober, 2001). Third instar larvae were collected from the F1 generation of flies used 

in above climbing assay. Trypan blue staining was performed on the third instar larvae by 

following a reported protocol with slight modification (Sabat et al., 2016). Four replicates 

(20 larvae for each replicate) were analyzed for each group. All grouping settings were 

consistent with the climbing assay described above. Larvae were washed with PBS (1×) 

solution thoroughly and then were placed on 0.8% agarose (containing 5% sugar and 10% 

trypan blue stain or blue 1 dye used as controls) plates for 30 min. After that the larvae 

were washed thoroughly with PBS again for 15 min. The larvae were finally observed under 

a stereomicroscope (Olympus, Toyo, Japan). The percentage of flies with blue gut staining 

(i.e. presence of gut damage) was calculated in the trypan blue treatment. Blue 1 dye was 

used as a control because it can be visualized in the larvae gut independently of the presence 

of tissue damage.

2.6. PEV assay

PEV is a classic and widely used marker of gene silencing via heterochromatin spreading 

in Drosophila. We evaluated the potential for MPs and Cd to alter epigenetic states in D. 
melanogaster using the classic whitemottled4 (wm4) model of PEV. In the wm4 PEV, the white 
gene for red eye color is moved from its native X-chromosome euchromatic position to a 

location near the heterochromatic X-chromosome centromere. Stochastic expansion of the 

heterochromatin (“variegation”) into the white locus causes gene silencing and produces 

varying numbers of unpigmented ommatidia (eye segments) depending on whether white is 

silenced or expressed. Virgin 6175 females (carrying wm4) were crossed to Ycs males at 

1:1 ratio on normal food for 2-3 days. Mated females (15 individuals) were transferred to 

vials containing treatment or control food. Same treatment groups like the climbing assay 
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were set up. Male offspring manifesting PEV, were collected daily for 4-5 days, aged for 24 

hours, and flash-frozen in liquid nitrogen. For each treatment, 4 replicates were conducted, 

and 16-20 eyes were scored for each replicate using a five-category scale. Eye pigment was 

assessed by removing heads from frozen flies and placing one head per well in an 8-well 

tube strip containing 10 μL 30% acidified ethanol, pH 2. Heads were incubated 24 h and 

1.5 μL of each solution was used to determine the absorbance at 480 nm using Thermo 

Scientific NanoDrop 2000 with a background correction of 750 nm. Each treatment per 

genotype had 8 replicates.

2.7. Statistical analysis

In this study, the experiment was designed with four replicates (n = 20 in each replicate) 

for each group. The results are shown as means ± standard deviation. Data analysis was 

performed using Prism 8.0 software. One-way analysis of variance (ANOVA) followed by 

Tukey’s test was used to address differences across groups. The level of significance was set 

at p < 0.05.

3. Results

3.1. Survivorship upon exposure to MPs and Cd

Exposure to MPs caused no significant changes in survival of either CS10 or 995 compared 

to controls (Figure 1). No changes in wing phenotypes or leg defects were observed. 

Exposure to Cd caused a time-dependent increase in mortality during the experimental 

period compared to the control group. Simultaneously exposure to Cd and MPs did not alter 

the survival of the flies compared to Cd alone. The 995 genotype (XX females) was more 

sensitive to metal toxicity than the CS10 genotype (XXY) females.

3.2. Motor activity (climbing) upon exposure to MPs and Cd

Monitoring of motor activity via the climbing assay has been widely used in Drosophila 

models of neurodegeneration and Parkinson disease. Here, the climbing activity of flies 

was first tested for a range of Cd concentrations (0, 0.01, 0.1, 0.2 mM) (Figure 2). Dose­

response inhibition of climbing activity was observed. Based on these results, the minimal 

concentration of Cd (0.01 mM) was used for the evaluation of the impacts of MPs and Cd 

on locomotor function and other toxic tests. In terms of the determination of locomotor 

function, 100% males and females in the control group successfully crossed the target line 

within 120 s (Figure 3). However, 83% males and 68% females in the MP(L) group and 

80% males and 66% females in the MP(S) group crossed the same distance within the same 

time (Figure 3). There was no significant difference between MP(L) and MP(S) treatment 

groups. For Cd alone group, only 76% males and 61% females could cross the target line 

after exposed to Cd (Figure 3). Compared with Cd alone, Cd+MP(L) significantly decreased 

17% (p < 0.01) and 10% (p < 0.001) climbing activity for males and females, respectively 

(Figure 3). While, Cd+MP(S) decreased 37% (p < 0.001) and 31% (p < 0.001) climbing 

activity for males and females compared with Cd alone. Cd+MP(S) caused further decreased 

of climbing activity than Cd+MP(L) for both males and females (p < 0.001).
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3.3. Gut damage upon exposure to MPs and Cd

Trypan blue staining was used to identify intestinal cell damage in flies exposed to MPs 

and Cd. Positive trypan blue staining was only observed in treatment groups, including 

MPs alone groups, Cd alone group and combined exposure groups of MPs and Cd (Figure 

4A), indicating that these treatments induced gut damage in flies. On the other hand, blue 

1 dye staining can be visualized independently of the presence of dead tissue (i.e., gut 

damage); as expected, blue 1 dye staining observed in both control and treatment groups 

and no significant difference was observed between the groups (Figure 4A). Compared with 

the control, Cd alone exposure caused increased gut damage by 52% (p < 0.001) (Figure 

4B). MPs also caused a certain degree of gut damage. MP(L) and MP(S) increased the gut 

damage rate by 32% (p < 0.001) and 41% (p < 0.001) compared with the control (Figure 

4B). For the combined exposure, Cd+MP(L) and Cd+MP(S) respectively increased the gut 

damage rate by 64% (p < 0.001) and 79% (p < 0.001) compared with Cd alone group 

(Figure 4B).

3.4. PEV upon exposure to MPs and Cd

PEV is a marker of gene silencing via heterochromatin spreading in Drosophila. In this 

assay using the wm4h marker the DNA sequence of a gene remains unchanged but its 

expression at an euchromatin-heterochromatin boundary is modulated by the expansion or 

contraction of neighboring heterochromatin. Here we crossed wm4h virgin females to males 

carrying the Ycs Y-chromosome. The F1 males carrying the wm4h inversion and the Ycs 
chromosome display variegating red eyes due to the ability of Ycs to induce heterochromatin 

contraction and wm4h expression (Lemos et al., 2010). We scored variegation on a scale 

of 1-5, from white to red (Figure 5A). To facilitate statistical analysis, the eye color score 

of 1 to 2 is identified as white, and the eye color score of 3 to 5 is identified as red. The 

percentage of red eye in each group was calculated and the results are shown in Figure 5B. 

Compared with the control, MPs alone did not alter PEV, whereas Cd alone was sufficient to 

induce gene silencing and significantly decreased the red eye rate by 14% (p < 0.001). For 

the combined exposure, Cd+MP(L) and Cd+MP(S) significantly decreased the red eye rate 

by 15% (p < 0.001) and 20% (p < 0.001) compared to Cd alone group (Figure 5B).

Similar trends were also confirmed by measurement red eye pigment (Figure 5C). Compared 

with the control, pigment levels were not significantly changed in the MPs alone treatment 

groups. Cd exposure significantly decreased the pigment level by 37% (p < 0.05) compared 

with the control. For the combined exposure, Cd+MP(L) and Cd+MP(S) significantly 

decreased the pigment level by 64% (p < 0.001) and 74% (p < 0.001) compared to Cd 

alone group.

4. Discussion

It has been documented that both aquatic and flying insects can accumulate MPs in their 

bodies (Al-Jaibachi R et al., 2018; Windsor Fredric M et al., 2018). However, the outcomes 

of MPs accumulation are unclear. The fruit-fly Drosophila melanogaster has been widely 

used a model organism in biomedical research (Mirzoyan et al., 2019; Prussing et al., 2013), 

partially due to its short life cycle, fully sequenced genome, and extensive gene conservation 
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with humans and mouse. Indeed, with over 70% of the disease causing human genes also 

present in fruit flies, this model organism has also been used to evaluate outcomes of 

exposure to heavy metals (Guan et al., 2019) and particulate matter (Vecchio, 2015). To our 

knowledge, this is the first study to evaluate the toxicity of MPs in a Drosophila model.

Here we showed that gut health and motor activity were significantly disrupted by MPs 

exposure. Exposure to MP (L) for 7 days reduced climbing activity of male and female 

flies by 17% and 32%, respectively. Exposure to MP (S) for 7 days reduced climbing 

activity of male and female flies by 20% and 34%, respectively. These results indicated 

that locomotor functions were affected by MPs exposure. On the one hand, maintaining the 

locomotor functions of insects need sufficient energy supply, with MPs exposure possibly 

disrupting feeding behavior and energy metabolism. For instance, it has been reported 

that MPs can alter feeding and reduce energy allocation of oysters (Sussarellu et al., 

2016). Similarly, MPs exposure affects feeding behavior of fish (Mattsson et al., 2015) 

and disrupts energy metabolism of fish (Lu et al., 2016) and mice (Deng et al., 2017). 

On the other hand, locomotor functions are also regulated by the nervous system. It is 

documented that MPs exposure induces neurotoxicity and motor behavior of seabass and 

nematode (Barboza et al., 2018b; Le et al., 2018). According to these studies, AChE 

inhibition, lipid peroxidation and damage affects neurons involved in motor modulation 

(such as cholinergic and GABAergic neurons) thereby contributing to neurotoxicity. Thus, 

MPs induced locomotor defects in Drosophila might have partially emerged from impaired 

energy metabolism or malfunctioning of neural connections.

Ingestion and transit of MPs in the gut has been demonstrated in animals as diverse as fish 

(Tanaka and Takada, 2016), mussels (von Moos et al., 2012), mice (Deng et al., 2017), and 

insects (Al-Jaibachi R et al., 2018). Here we documented a positive trypan blue staining 

in the gut of D. melanogaster larvae exposed to MPs. Trypan blue is a negatively charged 

dye that only stains cells with a compromised cell membrane, hence indicating cell death 

(Strober, 2001). Our results suggested that exposure to MPs cause significant gut damage 

in Drosophila larvae. On the one hand, the gut damage may be attributed to scratch or 

friction of the digestive tract by MPs (Choi et al., 2018). On the other hand, MPs could 

induce the generation of reactive oxygen species (ROS) and trigger oxidative stress (Avio 

et al., 2015), which may subsequently result in inflammation in the tissues. This is possibly 

why MP(S) with a larger specific surface area than MP(L) caused more severe gut damage 

in this study. Our previous studies also have demonstrated that ingestion of MPs generates 

reactive oxygen species (ROS), results in oxidative stress, and causes intestinal inflammation 

and increased intestinal permeability (Lu et al., 2016; Qiao et al., 2019b). In addition, the 

damage of digestive tract could disrupt nutrient absorption and energy harvesting (Fandriks, 

2017), which may explain the disruption of energy metabolism mentioned above.

Although there are few studies to which our results can be directly compared, Drosophila 
has been established as a successful non-mammal model organism with minimal ethical 

issues for the risk assessment of nanomaterials (Ong et al., 2015), which can provide us with 

meaningful lessons. For instance, dietary uptake of carbon nanomaterials (e.g. C60, carbon 

black, and single-walled and multiwalled nanotubes) in Drosophila was linked to locomotor 

impairment and higher mortality (Liu et al., 2009). Exposure to silver nanoparticles 
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could cause developmental and reproductive toxicity (Panacek et al., 2011) and behavioral 

abnormalities such as poor crawling and climbing ability (Raj et al., 2017b). Furthermore, 

particle size significantly influenced the toxic effects of nanomaterials on Drosophila (Raj 

et al., 2017a). Here, we confirm that smaller MPs lead to significantly more severe gut 

damage than larger MPs based on the higher percentage of larvae stained with trypan blue. 

Smaller MPs also lead to a significantly greater reduction in climbing ability of adult flies. 

As mentioned above, the smaller MPs with larger specific surface area could induce more 

oxidative stress. Furthermore, the smaller MPs especially nanoplastics (NPs) have higher 

potential to enter internal circulation through digestive tract and cause more severe damage 

(Browne et al., 2008). The smaller MPs also have higher interaction with cell membranes, 

which may change the membrane structure and pose a threat to the function of the cell (von 

Moos et al., 2012; Wu et al., 2019). Hence, more studies are advocated to characterize the 

interaction of MPs with cell membranes to better understand the chemical basis of MPs 

toxicity in cells and organisms.

Furthermore, compared with Cd alone, combined exposure of MPs and Cd caused 

aggravated toxicity manifested by reduced climbing activity and increased gut damage. 

Given that MPs alone or Cd alone could both individually cause these toxicities in 

Drosophila, the coexposure of the two contaminants may induce additive or synergistic 

effects. The possible mechanism is that MPs could transport Cd into tissues and locally 

release the metal, causing enhanced toxicity (Lu et al., 2018b). Similarly, our recent study 

found that co-exposure of MPs and copper could induce synergistic effects on zebrafish, 

as suggested by alterations in the biomarkers of malonaldehyde (MDA) and superoxide 

dismutase (SOD) in the liver and gut (Qiao et al., 2019a).

It is also interesting that MP co-exposure with Cd caused significantly enhanced gene 

silencing in models of PEV that manifested the phenotype in the adult eye. The enhanced 

gene silencing caused by the combined MP-Cd exposure may be due to an increase in 

uptake or tissue accumulation of Cd upon co-exposure with MPs. This observation is 

in agreement with suggestions that MPs can adsorb and transport metals into tissues 

which might increase the bioaccumulation of metals and induce higher toxicity (Barboza 

et al., 2018a; Barboza et al., 2018b; Lu et al., 2018b). This has been confirmed by 

the epigenetic alterations we observed here. While MPs did not by itself alter PEV, it 

substantially enhanced gene silencing due to Cd exposure. PEV emerges from leakage 

of epigenetic modifications, such as DNA methylation and histone acetylation (Zhou et 

al., 2012), from heterochromatin to nearby euchromatin. Cd has been linked to epigenetic 

alterations, such as chromatin condensation in rat lung epithelial cells (Hart et al., 1999), 

DNA hypermethylation in human cell lines (Benbrahim-Tallaa et al., 2007), and altered 

histone modifications in human urothelial cells (Sanders et al., 2014). Our results identify 

Cd as a strong enhancer of variegation, which is further potentiated by co-exposure with 

MPs

5. Conclusion

Plastics are a global problem with exposure to microplastics an emerging health concern. 

However, the impact of microplastic exposure is not self-evident and exploring the landscape 
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of MP exposures and their possible outcomes remains a challenge. Drosophila melanogaster 
is an exceptional model for both mechanistic interrogation and screening approaches, but 

it has been underutilized in environmental health research despite the availability of a 

plethora of assays and screening endpoints. Here, we conducted a series of experiments 

to address the consequences of microplastic and cadmium exposure across a number of 

outcomes. The results reveal interactions between these contaminants, causing microplastic 

size-depended gut damage early in life, inhibition of locomotor-behavioral function in adult 

flies, and epigenetic gene silencing in somatic tissues. Moreover, the presence of MPs 

induces aggravated toxic effects of Cd manifested by significantly reduced climbing activity 

and increased gut damage, as well as epigenetic gene silencing in somatic tissues as revealed 

by PEV assays. We envision that Drosophila is likely to serve as a key organism to facilitate 

assessments of MP-mediated toxicity and interactions with other ubiquitous contaminants.
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Figure 1. 
Survivorship of Drosophila exposed to MPs and Cd. (A, B) Survival curves of two 

genotypes [X^XY females (CS10) and X^X females (995)] exposed to MP and/or Cd. 

Data were collected every 24h for 7 days. (C, D) Survival on the 7th day for Cd and/or MP 

treatments. Bars with different letters are significantly different (ANOVA and Tukey's tests, 

p < 0.05). Four vials with 20 flies in each vial were used for each treatment and genotype.
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Figure 2. 
Dose response curves of Cd exposure on climbing ability in Drosophila. Four vials with 20 

flies (Ycs genotype) for each vial were used for males (A) and females (B).
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Figure 3. 
Climbing ability of Drosophila exposed to MP and Cd. Four vials with 20 flies in each vial 

were used for each group. Climbing ability of (A) male and (B) female flies (Ycs genotype) 

exposed to MP and/or Cd. (C) Climbing ability of (A) male and (B) female flies exposed 

to MP and/or Cd at the end of the experiment. Bars with different letters are significantly 

different (ANOVA and Tukey's tests, p < 0.05).

Zhang et al. Page 15

Sci Total Environ. Author manuscript; available in PMC 2021 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Gut damage in 3rd instar larvae exposed to MP and Cd. (A) Blue 1 dye is present in the gut 

of larvae (Ycs genotype) of both control and treatment groups (MP and/or Cd). Trypan blue 

staining of damaged tissue was only observed in treated larvae (presence of gut damage). No 

sign of tissue damage was observed in the control larvae. (B) Percentage of gut damage in 

larvae after exposure to MP and/or Cd. Bars with different letters are significantly different 

(ANOVA and Tukey's tests, p < 0.05).
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Figure 5. 
Gene silencing via position effect variegation (PEV; wm4h) in Drosophila exposed to MP 

and Cd. (A) Representative images showing eye pigment scores. (B) Distribution of eye 

pigment scores after exposure to MP and/or Cd. (C) Eye pigment measurement for flies after 

exposure to MP and Cd. Bars with different letters are significantly different (ANOVA and 

Tukey's tests, p < 0.05).
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