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Abstract 12 

Lead pollution poses a threat to the survival of animals, plants and humans. Environmental pollution 13 

conversion with insects is a new type of environmental management. Housefly (Musca domestica) may 14 

be an efficient, economical, and safe choice for lead pollution control. However, this needs to make 15 

sure that houseflies are strongly resistant to lead contamination. In this study, housefly larvae, pupae 16 

and adult growth parameters and adult fecundity under lead treatment were counted, and changes in 17 

digestive enzyme activities and gene expression levels were detected to comprehensively analyze the 18 

tolerance of housefly to lead exposure. As a result, lead accumulated in the larvae under 5000 mg/kg 19 

lead treatment and caused a decrease in the survival rate of the larvae, extension of the developmental 20 

duration, decrease of the body weight, and dynamic changes in oviposition dynamics. The total sugar 21 

and total protein content of the larvae decreased, while the amylase and trypsin activities decreased, the 22 

total lipid content increased, and the lipase activity increased, the expression of all digestive enzyme 23 

genes changed. 20 mg/kg lead treatment has no significant effect on the growth and development of 24 

housefly. In conclusion, lead exposure mainly affected the growth rate of larvae and adult fecundity by 25 

affecting the efficiency of housefly nutrient accumulation. 26 
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Introduction 30 

Natural and human activities could cause the accumulation of heavy metal in environment, 31 

some heavy metals, like cadmium, nickel, arsenic, chromium and lead are increasing to hazardous 32 

level for humans, plants, and animals. Lindqvist (1992) has proved that, presence of heavy metal 33 

accumulation is found in insects feeding on diet supplemented with either or all three of heavy 34 

metal cadmium, copper, and zinc. Some heavy metals are essential elements, like copper and zinc, 35 

they are bound to cytoplasmic metallothionein in the midgut of many organisms, but in high 36 

concentration they can be toxic (Jensen and Trumble 2003). Heavy metals in insect significantly 37 

affect its’ growth (Warrington 1987), mortality rate (Safaee et al. 2014), and physiology (Fountain 38 

and Hopkin 2001). Thus, life table enables a more comprehensive study of insects’ growth and 39 

development under presence of heavy metal.  40 

Exposure of insect to heavy metals for long time can be harmful to itself (Plachetka-Bozek et al. 41 

2018). Insect feeding in cadmium contaminated areas would accumulate high level of cadmium 42 

and suppress its growth and development (Li et al. 2018). Accumulation of heavy metal in insect 43 

organisms affects their development, and lead ions are capable of binding to cellular enzymes that 44 

induce metamorphosis in insect, destroying mitochondrial cristae and thus reducing synthesis of 45 

ATP. In addition, lead shows a negative effect on production of growth hormones (Safaee et al. 46 

2014). Level of nutrient accumulation in larvae stage determined rate of successful pupation and 47 

fledging. Many Diptera’s larvae inhabit dead leaf litter and upper soil layers in pupal stage, which 48 

serves as transition time between adult and larvae and can play a mediating role in the transport 49 

and accumulation of pollutants (Shulman et al. 2017). 50 

Mating and fertility of insect are easily affected by toxic substances like heavy metals, for 51 

instance, cadmium can reduce frequency and duration of female adult chriping to affect mating 52 

(Cao and Wei 2016). Oviposition of insect decrease when exposed to cadmium (Cervera et al. 53 

2004; Jiang and Yan 2017). In addition, cadmium exposure causes a general necrosis and 54 

morphological alteration of oocytes and distortion of chromatin material, thereby damaging the 55 

female gonads of Blaps Polycresta (Osman et al. 2015). The mating incubation of another insect, 56 

Drosophila melanogaster, is prolonged by cadmium (Hu et al. 2019). This suggests that cadmium 57 

may affect the mating behavior of insect, even in remote insect species with distinct mating 58 
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systems, however, effects of cadmium on reproduction of insect are not clear.  59 

Insect contain different digestive enzymes that catalyze the hydrolysis of food. These enzymes 60 

vary depending on insect's diet and physiological state. Insects and other heterotrophs can 61 

hydrolyze complex macromolecules in food and convert them into simple molecules that can be 62 

absorbed by organism (Rossi et al. 2009). 63 

α-amylase is a glycosyl hydrolase that breaks down the α-1,4 glycosidic bonds within the linear 64 

chain of maltpolysaccharides, which is the main digestive enzyme in the first step of 65 

maltopolysaccharide digestion, ultimately producing maltose, maltotriose and residual branched 66 

maltodextrins. These molecules are further hydrolyzed by α-glucosidase to glucose (Da Lage 67 

2018). Lipase serves as the enzyme for absorption, storage, and utilization of lipids in insect, 68 

providing energy supply for growth, development, reproduction and metabolism of exogenous 69 

substances (Horne et al. 2009). Insect rely on several types of proteases for protein digestion, with 70 

trypsin playing an important role. Both herbivorous and carnivorous insects can process proteins 71 

in food to obtain amino acids they need. Therefore, a set of proteases classified by molecular 72 

structure and biochemical properties exist for insect (Terra and Ferreira 2012). 73 

Digestive enzyme of insect can be affected by many conditions. Plant extracts of Artemisia 74 

annua L. (Asteracea) can significantly decrease activity of digestive enzymes and cellular immune 75 

reactions in Eurygaster integriceps (Zibaee and Bandani 2010). When treated with botanical 76 

insecticides and bacterial toxins, activities of the digestive enzymes in Cnaphalocrocis medinalis 77 

larvae are affected individually and in combination (Nathan et al. 2006). Physical factors were 78 

also reported, protease, amylase and invertase enzyme activity were adversely affected in 79 

irradiated larvae of Ephestia cautella (Boshra 2007). 80 

Houseflies (Musca domestica) rarely exhibit ill effects when are chronically exposed to adverse 81 

environmental conditions (Tang et al. 2011). While the growth of most insects are hindered by 82 

multiple types of stresses, such as starvation, unsuitable temperature, bacterial and hazardous 83 

metal challenge (Coulson and Bale 1990; Tiwari et al. 1997; Hicks et al. 2004; Wang et al. 2006; 84 

Larrain and Salas 2008; Zhang et al. 2012; Kjærsgaard et al. 2015). A variety of immune response 85 

mechanisms are reported to function during stress response in houseflies, including cytochrome 86 

P450 (CYP), heat shock proteins (HSPs), metallothioneins (MTs) (Lin and Scott 2011; Tang et al. 87 

2011; Tian et al. 2018). HSPs participate in physiological activities, especially in stress (King and 88 
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MacRae 2015). The expression of MdomHSP70 level was affected by insecticide dimethoate and 89 

alkilobenzene sulfonate in a dosage effect, in addition, MdomHSP70 could be induced by heat 90 

shock, Cd stress and bacterial challenge (Pyza et al. 1997; Tang et al. 2012). But the expression of 91 

MdomHSP27 was markedly down-regulated in 4-day-old housefly larvae that were starved for 6 h 92 

(Tian et al. 2018). Other studies have shown that housefly express stress proteins, such as MTs, 93 

which can alter the capacity of the cytoprotective systems for survival when face cadmium stress 94 

and heat shock (Ivanina et al. 2009; Tang et al. 2011). Indeed, housefly turn to be a good model 95 

organism to study the physiological and biochemical changes in insect resistance (Bayne and 96 

Sohal 2002). 97 

Therefore, objects of this study were to (i) understand effects of lead on the larval, pupal, and 98 

adult stages of housefly, (ii) evaluated their physiological status, and (iii) find out effect of lead on 99 

nutrient accumulation of larvae under lead stress. Ultimately, data accumulated could help in 100 

better understanding on basic theory on insect resistant to heavy metal stress. 101 

Material and Methods 102 

Insect Rearing 103 

M. domestica were obtained from a laboratory of Hubei International Cooperation Base for 104 

Waste Conversion by Insects, Huazhong Agricultural University (30°29′N, 114°22′E). 105 

Adults in cages (40 × 40 × 40 cm) were maintain at 25 ± 2 ℃, 13L: 11D photoperiod and 60 ± 5% 106 

relative humidity. Adults’ diet were water, sugar and milk powder. Wet wheat bran (50 mL water 107 

per 25 g wheat bran) was used to collect eggs. Larvae were fed on wet wheat bran, too. Pupae 108 

were collected in a plastic box (11.5 cm in diameter, 5.5 cm high) before putting in an adult cage.  109 

Experiment 110 

Experimental larvae were fed on lead polluted diet. Analytical pure sample of Pb(NO3)2 was 111 

purchased from Sinopharm Chemical Reagent Co., Ltd. Lead concentration in wheat bran diet was 112 

0, 20, 1000, 3000, 5000, and 10000 mg/kg, respectively. 113 

Development of M. domestica 114 

Lead concentration in wheat bran diet was 0, 20, 1000, 3000, 5000, and 10000 mg/kg, 115 
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respectively. Repeat in three sets of 100 newly hatched larvae were inoculated for every treatment. 116 

The numbers of survival larvae, pupae and adults were recorded during the subsequent 117 

observation. According to Tylko et al. (2005), effects of lead at concentrations of 0, 20, and 10000 118 

mg/kg on development of larvae and pupae, and on fecundity of adults were double checked. 119 

Nutrient constituent of larvae 120 

Lead concentration in wheat bran diet was 0, 20, and 5000 mg/kg, respectively. Repeat in four 121 

sets of 100 newly hatched larvae were inoculated. 4-day-old larvae were sampled. All larvae were 122 

washed 3 times with ultrapure water, dried with absorbent paper, weighed for fresh weight, put in 123 

individual tubes, and kept in liquid nitrogen for 5 minutes. Larvae samples were stored at -80℃. 124 

Total sugar content was measured referring to Wang et al (2007). Total fat content was 125 

measured referring to Folch et al. (1957). Total protein content and triglyceride level were 126 

measured by using Quantitative Test Kits (Nanjing Jiancheng Bioengineering Research Institute, 127 

Nanjing, China). Lipid droplet content was measured by Nile-red staining of larval fat body tissue 128 

and cell nuclei were stained by DAPI (4',6-diamidino-2-phenylindole) (Tian et al. 2011; Wang et 129 

al. 2017). 130 

Enzyme activity and gene expression of the digestive enzyme in larvae 131 

Larvae samples were prepared as above. Activity of α-amylase, lipase and trypsin were 132 

measured with kits purchased from Nanjing Jiancheng Bioengineering Research Institute.  133 

Total RNA was extracted with the Trizol reagent (Takara, Takara Biotechnology, Dalian, China). 134 

One microgram of RNA was used for cDNA synthesis with the PrimeScript RT Reagent Kit with 135 

gDNA Eraser (Takara Biotechnology). The reaction mixture for qPCR was 5 µL SYBR Premix Ex 136 

Taq (Takara Biotechnology), 0.4 µL paired primers (10 µM), 2µL diluted cDNA, and RNase free 137 

ddH2O to 10 µL. The qPCR was carried out according to the manufacturer’s protocol on Bio-Rad 138 

IQ2 (Bio-Rad, USA). The annealing temperature was 60 ˚C. The original sequences of all the 139 

genes were obtained from the online database of VectorBase. The primer sequences were 140 

synthesized in Shenggong Biological Technology (Shanghai, China), and shown in Table 1. Two 141 

genes rps18 and hsp70 were used as reference genes to calculate the relative mRNA expression of 142 

the target gene by using the comparative Ct (2 –△△Ct) method. 143 
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Lead content in larvae 144 

Larvae samples were prepared as above. Lead standard solution was diluted from Pb(NO3)2 145 

standard solutions of 1000 mg/L to 5, 2.5, 1, 0.8, 0.6, 0.4, and 0.2mg/L with 1% nitric acid. 146 

Sample decocting method was referring to the Ministry of Ecology and Environment of the 147 

People’s Republic of China (2019). The atomic absorbent spectrometer Agilent 240 AAFS 148 

(Agilent Technologies, USA) was used for lead determination. Measurements were performed at 149 

wavelength of 283.3 nm. The acetylene flow was 2.0 L/min and the air flow was13.5 L/min. Lamp 150 

current was 4 mA. Sample’s lead concentration was calculated according to the linear regression 151 

equation. 152 

Data Processing and Statistical Analysis 153 

Statistical analysis was performed using IBM SPSS Statistics 20, and all data are presented as 154 

mean ± standard deviation. One-way ANOVA Duncan's LSD test (p=0.05) was used to analyse the 155 

statistical significance between samples, different letters indicate significant differences at p=0.05 156 

level. 157 

Total sugar content(mg/g) = Total sugar content (µg/mL) × Volume(1 mL) × DR(10)Sample Mass(mg)  158 

Total fat content (mg/g) = DW(mg) − Residue DW (mg)DW × 1000 × 100% 159 

Total protein content (mg/g) = Sample OD−Blank ODSS OD−Blank OD × SS Content(mg/mL) × DR (mL/g) 160 

TG content (µmol/g) = Sample OD − Blank ODSS OD − Blank OD × SS content (µmol/mL) × DR(mL/g) 161 

Sample lead content (mg/kg) = Lead in sample (mg/L) − Lead in blank  (mg/L)Sample DW(g) × 25(mL) 162 

DR: Dilution ratio, DW: dry weight, SS: Standard sample, TG: triglyceride 163 

Results 164 

Growth of M. domestica fed with lead-containing diet 165 

Survival rate, development time, and weight of the larval stage were shown in Fig 1 when the 166 

larvae were fed on lead-containing diet. Comparing to control, significantly lower larval survival 167 

rate was seen in the group of 3000 and 5000 mg/kg lead concentrations (Fig 1A). Development 168 

time was increased with the increasing of the lead concentration. When the lead concentration 169 
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reached higher than 1000 mg/kg, the larvae needed more time to reach the pupal stage (Fig 1B). 170 

Only at 20 mg/kg lead concentration the larvae weight was non-significantly different from that of 171 

the control. Larvae in other lead treatment group was significantly lighter than that of the control (Fig 172 

1C). Pupation rate, eclosion rate, and adult sex ratio were not significantly changed by lead 173 

treatment (Fig 1 D-F). 174 

Effects of lead at concentrations of 0, 20, and 5000 mg/kg on development of larvae and pupae, 175 

and on fecundity of adults were double checked (Fig 2). Larval survival rate in 5000 mg/kg lead 176 

group was significantly lower than that of the control and 20 mg/kg lead group. The sorted result 177 

of larvae development time in different treatments was 5000 mg/kg > 20 mg/kg > control. 178 

Eclosion rate was not significantly different among different treatments. The maximal 179 

development time of larvae was found in 5000 mg/kg lead group, followed by 20 mg/kg lead 180 

group and the control group. Larvae from lead treatment of 5000 mg/kg showed lighter weight 181 

than that of the control and 20 mg/kg lead group, especially on their daily age of 2, 3, and 4 days. 182 

Larvae from lead treatment of 20 mg/kg showed significantly lighter weight only on the third day 183 

when compared to other treatments. Similar development time of pupae was found among 184 

different treatments. Adult egg amount was significantly different between lead treatment of 20 185 

mg/kg and lead treatment of 5000 mg/kg. Adults from lead treatment of 20 mg/kg showed similar 186 

oviposition dynamics to the control, including egg laying beginning from the third day and a high 187 

and low tide interval. Adults from lead treatment of 5000 mg/kg began to lay eggs on the fourth 188 

day and showed a gentle change. 189 

Nutrient constituent of larvae when fed with lead-containing diet 190 

Constituent of the tested larval nutrient was shown in Fig 3. Total sugar content in larvae 191 

increased with their growth. Larvae from lead treatment of 20 mg/kg showed a little lower sugar 192 

content to the control larvae, but no significant difference was found between them. Significantly 193 

lower sugar content was found in the larvae from lead treatment of 5000 mg/kg compared with 194 

that of the control and 20 mg/kg group (Fig 3A). Total lipid content of the elder larvae was 195 

significantly lower than that of 1 day larvae. At the age of 3 and 4 days lipid contents of larvae 196 

between lead treatment of 20 mg/kg and lead treatment of 5000 mg/kg were significantly different. 197 

There was no significant difference in lipid content of larvae between lead treatment groups and 198 
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the control at the age of 5 days (Fig 3B). Total protein contents were relatively stable at the age of 199 

1 to 4 days and increased at the age of 5 days. Larvae from lead treatment of 5000 mg/kg showed 200 

significantly lower protein content than that of the control at the age of 2 to 5 days. Lead treatment 201 

of 20 mg/kg showed significant effect on protein content only on the third day (Fig 3C). 202 

Triglyceride contents of the larvae from 5000 mg/kg lead group were significantly lower than that 203 

of the control group from 2 to 4 days. Theses difference in the larvae from 20 mg/kg lead group 204 

appeared at the age of 2 to 3 days (Fig 3D). Fat body cell of the control fourth day larvae had 205 

fewer but larger fat droplet and sparse distribution of fatty cells. While in lead treatment groups, 206 

more but smaller fat droplets were found. The distribution of fatty cells was much compact. This 207 

phenomenon was clearer in 5000 mg/kg lead group than that in 20 mg/kg lead group (Fig 3E).  208 

Enzyme activity of the digestive enzyme in larvae when fed with lead-containing diet 209 

Effect on lead on enzyme activity in 4-day larvae are shown in Fig 4. Amylase activity and 210 

trypsin activity in larvae from two lead treatment groups were lower than that of the control group. 211 

It was not the amylase that is significantly different, but the trypsin that is significantly different 212 

between lead treatments of 20 mg/kg and 5000 mg/kg. Lipase activity in the larvae from lead 213 

treatment of 20 mg/kg was slightly lower than that of control group but without significant 214 

difference. In larvae from 5000 mg/kg lead group, lipase activity increased dramatically.  215 

Gene expression of the digestive enzyme in larvae when fed with lead-containing diet 216 

Gene expressions of amylase, lipase, and protease trypsin in larvae were shown in Fig 5. Two 217 

amylase genes α- amylase A and maltase A3 were down expressed when fed with lead-containing 218 

diet both in 20 mg/kg lead treatment and 5000 mg/kg lead treatment. Lipase gene lipase 3A was 219 

down expressed in both lead treatments, but the expression of lipase 3B was not significantly 220 

different between 20 mg/kg lead treatment and that of the control. Six trypsin genes showed 221 

different expression models when fed with lead polluted diet. Two genes trypsin 3A and trypsin 222 

eta A were significantly down expressed at both lead treatments. Two genes trypsin 3B and trypsin 223 

beta were only significantly down expressed at 20 mg/kg lead treatment. Abnormal expression 224 

were seen in genes of trypsin eta B and trypsin zeta A. They were down expressed at 20 mg/kg 225 

lead treatment but up expressed at 5000 mg/kg lead treatment. 226 
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Lead content in larvae 227 

Lead content in larvae was shown in Fig 6. A lot of lead was transferred into the larvae with 228 

their feeding. No significant difference in lead content of larvae was observed between lead 229 

treatment of 20 mg/kg and the control. In lead treatment of 5000 mg/kg, lead contents in the larvae 230 

were significant higher than that of the control and lead treatment of 20 mg/kg from 2 to 5 days. 231 

Lead content in 2-day larvae reached a peak value of 942.91±104.58 mg/kg. High lead content 232 

gradually decreased with the larvae growth. When the larvae developed to the age of 5 days, lead 233 

content was decreased to 452.21±77.83 mg/kg, with over half of lead excreted from larvae. 234 

Discussion 235 

Insect gradually develop tolerance to heavy metals in the process of long-term adaptation to 236 

heavy metal stress (Plachetka-Bozek et al. 2018; Augustyniak et al. 2017), toxicity of heavy metal 237 

was reduced through oxidative enzymes, detoxification enzymes, internal transfer, and in vitro 238 

excretion. The results of growth parameters of houseflies under treatments of 0, 20, 1000, 3000, 239 

5000 and 10000 mg/kg of lead showed that, 20 mg/kg and 5000 mg/kg could represent the 240 

treatment concentrations of lead that had not affect and significantly affected on the growth of 241 

houseflies, respectively. The growth and development of housefly larvae, pupae and adults (larval 242 

survival, larval period, larval body weight, pupation rate, fecundity and adult sex ratio) were not 243 

significantly different from those of the control group at 20 mg/kg. In lead treatment above 3000 244 

mg/kg, survival rate and fresh weight of larvae decreased, while developing period was prolonged. 245 

Houseflies could tolerate higher concentrations of lead treatment than other insects. The LC50 of 246 

Apis mellifera and Tanytarsus dissimilis were 345 mg/L and 258 μg/L, respectively (Anderson et 247 

al. 1980; Di et al. 2016). Survival rate of Spodoptera litura was significantly reduced when 248 

exposed under 200 mg/kg lead treatment (Zhou et al. 2012). When 2.5 mg/kg of lead was add to 249 

feed of Tenebrio molitor, survival rate would drop to 55.3% comparing with 80.7% of control, 250 

body weight was dropped simultaneously (van et al. 2016). Result of multiple lead treatment 251 

showed that higher the lead concentration, lower the survival rate and longer the development 252 

period of larvae would be, indicating a dose-effect of lead exposure on larvae, but not on pupation 253 

rate, eclosion rate and adult sex ratio. Safaee et al. (2014) found similar dose-effect between lead 254 

contents in diet of D. melanogaster and larvae survival rate, larvae development period, pupation 255 
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rate and eclosion rate. 256 

The differences in growth parameters of larvae, pupae and adults and reproduction patterns of 257 

adult between the control, 20 mg/kg and 5000 mg/kg lead treatment groups could be explained by 258 

the fact that nutrient accumulation efficiency of houseflies was affected. Growth rate of housefly 259 

larvae in early stages of experiment was significantly slower than that of control at lead treatment 260 

of 5000 mg/kg. At 2nd day, larvae in 5000 mg/kg treatment group were still in the 1st instar, while 261 

larvae of 20 mg/kg lead group and control were already in 2nd instar, indicating that the nutrient 262 

accumulation rate of larvae in 5000 mg/kg lead group was lower than 20 mg/kg lead group and 263 

control. Difference in nutrition accumulation result in different growth rate among larvae, 264 

especially at 3 day age, when 20 mg/kg lead group and control entered gluttony period and larvae 265 

growth rate increased dramatically. 266 

Restricted nutrition accumulation was also an important cause of reduction in adult fecundity of 267 

5000 mg/kg lead group. Vitellogenesis is a prerequisite for insect oocyte maturation, vitellogenin 268 

(Vg) provides important nutrients for vitellogenesis, and is a key factor in the regulation of insect 269 

reproduction (Zhang and Zhao 2009). Study showed that synthesis of Vg would be affected by 270 

heavy metal when Spodoptera exigua under long term of cadmium stress, Vg content in adult after 271 

2 day eclosion was significantly increased (Plachetka-Bozek et al. 2018). However, express of Vg 272 

gene in S. litura was down regulated when under lead stress which in turn affect adult 273 

reproduction (Shu et al. 2009). Similar pattern was reported in reproduction of Sitobion avenae, 274 

with egg production increasing at low zinc concentrations and inhibited at high concentrations 275 

(Zhang and Zhao 2009). 276 

Adequate nutrient accumulation is a prerequisite of ensuring larval development and adult 277 

reproduction. Total sugar, total lipid, total protein and triglyceride contents and fat body staining 278 

in 4 day age larvae confirmed that lead treatment affected the efficiency of nutrient accumulation 279 

in housefly larvae. Results showed that 20 mg/kg lead treatment only affected the efficiency of 280 

total sugar and total protein accumulation in younger larvae, while 5000 mg/kg treatment affected 281 

its efficiency in the whole larval stage, and the efficiency of lipid accumulation in larvae was only 282 

affected by the high concentration of lead treatment at age of 3 days. Similar results were found in 283 

other insects, total protein, total sugar, and total lipid contents of Galleria mellonella and 284 

Boettcherisca peregrina were all decreased under stress of cadmium (Emre et al. 2013; Wu et al. 285 
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2006). Total protein, total sugar, cholesterol, and triglyceride contents in Helicoverpa armigera 286 

were affected by stress of copper, zinc, and cadmium as well (Baghban et al. 2014). When under 287 

cadmium stress, total protein content of Pimpla turionellae decreased at 20 day of treatment time, 288 

while at 30 day of treatment, increased in high concentration and decreased in low concentration. 289 

As for glycogen, it increased at 10 day of treatment at all concentrations, at 20 day of treatment 290 

when cadmium concentrations were 0.10 and 0.50 mg, and at 30 day of treatment at cadmium 291 

concentrations of 0.50 and 1 mg (Kayis and Emre 2012). 292 

Food consumption rate of insects determines the starting point for level of nutrient 293 

accumulation, and presence of heavy metals can alter the amount of food taken by insects. 294 

Decrease in feeding rate of forage contaminated with zinc and cadmium was reported among 295 

Pieris napi, Athalia rosae, and Phaedon cochleariae, and there were superimposed effect between 296 

two heavy metals (Kazemi-Dinan et al. 2014). Feeding rate of bees on lead-contaminated 297 

flowering plants is likewise reduced (Sivakoff and Gardiner 2017; Xun et al. 2018). Oral 298 

malformation rate of Chironomus riparius living in lead contaminated area was reported 299 

exceeding 3.8%-10.3%, severely disrupted their feed behavior (Martinez et al. 2002). 300 

Increasing in release of digestive enzymes in many insects is associated with feeding, and 301 

conversion efficiency of ingested food into biomass depends on activity of digestive enzymes. For 302 

continuously feeding insects (including larvae of Lepidopteran), enzyme activity increased with 303 

increasing feeding intensity (Lehane and Billingsley 1996). Marinotti and James (1990) proved 304 

that α-glucosidase can convert oligosaccharides to Maltopentaose in Aedes aegypti. The intake of 305 

sucrose was higher than that of maltose in the feeding range of honeybees, resulting in higher 306 

α-glucosidase activity than maltase for sucrose hydrolysis, which was opposite in Lepidopteran 307 

larvae. Inhibition of α-glucosidase was reported in Lymantria dispar under both low concentration 308 

but long-term exposure and high concentration but short-term exposure of cadmium (Vlahovic et 309 

al. 2015). In this study, activity of amylase and trypsin in housefly larvae was lower under lead 310 

treatment than that of control, while activity of lipase was higher under 5000 mg/kg lead treatment 311 

than that of control. This suggested that lead treatment affects the digestibility of sugars, lipids and 312 

proteins of food in housefly.  313 

Expressions of digestive enzyme genes were important factor in controlling activity of digestive 314 

enzymes. The expressions of larval amylase genes under lead treatment waere consistent with the 315 
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change in enzyme activity, and expressions of amylase genes were significantly lower in all lead 316 

groups than in control, indicating that transcript level of amylase was limited by lead treatment. 317 

Expressions of lipase genes were reduced in both low (20 mg/kg) and 5000 mg/kg lead groups, 318 

however, lipase activity was increased, opposite results in gene expression and enzyme activity 319 

may suggest that two lipase genes selected in this study may not be key genes controlling lipase 320 

activity in housefly. Expressions of most trypsin genes were downregulated in 5000 mg/kg lead 321 

group, while few trypsin genes’ expressions were up regulated, indicating synthesis of trypsin was 322 

regulated by several genes to meet the efficiency of absorbing multiple proteins. Results of this 323 

study indicated that expressions of digestive enzyme genes in housefly larvae were affected by 324 

lead treatment, reaffirming that lead treatment affected the digestibility of food in larvae.  325 

It was confirmed that lead was absorbed into larvae during feeding on feed containing lead, and 326 

lead content in larvae increased with the increase of lead content in feed. Similar dose-effect was 327 

found when S. litura consuming food contaminated with lead and cadmium, content of lead and 328 

cadmium in larvae increased with content in food (Shu et al. 2015; Li et al. 2018). Results of 5000 329 

mg/kg treatment group indicated that larvae would re-expel lead from their bodies at age of 4 and 330 

5 days, which were the period molting for larvae in 5000 mg/kg treatment group. Transfer in vivo 331 

was an important mechanism for detoxification of heavy metals in insects. In each molt of the 332 

larvae, new epithelial cell replaced old one, and old cells were excreted as metabolites, heavy 333 

metals fixed with them were also excreted. Large amounts of lead residues were also detected in 334 

the nymphal shells of Magicicada cassini in areas of lead contamination and were higher than lead 335 

levels in adults (Robinson et al. 2007). Results of this study indicated that external lead would 336 

accumulates in larvae of houseflies after feeding on diet containing lead, but accumulation 337 

gradually decreases as larvae grow, which may be the reason why growth and development of the 338 

pupae and adult stages were no longer affected. 339 

Conclusion 340 

In conclusion, lead was ingested and accumulated by larvae after feeding on diet containing 341 

lead. This resulted in altered expression of larval digestive enzyme genes and reduced digestive 342 

enzyme activity, leading to reduced digestibility of food and slower accumulation of nutrients by 343 

larvae. However, at a low (20 mg/kg) level of lead, there was no significant change in growth and 344 
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development of larvae, pupae, and adults, nor did it affect the reproduction of insects. When at 345 

high (5000 mg/kg) lead concentration, though growth rate of larvae was delayed, there was little 346 

decrease in survival rate, and most of individuals still completed their life history normally. Adult 347 

egg amount dropped but hatching rate remains unchanged, which posed no threat to reproduction 348 

of housefly. 349 
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Fig Legends 545 

Fig 1 Effect of lead treatment on survival and development of different stages in M. domestica. 546 

Data are mean ± SE. Bars carrying different letters are significantly different (p <0.05) from each 547 

other. A: larva survival rate, B: development time of larvae, C: fresh weight of 100 larvae, D: 548 

pupation rate, E: eclosion rate, F: sex ratio. 549 

Fig 2 Effects of lead at concentrations of 0, 20, and 5000 mg/kg on development of larvae and 550 

pupae, and on fecundity of adults in M. domestica. Data are mean ± SE. Bars carrying different 551 

letters are significantly different (p < 0.05) from each other. A: larva survival rate, B: pupation rate, 552 

C: eclosion rate, D: larvae duration, E: pupae duration, F: fresh weight of 100 larvae, G: average 553 

daily egg count, H: total egg numbers, I: daily egg count. 554 

Fig 3 Nutrient constituent of M. domestica larvae when fed with lead polluted diet. Data are mean 555 

± SE. Bars carrying different letters are significantly different (p < 0.05) from each other. A: total 556 

sugar content, B: lipid content, C: protein content, D: triglyceride (TG) content, E: staining of 557 

larval fat body tissue, cell nuclei are stained by DAPI and intracellular lipid droplets are stained by 558 

Nile-red. Merged is the result of dual fluorescence confocal. 559 

Fig 4 Enzyme activity of the digestive enzyme in M. domestica larvae when fed with lead polluted 560 

diet. Data are mean ± SE. Bars carrying different letters are significantly different (p < 0.05) from 561 

each other. A: amylase activity, B: lipase activity, C: trypsin activity. 562 

Fig 5 Gene expression of the digestive enzyme in M. domestica larvae when fed with lead 563 

polluted diet. Data are mean ± SE. Bars carrying different letters are significantly different (p < 564 

0.05) from each other. A: α- amylase A, B: maltase A3, C: lipase 3A, D: lipase 3B, E: trypsin 3A, F: 565 

trypsin 3B, G: trypsin beta, H: trypsin eta A, I: trypsin eta B, J: trypsin zeta A. 566 

Fig 6 Lead content in M. domestica larvae. Data are mean ± SE. Bars carrying different letters are 567 

significantly different (p < 0.05) from each other. Mean values about the larvae were compared 568 

within different day ages. 569 
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Table 1 qRT-PCR primers for digestive enzyme genes of M. domestica 570 

Gene Acc. number Forward primer (5'-3') Reserve primer (5'-3') PCR product (bp) PCR efficiency (%) 

Standard 

curve R2 

hsp 70 GU289399 CATCACAGTCCCAGCCTATTT GCTGTGGGTTCGTTGATGATA 105 103.0 0.999 

rps 18 KC424479 CATTGCACTACAAAGTTCCCA TTCAAGCGTTCCAAATCGTC 124 107.0 0.999 

α-amylase A  XP_005185446.3 GGTGAAGCCATCTCCAAG GGTGAAGCCATCTCCAAG 121 102.1 0.999 

maltase A3 XP_005175972.1 GACAGCAACGGCGATGGA TGGGCGACTGGAAGATGG 112 106.6 0.994 

lipase 3A XP_005176082.1 TACTCCCGCAACAACACGAA CGACTCACCCGTCACTTCAA 126 95.8 0.999 

lipase 3B XP_005178095.1 ATCGAACAAACCGGACAA CGAAGAAGGCACAAGGAG 142 100.0 0.999 

trypsin alpha-3A XP_019893811.1 TGGTTCGGAAATCAAGTC AACAGCAACATCGGCATA 172 110.3 0.996 

trypsin alpha-3B XP_005187703.1 ACGATATTGCCGTCATCC GCAGAAGCACCATTAGCC 100 101.4 0.999 

trypsin beta XP_005189639.1 CGCTGAACCTGAACCCAC GCATCCTTACCGCCATTT 198 109.3 0.995 

trypsin eta A XP_005175139.1 GACGCATCACCGAGGACA GGATATTCAGGGCGAGCA 148 97.6 0.999 

trypsin eta B XP_005175141.1 GTTGATGTGCCCGTAGTCG TTGCCACCGCTCAGATAG 101 103.5 0.996 

trypsin zeta A XP_005175138.1 GCAGGGATACAAACGACC GCAGGCATCTTTACCACC 186 104.9 0.997 
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Figures

Figure 1

Effect of lead treatment on survival and development of different stages in M. domestica. Data are mean
± SE. Bars carrying different letters are signi�cantly different (p <0.05) from each other. A: larva survival
rate, B: development time of larvae, C: fresh weight of 100 larvae, D: pupation rate, E: eclosion rate, F: sex
ratio.



Figure 2

Effects of lead at concentrations of 0, 20, and 5000 mg/kg on development of larvae and pupae, and on
fecundity of adults in M. domestica. Data are mean ± SE. Bars carrying different letters are signi�cantly
different (p < 0.05) from each other. A: larva survival rate, B: pupation rate, C: eclosion rate, D: larvae
duration, E: pupae duration, F: fresh weight of 100 larvae, G: average daily egg count, H: total egg
numbers, I: daily egg count.



Figure 3

Nutrient constituent of M. domestica larvae when fed with lead polluted diet. Data are mean ± SE. Bars
carrying different letters are signi�cantly different (p < 0.05) from each other. A: total sugar content, B:
lipid content, C: protein content, D: triglyceride (TG) content, E: staining of larval fat body tissue, cell
nuclei are stained by DAPI and intracellular lipid droplets are stained by Nile-red. Merged is the result of
dual �uorescence confocal.

Figure 4



Enzyme activity of the digestive enzyme in M. domestica larvae when fed with lead polluted diet. Data are
mean ± SE. Bars carrying different letters are signi�cantly different (p < 0.05) from each other. A: amylase
activity, B: lipase activity, C: trypsin activity.

Figure 5

Gene expression of the digestive enzyme in M. domestica larvae when fed with lead polluted diet. Data
are mean ± SE. Bars carrying different letters are signi�cantly different (p < 0.05) from each other. A: α-
amylase A, B: maltase A3, C: lipase 3A, D: lipase 3B, E: trypsin 3A, F: trypsin 3B, G: trypsin beta, H: trypsin
eta A, I: trypsin eta B, J: trypsin zeta A.



Figure 6

Lead content in M. domestica larvae. Data are mean ± SE. Bars carrying different letters are signi�cantly
different (p < 0.05) from each other. Mean values about the larvae were compared within different day
ages.


