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Abstract

We examined accumulation, sequestration, elimination, and genetic variation for lead (Pb) loads
within and between generations of Drosophila melanogaster. Flies were reared in control or leaded
medium at various doses and tested for their Pb loads at different stages of development (larvae,
eclosion, newly-eclosed adults, and mature adults). Pb loads were tested using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS). We found that D. melanogaster readily
accumulated Pb throughout their lifespan and the levels of accumulation increased with Pb
exposure in the medium. Wandering third-instar larvae accumulated more Pb than mature adults;
this phenomenon may be due to elimination of Pb in the pupal cases during eclosion and/or
depuration in adults post-eclosion. The accumulated Pb in mature adults was not transferred to F4
mature adult offspring. Using a set of recombinant inbred strains, we identified a quantitative trait
locus for adult Pb loads and found that genetic variation accounted for 34% of the variance in Pb
load. We concluded that D. melanogasteris a useful model organism for evaluating changes in Pb
loads during development, as well as between generations. Furthermore, we found that genetic
factors can influence Pb loads; this provides an essential foundation for evaluating phenotypic
variation induced by the toxic effects of Ph.
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1. Introduction

Lead (Pb) has been used by humans for thousands of years (Gilbert and Weiss, 2006) and
this has caused widespread global contamination. The focus of Pb pollution remediation has
been to target the most prevalent modes of exposure (i.e. Pb-based paint and leaded
gasoline) to reduce the average blood Pb levels (BLLSs) in humans. Legislation calling for a
reduction of tetraethyl Pb in gasoline and restrictions on Pb-based residential paint has
successfully helped to reduce the average BLLs in children over the last three decades
(Jones et al., 2009).

Although efforts to decrease pollution and the average BLLs in U.S. children have been
successful, Pb pollution is still a serious problem throughout the U.S. and across the world.
Soil contamination downwind of smelters (Landrigan et al., 1975; Landrigan and Baker,
1981) and in urban gardens (Clark et al., 2008) contributes to potentially greater risk factors
for children than direct exposure to Pb-based paint (Mielke and Reagan, 1998). In addition,
industrial recycling (Huo et al., 2007), the use of Pb-based paint (Lin et al., 2009), leaded
gasoline (Kaiser et al., 2001), and lax government regulation has caused widespread Pb
pollution in soil and water in other countries (Falk, 2003).

Due to its widespread dissemination, exposure to Pb is a risk factor for wild populations of
terrestrial and aquatic animals. Biomagnification of Pb has been demonstrated (Rubio-
Franchini and Rico-Martinez, 2011) in invertebrate predators in both the field and the
laboratory. This work indicates the importance of studying the accumulation of Pb in
invertebrates for a comprehensive understanding of the ecological effects of Pb pollution.
Across genera, terrestrial invertebrates accumulate metals and sequester these metals to
various organs, particularly the digestive tissues, for storage-detoxification (Dallinger,
1993). Field research of wild populations of vertebrates and invertebrates can be
challenging, making invertebrate laboratory model systems an attractive alternative.

Commonly known as the “fruit fly”, the vinegar fly (Drosophila melanogaster) is a
commensal species that was initially developed by Charles W. Woodworth as a model
system for genetic studies approximately a century ago (Abolaji et al., 2013). D.
melanogaster is now commonly used in the biological sciences as an invertebrate alternative
to mice and rat models. The advantages of using D. melanogaster as a model system include:
1) their short generation times; 2) ability to generate large sample sizes; 3) and ease in
modeling long-term evolutionary changes (Abolaji et al., 2013; Burke and Rose, 2009;
Rand, 2010; Rand et al., 2014). In addition, there is an extensive conservation of genes and
developmental mechanisms between D. melanogaster and humans (Pandey and Nichols,
2011; Rubin et al., 2000).

Therefore, D. melanogaster is now gaining attention by environmental toxicologists as a
suitable alternative model for toxicity testing (Abolaji et al., 2013; Rand, 2010; Rand et al.,
2014). Several measurable endpoints have been suggested by others for the use of
Drosophila as a toxicology model (Rand, 2010; Rand et al., 2014); these include, but are not
limited to, lethality, morphology, behavioral traits, embryonic development, and targeted
mechanistic studies. We have established D. melanogaster as a model system to investigate
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the behavioral, physiological, and genetic effects of chronic, developmental Pb exposure (He
et al., 2009; Hirsch et al., 2003; Hirsch et al., 2009; Morley et al., 2003; Ruden et al., 2009).

Understanding the ability of D. melanogasterto sequester and eliminate Pb, as well as
potential genetic predispositions, will provide a greater understanding of the effects of
exposure to Pb in this model system. Previous studies have found that D. melanogaster
readily accumulates Pb (Cohn et al., 1992; Hirsch et al., 2003), and that Pb is toxic for both
larvae (Akins et al., 1992) and adults (Hirsch et al., 2003). In previous research, we
identified a region of the Drosophila genome that is involved in Pb-dependent changes in
locomotor activity (Hirsch et al., 2009) and in extensive changes in patterns of transcription
induced by developmental Pb exposure (Ruden et al., 2009).

Therefore, the purpose of this study is to determine, for Drosophila melanogaster. 1) how Pb
is accumulated, eliminated, and sequestered both within the same generation and subsequent
generations, and 2) the extent of genetic variation influencing adult Pb loads. To accomplish
our first aim, we quantified Pb loads at various stages of the life cycle (wandering third-
instar larvae, pupal cases, newly-eclosed adults, and mature adults). We examined
elimination of Pb loads post-eclosion by exposing individuals prior to eclosion or after
eclosion. We monitored intergenerational transfer of Pb loads to the first generation of
offspring. Lastly, we estimated heritability and mapped a quantitative trait locus in
recombinant inbred strains exposed to Pb.

2. Materials and methods

2.1. Rearing

Medium used in all experiments was prepared with Carolina Biological Instant Drosophila
Medium® (Formula 4-24), yeast, and distilled water (control medium) or lead acetate
(PbAC) solution (leaded medium) in plastic vials (23 mL, 75 X 23.5 mm, polystyrene)
capped with cotton.

Methods for rearing were derived from Hirsch et al. (2003). Canton-S wild type Drosophila
melanogaster were maintained in control medium on a 12:12 light:dark cycle at 25 °C

(£ 0.5 °C). Groups of 20-30 mature adults laid eggs for 24 to 48 h in control or leaded
medium before being discarded. Experimental animals were reared from egg stages and
harvested at various points in their life cycle in either control or leaded medium, depending
on the experiment.

The stages of the D. melanogaster life cycle are: 1) egg, 2) first-instar larva, 3) second-instar
larva, 4) third-instar larva, 5) wandering third-instar larva, 6) white-eye pupa, 7) red-eye
pupa, 8) newly-eclosed adult (emerged from pupal case), and 9) mature adult (Tyler, 2000).
We used wandering third-instar larvae, red-eye pupae, newly-eclosed adults, and mature
adults as developmental markers in these studies.
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2.2. Pb loads in larvae

Larvae were reared in control or leaded medium (10, 40, 50, 75, 100, 250, or 500 uM PbAc)
beginning in the egg stage. Wandering third-instar larvae were removed from the walls of
plastic vials, floated in distilled water, and rolled on Kimwipes® to dry at collection.

2.3. Pb loads in pupal cases and newly-eclosed adults

Drosophilawere reared in control or leaded medium (10, 50, 100, and 500 uM PbAc) from
egg stage to collection. Pupae were collected at the red-eye pupal stage, just prior to
eclosion. They were cleaned by rolling each pupa gently on Kimwipes® and allowed to
eclose individually in vials. Newly-eclosed adults were collected and sexed over ice. Pupal
cases and adults were each separated by sex and dose and coded so that each newly-eclosed
adult could be matched with its pupal case.

2.4. Pb loads in adults exposed at various stages

Individuals were reared in control medium or leaded medium (10, 100, 250, or 500 uM
PbAc) from either: 1) egg stage to eclosion, 2) eclosion to adult d six, or 3) from egg stage
to adult d six. Individuals were either collected within six h of eclosion or at adult d six.

2.5. Intergenerational transmission of Pb loads

Mature adults were reared at 24 °C (x 0.5 °C) and given four d to mate and lay eggs in either
control or leaded medium (250 uM PbAC) to rear the parental generation. The parental
generation was reared in control or leaded medium from egg stage to eclosion. At eclosion,
newly-eclosed adults were collected, sexed under carbon dioxide anesthesia within six h of
eclosion, and placed on medium matching their pre-existing exposure. Individuals tested for
parental generation Pb loads were housed 10 per vial in same-sex groups, raised to five d of
age, and then transferred to control medium for 24 h to allow adults to clean excess Pb off
their bodies. Adults were collected at adult d six and placed blindly into coded 15 mL
polypropylene centrifuge tubes to determine the parental generation adult Pb load.

To rear the next generation of offspring, males and females were raised in same-sex groups
of four flies per vial and transferred to control medium for 24 h at adult d five. At adult d
six, males and females were mated within treatment group and allowed to lay eggs in control
medium for four d. They were collected and placed blindly into coded 15 mL polypropylene
centrifuge tubes.

Newly-eclosed males and females were collected within six h of eclosion, sexed under
carbon dioxide anesthesia and housed in groups of 10 by sex and treatment. At adult d four,
subjects were placed blindly into coded 15 mL polypropylene centrifuge tubes. This
experiment was repeated three times.

2.6. Genetic variation in Pb loads

We used 72 recombinant inbred lines of D. melanogaster representing the “rod” lines derived
from parental strains Oregon-R and Russian 2b (Gurganus et al., 1998). These lines vary in
the presence or absence of site-specific DNA markers at approximately 80 sites throughout
the genome. Flies were reared as described in Hirsch et al. (2009) in either control or leaded
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medium (250 UM PbAC). Flies were tested for Pb load at six d post-eclosion. Heritability of
Pb load (the proportion of phenotypic variation caused by genetic differences among strains)
was calculated as the among-lines component of variance divided by the total variance, as
described in Hegmann and Possidente (1981).

The subjects described above were used for quantitative trait locus (QTL) analysis
employing procedures described in Hirsch et al. (2009). Significant associations between the
presence or absence of each DNA marker and mean Pb load per strain identifies a
“guantitative trait locus” closely linked to the marker site with allelic variation that causes
variation in Pb load.

2.7. Determination of Pb loads

All samples were coded so that Pb load processing could be done blind without knowledge
of rearing history. Samples in all experiments were frozen at —20 °C in groups of 5-10
individuals per tube at collection and assayed using Inductively Coupled Plasma Mass
Spectrometry (Union College, Schenectady, N.Y.) after treatment with nitric acid and
hydrogen peroxide, as described in Hirsch et al. (2003). Each tube was treated in the same
manner.

2.8. Data analysis

3. Results

Data were normalized for the number of flies in each tube and expressed as ng of Pb per fly.
We did not correct for weight differences between the sexes or within each sex. Differences
in Pb loads between treated and control flies in each experiment were assessed by analysis
of variance, using either SPSS or Instat, and adjusted using a Bonferroni correction.
Generation and sex differences effects were analyzed in the same manner, except that sex
and generation were additional fixed factors, where applicable. In the experiment testing
intergenerational transfer of Pb loads, one-sample t-tests were done using SPSS to determine
if average Pb loads were significantly different from zero. One replicate of the larval
analysis was omitted in the experiment testing intergenerational transfer of Pb loads due to
lost samples.

3.1. Pb loads during development

Pb loads were measured to test accumulation in wandering-third instar larvae and mature
adults when developmentally exposed to control or leaded medium (Larvae: 0, 10, 40, 50,
75, 100, 250, or 500 uM PbAc; Mature Adults: 0, 10, 100, 250, or 500 uM PbAc). We found
that D. melanogaster accumulated Pb at all developmental stages tested. Wandering third-
instar larvae had higher Pb loads than mature adults exposed to Pb throughout their
development (Fig. 1; Table 1).

Wandering third-instar larvae showed a significant effect of Pb treatment (p < 0.0001; Fig.
1). Pb loads at low doses (10, 40, 50, 75 and 100 uM PbAc) were higher, but not
significantly different, from controls. Pb loads of Pb-treated larvae were significantly greater
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than Pb loads for control-treated larvae when reared on 250 uM PbAc (p < 0.01) and 500 pM
PbAc (p < 0.001).

Mature adults reared throughout their entire development (both pre- and post-eclosion) on
control or leaded medium exhibited a significant effect of Pb treatment when sexes were
combined (p < 0.0001; Fig. 1; Table 1). There was a sex by Pb interaction (p < 0.01), with
higher Pb loads in females at both 250 and 500 uM PbAc. Similar to the pattern seen in
larvae, adult Pb loads at 10 and 100 uM PbAc were higher than controls, but not
significantly different (p > 0.05). At 250 and 500 uM PbAc, mean Pb loads were higher than
controls in males (250 uM PbAc: p < 0.05; 500 uM PbAc: p < 0.0001), but Pb loads in
females were only significantly different from controls at 500 uM PbAc (p < 0.01).

3.2. Elimination of Pb loads during eclosion

To determine if Pb loads were lost during eclosion, we measured the accumulation of Pb
loads in pupal cases and newly eclosed adults during developmental exposure to control or
leaded medium (10, 50, 100, or 500 uM PbAc). We found a significant effect (Fig. 2 Top;
Table 1) of Pb treatment on Pb loads in pupal cases (p < 0.0001) and newly-eclosed adults (p
< 0.0001) but not for sex in either pupal cases or adults. The amount of accumulated Pb in
pupal cases from flies reared on 10 pM PbAc (mean 0.46 ng/pupal case + 0.033 standard
error [SE]), 50 uM PbAc (2.77 £ 0.299), and 100 uM PbAc (4.71 + 0.376) was higher than
controls (0.09 £ 0.018). The Pb loads in pupal cases were substantially higher (p < 0.0001)
at 500 uM PbAc (334.30 + 39.43) than all other doses (0, 10, 100 uM PbACc).

Pb loads in newly-eclosed adults remained low regardless of exposure level. There was an
overall effect of Pb treatment on Pb loads in newly eclosed adults (p < 0.0001). Pb loads in
control adults were significantly lower than Pb loads in both adults reared at 100 uM PbAc
(p < 0.0001) and 500 uM PbAc (p < 0.0001).

There was substantially more Pb (at all doses tested) in pupal cases than in the newly-
eclosed adults. Approximately 60 to 80% of Pb accumulated pre-eclosion was left behind in
the discarded pupal case during eclosion at doses below 500 uM PbAc (Fig. 2 Bottom). At
500 uM PbAc, Pb was more efficiently eliminated during eclosion (97% in females, 96% in
males).

3.3. Elimination of Pb loads post-eclosion

We tested elimination of Pb loads after eclosion in newly-eclosed adults or mature adults
with varying developmental exposure (pre-eclosion only, post-eclosion only, or both pre-
and post-eclosion) to control or leaded medium (10, 100, 250, or 500 uM PbAc). Pb loads
were higher in wandering third-instar larvae (Fig. 3 Top) at all doses tested when compared
to mature adults only exposed to Pb as adults (i.e. post-eclosion only). We compared the Pb
loads in newly-eclosed adults and mature adults exposed to various doses pre-eclosion only
(Fig. 3 Middle and Bottom). Pb loads were higher in newly-eclosed adults than in mature
adults (Females: p < 0.0001; Males: p < 0.0001) when exposed prior to eclosion.
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3.4. Transmission of Pb loads to F; generation

We tested the intergenerational transmission of Pb to the first generation of offspring by
exposing parents (Fg) to control or leaded (250 UM PbAc) medium from egg stages to adult
d five and rearing offspring (F; larvae and mature adults) in control medium.

In the parental generation, adult mature males and females were collected and tested for
their Pb loads. Both males (p < 0.0001) and females (p < 0.0001) had significantly higher Pb
loads when developmentally exposed to 250 uM PbAc (Fig. 4; Table 2). Pb-treated females
exhibited significantly greater (p < 0.0001) Pb loads compared to males: leaded females
averaged 17.6 ng/female (+ 2.12 SE) and males averaged 5.6 ng/male (+ 0.61). These results
may be reflective of size differences between males and females. Means for control males
(0.002 £ 0.0007) and females (0.01 + 0.004) were significantly different from zero (One-
sample t-test: Males p < 0.05, Females p < 0.05). There were no significant replicate effects
in males or females in the parental generation.

F1 larvae with either control or Pb-treated parents were reared in control medium from egg
stages to wandering third-instar larval stage and tested for differences in Pb loads. The
amount of Pb transferred to the F; wandering third-instar larvae with Pb-treated parents
(0.025 £ 0.006) was substantially lower than that found in the Pb-treated parents (Females:
17.6 £2.12; Males: 5.6 + 0.61, Fig. 4; Table 2). There was a significant difference in Pb
loads due to parental exposure to Pb (p < 0.0001, Fig. 4; Table 2); this is because Pb loads in
F1 larvae with Pb-treated parents (0.025 + 0.006) were higher than Fq larvae with control-
treated parents (0.005 + 0.002). Means for larvae with control-treated parents were not
significantly different from zero, whereas means for larvae with Pb-treated parents were
significantly higher than zero (p < 0.01). There was an overall effect of replicate for F;
larvae; however, the trend was the same between the replicates in this experiment.

Mature F4 females and males with either control-treated or Pb-treated parents were reared on
clean medium from egg stages to adulthood and were tested for their Pb loads. Mean Pb
loads in males with Pb-treated parents (0.03 + 0.02) and females with Pb-treated parents
(0.012 £ 0.002) were lower than their leaded parents (Pb-treated mothers: 17.6 £ 2.12; Pb-
treated fathers: 5.6 + 0.61, Fig. 4; Table 2). Pb loads in F; males with Pb-treated parents and
control-treated parents were not significantly different (mean F; males with control-treated
parents: 0.02 + 0.004).

On the other hand, F; females with Pb-treated parents had significantly (p < 0.05; Fig. 4;
Table 2) lower Pb loads on average (0.012 + 0.002) than F; females with control-treated
parents (0.103 + 0.04). This is most likely due to variation in background levels of Pb in the
media: four samples of F, females with control-treated parents exhibited high levels of Pb
(0.30, 0.22, 0.45, 0.18 ng/female). If these four samples are omitted from the data set, the
mean Pb loads for F; females with control-treated parents was much lower (0.02 + 0.007).
The difference in Pb loads between F; females with control-treated parents and F; females
with Pb-treated parents was not significant (p > 0.05) when these samples were removed.
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3.5. Genetic variation in Pb loads

We examined variation in Pb loads in males and females from each of 72 recombinant
inbred lines (“ro0” lines) exposed from egg stages to mature adults to control or leaded
medium (250 uM PbAc). Mean Pb load per inbred line for Pb-treated males treated was 46
+/- 1.9 SE and ranged from 9.8 to 107 (p < 0.0001) among lines. Females treated with Pb
averaged 92 +/- 3.5 and ranged from 17 to 229 among lines (p < 0.0001). The sex difference
was significant (p < 0.0001), but there was no sex by strain interaction. The mean Pb load in
control males was 0.1 +/- 0.02, whereas the mean Pb load in control females was 0.05 +/

- 0.01 per line. There were no significant strain differences among lines in either sex in the
controls. The heritability of Pb load was 0.32 in females, and 0.36 in males; this indicated
that approximately 34% of the variation among strains for Pb load is caused by genetic
variation among the roo lines.

A single common significant QTL for variation in Pb load was observed for both males and
females, located on the right arm of Chromosome Il, cytological region 2-18 50C (p <
0.0001, Fig. 5). This QTL is responsible for 38% of the genetic variation in Pb load among
strains. The heritability accounted for 813 pg? of the 2,393 pg? total phenotypic variance,
with 309 pg? of the genetic variance explained by the single QTL on Chromosome I1. We
searched for potential candidate genes in the 50C region by correlating differences in
transcription levels between control- and Pb-treated adults for each line with the mean Pb
load (methods described in Ruden et al. [2009] for 88 transcripts assayed in region 50C). We
identified two candidate genes (CG6191-RA and CG8118) where strain differences for
changes in transcription in response to Pb are significantly correlated with strain differences
in Pb load (p < 0.05). CG6191-RA is associated with phagocytosis and regulation of cell
division, and CG8118 is associated with NMotch locus signaling pathway regulation of the
nervous system (Ashburner et al., 2000).

4. Discussion

4.1. Pb loads throughout development

We found that D. melanogaster readily accumulated Pb throughout their life cycle, when
exposed during development; these results are corroborated by other studies (Akins et al.,
1992; Cohn et al., 1992; Hirsch et al., 2003; Massie et al., 1992; Peterson et al., 2017). The
level of accumulation was dose-dependent and the amount of accumulation increased
dramatically at concentrations above baseline after 100 uM PbAc. These results have
important implications for biomagnification of Pb in the food chain, given that predators
may feed on larval stages of prey.

The rate of accumulation was much greater in larvae than mature adults exposed to Pb
throughout their development. Higher Pb loads in wandering third-instar larvae are the result
of elimination of Pb loads both at eclosion and post-eclosion (when reared on clean
medium). D. melanogaster appear to shed larval Pb loads by using the pupal case for
storage-detoxification. Most of the Pb accumulated in the larval stage was left behind in the
pupal case and therefore eliminated during eclosion. The relative effectiveness of
elimination via the pupal case was greatest at the highest dose we tested (500 UM PbAc).
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This indicates that there may be a threshold for efficiency of elimination of Pb during
eclosion, dependent upon dose exposure.

Similar metal accumulation of Pb in the exoskeleton has been found in other terrestrial
invertebrates (garden snails: Beeby and Richmond, 1989; predatory Carabid beetles: Roberts
and Johnson, 1978), but has never been reported (to our knowledge) in D. melanogaster. The
treatment of the exoskeleton as a storage-excretion devise to eliminate Pb and other metals is
well documented in invertebrates and has been correlated with replacement of calcium in the
exoskeleton (Beeby, 1991; Roberts and Johnson, 1978). These results suggest that
sequestration of Pb in the D. melanogaster pupal case during eclosion is an effective
mechanism of Pb elimination, potentially mediated by its replacement of calcium.

We have found that sequestration of Pb in the pupal case may be effective mechanisms of
elimination for individuals exposed to Pb. This mechanism, in combination with elimination
of Pb loads post-eclosion through depuration, may explain higher accumulation of Pb loads
in larvae than mature adults.

In addition to elimination at eclosion, Pb loads in wandering-third instar larvae are higher
than mature adults exposed to Pb post-eclosion only. This shows that larvae accumulate
more Pb than adults over the same period: it takes approximately four d for a fly reared in
control medium (leaded flies take longer to develop [Cohn et al., 1992]) to reach the
wandering-third instar larval stage (Tyler, 2000) and adults were reared on control or leaded
medium for five d post-eclosion. In addition, adults appear capable of eliminating Pb post-
eclosion.

Mature adults treated with 500 uM PbAc reared on clean medium post-eclosion had
significantly lower Pb load when compared to newly-eclosed adults. This indicates that there
is also a process of elimination occurring post-eclosion, given the opportunity to live in
control medium. These results are consistent with findings showing that Orchesella cincta
(Hairy-back Girdled Springtail) eliminate much of their Pb loads when placed on control
medium (van Straalen and van Meerendonk, 1987).

Elimination of Pb loads post-eclosion may occur via sequestration of Pb in the intestinal
tract. The Drosophila digestive tract contains several digestive tissues that are vital for
nutritional physiology (Beeby, 1991; Dallinger, 1993; Lemaitre and Miguel-Aliaga, 2013).
These organs “form a selective barrier” (Lemaitre and Miguel-Aliaga, 2013) to eliminate
toxins and pathogens for metal accumulation and storage detoxification (Beeby, 1991;
Dallinger, 1993; Lemaitre and Miguel-Aliaga, 2013). Wilson (2004) tested tissue
sequestration in the digestive tract in both wandering third-instar larvae and mature adults.
Larvae reared on leaded medium (100 or 500 uM PbAc) had proportionally higher Pb loads
in their digestive tissues located in the abdomen compared to the abdomen of mature adults
(Wilson, 2004). Larvae consume solid food (whereas adults ingest liquid) and have higher
feeding rates than adults to optimize growth; this increases the amount of food transported to
the midgut (Lemaitre and Miguel-Aliaga, 2013; Shanbhag and Tripathi, 2009). Therefore,
higher Pb loads in larvae compared to mature adults (Wilson, 2004) may result from a
higher proportion of leaded medium present in the digestive system of the larvae. In
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addition, sequestration of Pb to the digestive system in both larvae and adults (Wilson, 2004)
may indicate active elimination of Pb via the digestive system, as well as storage-
detoxification (Dallinger, 1993).

4.2. Transmission of Pb loads to F; generation

We examined intergenerational transmission of Pb loads to the F; generation. Fo mature
adults exposed to leaded medium accumulated Pb throughout their development; this pattern
is consistent with results shown in Fig. 1 and previous studies (Hirsch et al., 2003; Peterson
etal., 2017). The mean Pb load for Fg females (17.57 ng/female + 2.12 SE; Fig. 4; Table 2)
was slightly smaller in comparison to results shown in Fig. 1 and Table 1 (25.06 ng/female
+ 4.72 SE). This is most likely due to a difference in methods between the two experiments:
in this experiment, adults were transferred to clean medium for 24 h prior to collection to
allow the adults to groom excess Pb off their bodies. Therefore, slightly lower Pb loads in
adults in this experiment may be due to Pb having been eliminated over the 24 h grooming
period.

We found very low, but detectable Pb loads in the F; wandering third-larvae. This indicates
that some of the Pb accumulated in the parental female may be passed down to her offspring,
presumably via the egg, as seen by low but detectable levels of Pb in the F4 larvae with Pb-
treated parents.

Pb loads in F1 mature adults with Pb-treated parents were not significantly different from Pb
loads in F; mature adults with control-treated parents; this is consistent with a previous
study (Peterson et al., 2017). We can conclude that any remaining Pb in the F4 larvae was
eliminated by the time that offspring were reproductively viable as mature adults. Likely, Pb
was eliminated in Fq offspring via mechanisms like those observed in previous experiments
(i.e. at eclosion via the pupal case and rearing on clean medium after eclosion). Therefore,
there was no significant intergenerational transmission of Pb to the first generation of mature
offspring.

Few studies have explored transgenerational transmission (i.e. the effects of Fq exposure to
environmental factors in the F3 generation, if the F1—F3 generations are not exposed
[Skinner, 2008]) of Pb loads to subsequent generations of offspring; this is important given
worldwide efforts to eliminate Pb pollution. Sen et al. (2015) found that maternal Pb
exposure alters DNA methylation levels in neonatal blood. These results (Sen et al., A2015)
suggest that Pb exposure may disrupt DNA methylation in fetal germ cells, which can, in
turn, induce transgenerational epigenetic effects. Therefore, Pb exposure has the potential to
cause long-term, multigenerational deformities in the absence of Pb pollution. Given that it
is challenging to determine transgenerational epigenetic effects in humans or wildlife, D.
melanogasteris a useful model to further delineate transgenerational epigenetic effects since
Pb was eliminated by the first generation of mature adult offspring.

4.3. Genetic variation in Pb loads

Genetic variation significantly altered adult Pb load in response to developmental Pb
exposure in D. melanogaster. A QTL on Chromosome Il was a significant source of genetic
variation affecting adult Pb accumulation, accounting for approximately one third of the
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genetic variation detected. Inbred lines used in this study accumulated, on average,
substantially more Pb than the wild type strains tested here.

The homology between Drosophilaand mammalian genomes (Mackay and Anholt, 2006)
suggests that further analysis of such genetic variation may provide useful insights into
mechanisms and risk for Pb loads in humans. It is notable that we observed no significant
correlation among recombinant inbred lines between mean Pb load and Pb-induced changes
in locomotor behavior (Hirsch et al., 2009). In addition, the major QTL in these lines
mediating Pb-induced changes in locomotor behavior had no detectable effect on Pb loads.
These observations suggest that mechanisms mediating accumulation of Pb are different
from those underlying the effects of Pb on behavior. It is possible that the strains reached a
threshold level for Pb-induced changes in locomotor activity regardless of their Pb load. This
pattern suggests that BLLs in humans may be a good measure of prior exposure, but may not
be as good a predictor of behavioral effects.

To our knowledge, this is the first evidence indicating genetic variation in Pb loads and
identification of a specific region of the genome mediating genetic variation for this trait.

5. Conclusion

In conclusion, we have found that larvae accumulate substantially more Pb than adults, Pb is
eliminated via the pupal case at eclosion, adults continue to eliminate Pb post-eclosion, and
Pb loads are not transferred to the first generation of mature adult offspring. In addition, we
found that genetic variation accounted for 34% of the variance in Pb load. Together these
mechanisms may serve to minimize Pb exposure in the brain and to offspring, especially
during the first d of adult life when experience plays an important role in the development of
complex behaviors (Hirsch et al., 2003). The Drosophila model facilitates extending
behavioral observations to include genetic (Hirsch et al., 2009; Ruden et al., 2009) and
neural mechanisms (He et al., 2009; Morley et al., 2003) mediating these effects, as well as
transgenerational effects of anthropogenic Pb.
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. D. melanogaster readily accumulated Pb throughout their lifespan and the

. Wandering third-instar larvae accumulated more Pb than mature adults.

. The accumulated Pb in mature adults was not transferred to F; mature adult
offspring.

. We identified a quantitative trait locus for adult Pb loads and found that

HIGHLIGHTS

levels of accumulation increased with Pb exposure in the medium.

genetic variation accounted for 34% of the variance in Pb load.

Chemosphere. Author manuscript; available in PMC 2018 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Peterson et al. Page 15

3 400 -@- Larvae
g ! _5 ~B- Adult Females
& S8 3004 -a- AdultMales
£ 09
gl _.q'j 7
TS5 n 7
i
oo?
53
(9]
SE§

o

0 200 400 600
Pb dose in medium (uM PbAc)
Fig. 1.

Average Pb loads for each dose tested in ng/fly for wandering third-instar larvae and mature
adults reared on control or leaded medium throughout development. Means + standard error
of mean shown (n= 8 larva, n= 3 control- treated adults, 7= 3 Pb-treated adults).
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Fig. 2.

[Top] Average Pb loads for each dose tested in ng/fly for pupal cases and newly eclosed
adults exposed prior to eclosion only. [Bottom] Percent Pb burden lost in pupal case during
eclosion for each dose tested. Means + standard error shown (n7=5-11 females, 7= 6-12

males).
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Fig. 3.

[Tgc])p] Mean Pb loads for each dose tested in ng/fly for wandering third-instar larvae and
mature adults exposed post-eclosion only. Means + standard error shown (7= 8 all larva, n=
4 control-treated adults, /7= 6 all Pb-treated adults). [Middle and Bottom] Mean Pb loads in
either female [middle] or male [bottom] newly eclosed adults or mature adults exposed pre-
eclosion only. Means + standard error (7= 4 control-treated adults, 7= 6 Pb-treated adults).
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Intergenerational transmission of Pb loads to the first generation of offspring (F;). Means +

standard error (7= 15 Fq adults, 7= 9-10 F4 larva, n= 13-14 F; adults).
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Fig. 5.
Composite Interval Mapping for the Lead Load trait shows a significant QTL (p < 0.001) at

approximately cytological region 50B on the left arm of chromosome two. The Y-axis is in
Likelihood Ratio units, and the X-axis is in cM, representing the genetic map for
chromosomes I, Il and 111.
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