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1. Introduction

Removal of lead from paint and gasoline has substantially
reduced blood lead levels in the United States, but lead exposure
still remains a serious public health problem (
U
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(Chang et al., 2008; Marchetti, 2003; Toscano and Guilarte, 2005)
and in the adult (Gilbert et al., 2005; Schneider and Decamp, 2007;
Verina et al., 2007; White et al., 2007), the genetic mechanisms
lead disturbs are not well understood.

We thus decided to develop Drosophila melanogaster as a model
for study of the behavioral, physiological and genetic effects of
chronic lead exposure during development.Drosophila take up lead
from the nutrient medium they are reared on (Cohn et al., 1992)
and the dose response curve for the lead body burden has a
significant linear component (Hirsch et al., 2003). As is the case for
vertebrates, lead is toxic in Drosophila (larval LC50 (�standard
error): 6.60 � 0.64 mM PbAc added to medium) and delays pre-adult
development (lowest concentration extending larval development,
1.2 mM PbAc) without changing adult body weight (Akins et al.,
1992). Lead-dependent behavioral changes have been harder to
demonstrate in Drosophila. An early study reported that, even at a
high dose (3.07 mM PbAc), phototaxis, locomotion and learning are
unaffected (Akins et al., 1992). In sharp contrast, at very much lower
doses courtship behavior (which is influenced by experience during
the first few days of adult life; Barth et al., 1997b; Hirsch et al., 1995;
Hirsch and Ghiradella, 2004) shows biphasic lead-dependent
changes: facilitation at low (10 and 40 mMPbAc) doses and inhibition
at higher (100 and 250 mM PbAc) ones (Hirsch et al., 2003).
Locomotor activity is also affected, but only at higher (250 mM PbAc)
doses, and then only for males (Hirsch et al., 2003). Furthermore, as is
C
TE

D
 P

R
O

O
F

http://www.genenetwork.org/
http://dx.doi.org/10.1016/j.neuro.2009.08.011


http://dx.doi.org/10.1016/j.neuro.2009.08.011


E
D

 P
R

O
O

F

U
N

C
O

R
R

E

master-modulatory gene that is encoded at the genomic location of
C
T

http://dx.doi.org/10.1016/j.neuro.2009.08.011


C

U
N

C
O

R
R

E

TE

D
 P

R
O

O
F

http://dx.doi.org/10.1016/j.neuro.2009.08.011


R
R

E
C

TE
D

 P
R

O
O

F

U
N

C
O

map to the probesets in a transband (Chesler et al., 2005).
Therefore, polarization of expression with the genotype of genes in
a transband as a dependent variable (whichwe call ‘‘polarization of
expression based on genotype’’) might indicate a common
regulator for a majority of genes in a transband.

We calculated the polarity of expression based on both
genotype and environment (�Pb). In these analyses, we found that
expression of probesets with trans-eQTL overall show no polarity of
expression based on genotype (data not shown). In otherwords, of the
2396 total trans-eQTLs (see Fig. 1), the number of probesets that have
higher steady-state mRNA levels when the genotype is ORE is
approximately the same as when the genotype is 2B. However, the
probesets in individual transbands often show such polarity,
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Cdiffered for each probeset (see Section 4). All of the peaks at 72A–
73D in Fig. 7a are significant, and all of the peaks at 30AB and 72A–
73D are significant in Fig. 7b (
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Fig. 7. QTL analyses of 33 genes co-regulated by two loci. (a) eQTL graphs of 33 genes in control flies. (b) eQTL graphs of 33 genes in treated flies. (c) GxE graphs of 33 genes

where line (L) is not an independent covariate (intensity = G + E + GXE + error). (d) GxE graphs of 33 genes with the full model (intensity = L + G + E + GXE + error). Notice that

more genes cross the LOD = 3 line at 30AB, 61A, and 72A–73D in the full model compared with (c).

Fig. 8. Permutation analysis of the GxE-eQTL data. (a) The experimental GxE-eQTL data are plotted with eQTL location (x
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the ORE genotype (Fig. 9b). This model can explain much of the
data, but other possibilities exist. For example, the putative trans-
regulator could increase the stability of the target gene mRNAs or
there could be an indirect effect on steady-statemRNA levels. Fine-
mapping the genes that underlie the QTLs, which will be aided by
sequencing both of the ORE and 2B genomes, should help in
determining the precise mechanism involved.

The first genetical genomics study that identified genes with
significant GxE interactions was a study in C. elegans in which the
authors identified a group of genes with trans-eQTL that are
induced by heat shock, so-called ‘‘plastic QTL’’ or pQTL (Li et al.,
2006
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(Flybase). Although gene expression from this probeset is not
correlated with the behavioral response to lead, it may represent
genetic variation that acts developmentally to mediate behavioral
responses to lead at a physiological or anatomical level that does
not depend on adult gene expression.

We have alsomeasured variation among these roo lines for lead
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studies have also been done extensively in rats andmice (Bao et al.,
2007; Druka et al., 2008; Li et al., 2005), which have a further 10–
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4.5. Markers genotypes

Marker information for a total of the 75 roo lines which were
typed for a total of 82 markers. Heterozygotes were set to missing
in these lines.

4.6. Annotation

The annotation used in this experiment is that provided by
Affymetrix’s Netaffx (Cheng et al., 2004; Liu et al., 2003) for the
Drosophila genome 2 array data March 27, 2006. A total of 18,147
probesets had physical genetic positions. 805 probesets without
genetic position are included in the table of P-values (Tables S2 and
S3), but are excluded from the eQTL figure (Fig. 2
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between markers at 50DF and 57C, chromosome 2 was artificially
divided into two linkage groups, 2 and 2*. Chromosome 3 was
represented by 40markers from cytological positions 61A to 100A.
Chromosome 4 was excluded from our analyses.
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