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Empirical “Positive Control”
 Overall activity of Alcohol Dehydrogenase 

(ADH) enzyme
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ABSTRACT The genetic component of variation of enzyme
activity in natural populations of Drosophila melanbgaster was
investigated by using two sets of chromosome substitution lines.
The constitution 6f a line of-each type is: ii/ii;+s/±s;is/is and
iI/iI;i2/'i2;+3/+3, where i refers to a chromnosome from'a highly
inbred line and + refers to a chromosome from a natural pop-
ulation. The + but not the i chromosomes vary within a set of
lines. By use of a randomized block design to test and estimate
components of variance, 50 of the second- and 50 'of the third-
chromosome substitution lines have been screened for variation
in the activity levels of seven enzymes. Six of the seven enzymes
show a significant geneticmofmponent in at least one set of ines,
and five of the seven enzymes show activity variations attrib-
utable to factors that are not linked to the struptural gene. These
unlinked activity modifiers identify possible regulatory ele-
ments. Analyses of covariance show that'most of the genetic
variation of enzyme activities cannbt be accounted for by ge-
netic variation of live weight or protein content. These results
and the lack of strong correlations between the genetic effects
on the activities of different enzymes indicate that the effects
are mainly specific for individual enzymes.

Naturally occurring genetic variants that affect activity levels
have been reported for a number of enzymes in Drosophila
melanogaster. Characterization of these variants has basically
involved attempts at classification into three types of genetic
units: a structural gene and two types of modifier genes, one
that maps very close to the structural gene and one that maps
some distance away. Here we define modifier genes as loci that
affect enzyme activity levels without affecting the primary
structure of the polypeptide(s) at the time of translation. The
mechanisms of modifiers may, of course, involve differential
rates of transcription, mRNA processing, or translation, which
are generally regarded as "regulatory," or other processes such
as posttranslational modification, intracellular compartmen-
talization, or differential rates of degradation.

Although most activity variants in D. melanogaster have not
been well characterized, probable examples of variants of each
of the three types of genetic unit have been identified (1-8).
These studies and recent models of the regulation of gene ex-
pression in eukaryotes (9, 10) suggest that in natural populations
there may be several polymorphic loci distributed throughout
the genome that affect the expression of a given structural gene
and therefore contribute to variation in the activity of an en-
zyme. However, at present there is very little quantitative in-
formation about the extent of genetic variation of enzyme ac-
tivities, the relative importance of structural, regulatory, or
other types of genes in causing this variation, and the number,
organization, and types of activity modifiers that are poly-
morphic in natural populations. Here we report some prelim-

inary results of a study designed to investigate these questions.
This study may ultimately prove useful in the design of ex-
periments to test the adaptive significance of enzyme variability
and will also have a bearing on the suggestion that regulatory
variation of enzyme activity levels is a more important source
of adaptive variation than structural variability (9, 11).
Our basic approach to quantifying the amount of genetic

variation of enzyme detivity in natural populations of Dro-
sophila is to view activity as a quantitative trait and to use
standard biometrical methods to partition its variance into
genetic and environmental components. In order to localize
activity variants, two sets of homozygous lines were constructed
in which either second of third chromosomes from natural
populations were substituted onto an isogenic background.
Within the set of second-chromosome substitution lines, for
example, all X and third-chromosome loci are constant but
second-chromosome loci vary. This design permits detection
of activity variants that are not linked to the structural locus of
the enzyme and can therefore easily identify modifier loci.
The enzymes assayed in this study are glucose-6-phosphate

dehydrogenase (G6PD; D-glucose-6-phosphate:NADP+ oxi-
doreductase, EC 1.1.1.49), 6-phosphogluconate dehydrogenase
(6PGD; 6-phospho-D-gluconate:NADP+ oxidoreductase, EC
1.1.1.44), fumarate hydratase (FUM; L-malate hydro-lyase, EC
4.2.1.2), a-glycerophosphate dehydrogenase (a-GPDH; sn-
glycerol-3-phosphate:NAD+ 2-oxidoreductase, EC 1.1.1.8),
alcohol dehydrogenase (ADH; alcohol:NAD+ oxidoreductase,
EC 1.1.1.1), catalase (CAT; H202:H202 oxidoreductase, EC
1.11.1.6), and aldehyde oxidase (AOX; aldehyde:02 oxidore-
ductase, EC 1.2.3.1). Electrophoretic variants are known for
each of these enzymes except catalase and have been used to
map the locations of the structural genes: G6PD, 1-63.0; 6-PGD,
1-0.64; FUM, 1-19.9; a-GPDH, 2-20.5; ADH, 2-50.1; and AOX,
3-56.6 (3). The structural gene for catalase is probably located
in region 75D-76A on the third chromosome; this is the only
dosage-sensitive region in the genome (12).

MATERIALS AND METHODS
The procedure for substitution of second chromosomes derived
from natural populations onto an isogenic background is shown
in Fig. 1. Third-chromosome isogenic substitution lines (ij/
il;i2/i2;+3/+3) were constructed in an analogous manner with
use of the balancer i1/i1;i2/i2;TM6; Utbx/Sb. During con-
struction of these lines, the isogenic background chromosomes
were never heterozygous in feniales and were pnly heterozy-
gous with balancer chromosomes in males. Fifty second- and
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ABSTRACT The alcohol dehydrogenase (ADH) locus
(Adh) of Drosophila melanogaster is polymorphic on a world-
wide basis for two allozymes, Fast and Slow. This study was
undertaken to determine whether the well-established differ-
ence in ADH protein concentration between the allozymes is
due to a difference in mRNA levels. RNA gel blot hybridization
and an RNase protection assay were used to quantify ADH
mRNA levels. Each method used an Adh null mutant as an
internal standard. Several Slow and Fast allele pairs of
different geographic origins were analyzed. The results provide
strong evidence that the ADH protein concentration difference
is not accounted for by RNA level.

The alcohol dehydrogenase (ADH; alcohol:NAD+ oxidore-
ductase, EC 1.1.1.1) of Drosophila melanogaster is encoded
by a single gene (Adh) on chromosome arm 2L, which pro-
duces two developmentally regulated transcripts (distal/prox-
imal) that share the same coding sequence but differ in their 5'
untranslated leader (1, 2). In natural populations throughout
the world, the Adh gene is polymorphic for two allozymes,
designated Slow (S) and Fast (F) on the basis of electropho-
retic mobility. Amino acid sequencing has shown that ADH-F
differs from ADH-S by a threonine/lysine substitution at
residue 192 (3), and DNA sequencing of several alleles of each
electrophoretic type indicates that this is generally the only
difference in primary structure (4). The ADH allozyme poly-
morphism has been intensively studied at both molecular and
population levels but is still poorly understood (for reviews,
see refs. 5-7).

Lines homozygous for AdhF alleles generally have 2-3
times higher ADH enzyme activity per fly than Adhs lines.
Several investigators have shown that a large part, but
probably not all, ofthis activity difference is accounted for by
a difference in the concentration of ADH protein estimated
immunologically (8-13). The active-site titration experiments
of Winberg et al. (14) indicated that ADH-F has a higher
catalytic efficiency, in addition to being more concentrated in
the fly. The basis for the concentration difference between
allozymes was addressed by Anderson and McDonald (15) in
a protein-turnover study and by analysis of ADH mRNA
levels. Their results suggested that AdhF lines have a higher
ADH concentration because of a higher rate of synthesis in
vivo, which is associated with a higher concentration ofADH
mRNA.
A study of restriction fragment length polymorphism in the

Adh region revealed a pattern of strong nonrandom associ-
ation among ADH activity level, ADH allozyme, and several
restriction-site polymorphisms (16). These results, along with
the difference in ADH mRNA concentration reported by
Anderson and McDonald (15), suggested that the difference
in Adh expression between allozymes might be due in part to

linkage disequilibrium with a regulatory-site polymorphism.
We have begun to test this hypothesis through the use of
P-element transformation to identify the nucleotide substi-
tution(s) responsible for the quantitative differences between
allozymes. The first transformation experiment clearly local-
ized the differences in ADH activity and ADH protein level
to a 2.3-kilobase restriction fragment that includes all of the
Adh coding sequence and some intron and 3' flanking
sequence but excludes all of the 5' flanking sequence of the
distal (adult) transcriptional unit (17). Analysis of DNA se-
quences for this fragment indicated that the effect is very likely
due to one ofthree substitutions. One ofthese is the amino acid
replacement and the other two are nearby third-position silent
substitutions. Although any of these substitutions could the-
oretically cause differences in ADH mRNA levels through
differential transcript processing or stability, these results
suggest that additional quantitative analysis of RNA levels
produced by Adh alleles from diverse sources is necessary for
a thorough understanding of the allozyme polymorphism.
Here we present the results of such a study, which, unlike the
results of Anderson and McDonald (15), provide strong
evidence that F lines do not have a higher concentration of
ADH mRNA than S lines.

MATERIALS AND METHODS
Stocks. Three sets of wild-type stocks were used. (i) The

isochromosomal "Kreitman lines" (4): Wa-s and Wa-f from
Washington; Fl-2s and Fl-f from Florida; Fr-s and Fr-f from
Bully, France; Ja-s and Ja-ffrom Ishigaki, Japan. (ii) Isogenic
second-chromosome substitution lines (18): KA13 (F) and
KA16 (S) from Kansas; WI08 (F) and W109 (S) from Wis-
consin; RI42 (S) from Rhode Island. In a survey of 50 such
lines, the KA and WI lines showed modal ADH activity
values within their respective allozymic classes (18). (iii) The
"CA" lines are John McDonald's S1 and F1 isogenic lines
from California (19). Two mutant strains were used: Adhfn23
pr cn (from W. Sofer, Waksman Institute, Piscataway, NJ)
and b Adhn'l248 cn bw (from M. Ashburner, Cambridge
University, Cambridge, UK). Transformant stocks, each
homozygous for a single insert (in an Adff6 cn; ry"
background) were also used in one experiment. Each insert
consists ofaP element containing a ry + fragment and the Sac
I-Cla I Adh fragment from either the Wa-s or Wa-fclone (17).
ADH Activity and Protein Level. For assaying ADH activ-

ity, the spectrophotometric method described by Maroni (20)
was used with isopropanol as substrate. ADH units are nmol
of NAD+ reduced per min. ADH protein was estimated as
crossreacting material (CRM) by radial immunodiffusion
(21). This procedure was tested with purified ADH-F and
ADH-S (22, 23) to verify that there is no difference between

Abbreviations: ADH, alcohol dehydrogenase; F, Fast; S, Slow;
CRM, crossreacting material; ANOVA, analysis of variance.
*Present address: Dept. of Zoology, Duke University, Durham, NC
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ABSTRACT 
Several lines of evidence  indicate  that  natural selection controls  the  frequencies of an allozyme  poly- 

morphism  at  the alcohol dehydrogenase ( A d h )  locus  in Drosophila  melanogaster. However,  because of 
associations  among  sequence  polymorphisms  in  the Adh region, it is not clear  whether selection actS 
directly (or solely) on the  allozymic  site.  This  problem  has been approached by using in  vitro mutagenesis 
to  distinguish among the  effects on Adh expression of individual  polymorphisms.  This  study  shows  that 
a  polymorphism  within  the  first Adh intron (V 1 )  has a  significant effect on the  level ofADH protein. Like 
the  allozyme, B 1 shows a  geographic cline in  frequency,  indicating  that it may  also  be a target of natural 
selection. These results  suggest  that  multisite selection models may be  required  to  understand  the  evo- ” 

lutionary  dynamics of individual loci. 

T HE alcohol dehydrogenase enzyme  (ADH, EC 
1.1.1.1) of Drosophila  melanogaster plays an im- 

portant  role in the detoxification of environmental al- 
cohols and in energy metabolism. Flies lacking ADH  ac- 
tivity are extremely sensitive to  the toxic  effects  of 
alcohols (DAVID et al. 1976), and naturally occurring 
variation in ADH  activity  is frequently associated with 
variation in alcohol tolerance (GIBSON and OAKESHOTT 
1982; VAN DELDEN 1982). ADH  catalyzes a key step in the 
metabolism of ethanol to lipid, which occurs very  effi- 
ciently in larvae (GEER et al. 1985). 

In D .  melanogaster, ADH  is encoded by a single gene, 
which produces two distinct transcripts from alternative 
promoters (Figure 1A).  These transcripts are develop- 
mentally regulated such that  the distal transcript is the 
predominant  form in adults and  the proximal transcript 
is predominant in larvae until late third instar (BENYAJATI 
et al .  1983; ~AVAKIS et al. 1986). Deletion mutagenesis 
and P element transformation have  shown that tran- 
scription of Adh is regulated by sequences immediately 
upstream of each  promoter in conjunction with more 
distant enhancer elements (CORBIN and MANIATIS 1989, 
1990; POSAKONY et al .  1985). 

Natural  populations of D .  melanogaster harbor  exten- 
sive nucleotide variation throughout  the Adh region 
(AQUADRO et al. 1986; KREITMAN 1983) and they  show 
extensive genetic variation of ADH  activity  level in adults 
(LAURIE-AHLBERG 1985). A large part of this activity  varia- 
tion is associated with a worldwide  allozyme  polymor- 
phism (LAURIE-AHLBERG 1985), which is due to a single 
amino acid replacement (Figure 1A) (KREITMAN 1983). 
Fast homozygotes generally have a 2.5-%fold higher 
ADH  activity  level than Slow homozygotes, which is 
partly due to a difference in  catalytic efficiency and 
partly to a difference in concentration of the ADH- 
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protein (estimated immunologically) (LAURIE-AHLBERG 
1985). Both of these differences map  to a 2.3-kb Hpa/ 
Cla fragment (see Figure 1A) that includes the Adh cod- 
ing sequences and introns,  but excludes the 5”flanking 
region (LAURIE-AHLBERG and STAM 1987). Using in  vitro 
mutagenesis and transgenic flies, we have  shown that  the 
amino acid replacement clearly  causes the catalytic  ef- 
ficiency difference, but it has no effect on  the concen- 
tration of  ADH protein (CHOUDHARY and LAURIE 1991). 

Population survey data have suggested that  the typical 
1.5-fold difference in ADH protein level between allo- 
zymes might be due to a polymorphism called V 1 (LAu- 
RIE et al. 1991), which  consists  of a complex sequence 
substitution within the first intron of the distal transcrip- 
tional unit  (Figure 1A). There is a strong association 
between the V 1 and amino acid replacement polymor- 
phisms such that Slow alleles nearly always have the 29 
bp version  of V 1  (denoted V I - S )  and Fast alleles pre- 
dominantly have the 34bp version (D 1-F). This asso- 
ciation occurs in natural  populations  throughout  North 
America (BERRY and -ITMAN 1993; KREITMAN and 
AGUADE 1986; LAURIE et al. 1991), in Spain (AGUADE 
1988) and in an African population (BENASSI et al. 1993), 
indicating that V 1 could account for the worldwide  dif- 
ference in ADH protein level between the allozymes. 
Here we use in  vitro mutagenesis and P element trans- 
formation  to test directly the hypothesis that V 1 aEects 
ADH protein level. 

MATERIALS  AND  METHODS 

Plasmid constructions: The plasmids used  for P element 
transformation all have  the  same  basic  structure (see Figure 1 
of L A U R I E - ~ L B E R G  and STAM 1987). The  vector pPLA1  consists 
of a  defective P element containing  a  polylinker,  which 
was inserted into pUC9 u. POSAKONY, personal  communica- 
tion). An 8.0-kb SacI/ClaI frament  containing  the Adh gene 
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ABSTRACT 
A  molecular mapping  experiment shows that a  major gene effect on a quantitative trait, the level of 

alcohol  dehydrogenase expression in Drosophila  melunogaster, is due  to multiple polymorphisms within 
the Adh gene.  These polymorphisms are located  in an  intron,  the  coding  sequence,  and  the 3‘ untrans- 
lated  region. Because of nonrandom associations among polymorphisms at different sites, the individual 
effects combine  (in some cases epistatically) to produce “superalleles” with large effect. These results 
have implications for  the  interpretation of major gene effects detected by quantitative  trait locus mapping 
methods.  They show that large effects due  to a single locus may be due  to multiple associated polymor- 
phisms (or sequential fixations in isolated populations) rather  than individual mutations of large effect. 

A LCOHOL dehydrogenase (ADH) activity and pro- 
tein levels are quantitative traits that show exten- 

sive variation in  natural  populations of Drosophila mela- 
nogaster. This variation is clearly polygenic, with effects 
due to genes  both  linked and unlinked to the Adh  locus 
that  encodes the enzyme (reviewed by LAURIE-AHLBERG 
1985). However, the Adh  locus clearly constitutes a ma- 
jor gene effect, since two allelic classes defined by an 
allozyme polymorphism have distributions of  ADH  ac- 
tivity with  very little overlap (LAURIE-AHLBERG et al. 
1980). Fast homozygotes generally have a 2.5-3.0-fold 
higher ADH  activity  level than Slow homozygotes, which 
is partly due to a  difference in catalytic  efficiency and 
partly to a  difference  in the concentration of ADH pro- 
tein ( LAURIE-AHLBERG 1985). 

DNA sequence analysis  of alleles from the two allo- 
zymic  classes has revealed that they differ by only a 
single amino acid replacement ( W I T M A N  1983),  but 
there  are many other sequence differences that show 
nonrandom association with the  replacement polymor- 
phism (AQUADRO et al. 1986; KREITMAN and AGUADE 
1986; SIMMONS et al. 1989).  These associations sug- 
gested that  the major expression difference between 
the classes  may not be due entirely to the  amino acid 
replacement. 

We have been  conducting  a series of experiments to 
identify polymorphisms within the Adh gene  that  con- 
tribute to the expression difference between the allo- 
zymic  classes. The basic approach is to make modifica- 
tions of a  pair of typical Fast and Slow alleles in  vitro, 
introduce those constructs into ADH-null  flies by P- 
element  transformation and  then assess the effects on 
ADH  activity and  protein levels in transgenic flies.  Mul- 
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tiple independent transformants of each  construct can 
be used to avoid the complication of position effect 
variation so that even very small differences (on  the 
order of 5-10%) can be detected (LAURIE-AHLBERG 
and STAM 1987). 

In D. melanogaster, ADH  is encoded by a single gene 
that  produces two distinct transcripts from alternative 
promoters, proximal and distal (Figure 1). The distal 
transcript is the  predominant form in adults and late 
larvae, while the proximal transcript is the  predominant 
form in larvae up until mid-third instar (BENYAJATI et 
al. 1983; SAVAKIS et al. 1986).  Transcription of Adh is 
regulated by sequences immediately upstream of each 
promoter  in  conjunction with more  distant enhancer 
elements (POSAKONY et al. 1985; CORBIN and MANIATIS 
1989, 1990). Our transformation experiments have  uti- 
lized a genomic fragment  that  includes all  known regu- 
latory elements.  It  extends from a Sac1 site -5.5 kb 
upstream of the distal promoter to a ClaI site -0.8 kb 
downstream of the  polyAaddition site (Figure 1). Adult 
transformants with  wild-type  versions  of this construct 
express ADH at levels  very similar to normal flies  with 
the same allele (LAURIE-AHLBERG  and STAM 1987). 

In a previous transformation experiment, essentially 
the  entire  difference between the allozymic  classes in 
ADH  activity and  protein levels in adults was mapped 
to a HpaI/ClaI fragment, which contains all coding se- 
quences, as  well  as intronic, 3’ untranslated and 3’ 
flanking sequences (LAURIE-AHLBERG and STAM 1987). 
This fragment  contains 13 polymorphisms that differ 
between consensus Fast and Slow alleles (WITMAN 
1983), as  shown in Figure 1. Through in vitro mutagene- 
sis, we previously showed that the  amino acid replace- 
ment causes a catalytic  efficiency difference,  but does 
not  contribute  to  the 1.5-fold difference in ADH pro- 
tein level between the allozymic  classes (CHOUDHARY 
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ABSTRACT 
In natural populations of Drosophila  melanogaster, the alcohol dehydrogenase (Adh)  locus  is  poly- 

morphic for two  allozymes, designated Slow and Fast.  Fast  homozygotes  generally  have a two- to 
threefold higher ADH  activity  level than Slow  homozygotes for two  reasons:  they  have a higher 
concentration of  ADH protein and the Fast protein has a higher catalytic  efficiency.  DNA  sequencing 
studies  have shown that the two  allozymes  generally differ by  only a single amino acid at residue 192, 
which  must therefore be the cause of the catalytic  efficiency difference. A previous P element- 
transformation experiment mapped the difference in  ADH protein level to a 2.3-kb HpaIIClaI 
restriction fragment, which contains  all of the Adh coding sequences  but  excludes all  of the 5' flanking 
region of the distal transcriptional unit. Here we report  the results of a site-directed in  vitro mutagenesis 
experiment designed to investigate the effects of the amino acid replacement. This replacement has 
the expected effect on catalytic  efficiency, but there is no detectable effect  on the concentration of 
ADH protein estimated immunologically. This result shows that the average difference in  ADH 
protein level between the allozymic  classes  is due  to linkage  disequilibrium  between the amino acid 
replacement and one or more other polymorphisms  within the HpaIIClaI fragment. Sequence analysis 
of several  Fast and Slow alleles  suggested that the  other polymorphism  might be a silent substitution 
at nucleotide 1443, but another in  vitro mutagenesis experiment reported here shows that this is not 
the case. Therefore,  the molecular basis  of the difference in  ADH protein concentration between the 
allozymic  classes remains an open question. 

T HE alcohol  dehydrogenase  enzyme  (ADH; EC 
1.1.1.1) of Drosophila melanogaster is encoded 

by a  single gene (Adh) on  chromosome  arm 2L (LIN- 
DSLEY and GRELL 1968). Two  alternative Adh tran- 
scripts are  produced in  a  developmentally  specific 
pattern  from  two  tandem  promoters (see Figure 1; 
BENYAJATI et al. 1983; SAVAKIS, ASHBURNER and WIL- 
LIS 1986). T h e  distal transcript, which is the predom- 
inant  form  in  adult tissues, is initiated 708 base  pairs 
(bp)  upstream  of  the  initiation  point  of  the  proximal 
transcript, which is predominant  in  larval tissues. In  
addition,  the distal transcript  contains an extra  intron 
of  654 bp,  which separates  two  parts of the 5' untrans- 
lated  leader  sequence. T h e  two  processed  transcripts 
differ  in  their 5' untranslated  leaders,  but  they specify 
the  same  ADH  protein.  Deletion  mutagenesis  and P 
element-mediated  germline  transformation  have  been 
used to determine  the  sequences necessary for a nor- 
mal  pattern  and level ofAdh  expression.  These  studies 
show  that  transcription is regulated by sequences im- 
mediately  upstream  of  each  promoter  in  conjunction 
with  distant larval- and adult-specific enhancer ele- 
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ments (GOLDBERG, POSAKONY AND MANIATIS 1983; 
POSAKONY, FISCHER and MANIATIS 1985; CORBIN and 
MANIATIS 1989,  1990). 

In natural  populations  throughout  the world, the 
Adh locus is polymorphic  for  two allozymes,  desig- 
nated Slow and Fast.  Several  lines of evidence  suggest 
that  natural  selection  affects  the  frequencies  of  these 
alleles, a t  least under  some  environmental  conditions. 
Fast  homozygotes,  which  generally  have  a  higher  ac- 
tivity level than Slow  homozygotes,  also  generally  have 
a higher  tolerance to environmental alcohols  in  labo- 
ratory toxicity  tests (see reviews by CHAMBERS 1988; 
GIBSON and OAKESHOTT 1982; VAN DELDEN 1982). 
T h e  allozymes  show  a  latitudinal  cline in  frequency  in 
the  same  direction on each of three  different  conti- 
nents (OAKESHOTT et al. 1982), which  suggests  a  com- 
mon selective gradient.  Recently,  comparisons be- 
tween  the  extent  of  silent  nucleotide  polymorphism 
within the melanogaster Adh gene  and  the  extent of 
interspecific  sequence  divergence  have  provided evi- 
dence  that  there is an excess of polymorphism sur- 
rounding  the  amino acid  replacement  substitution 
that  generates  the  allozyme  polymorphism.  Such  an 
excess can be explained by postulating  that  the allo- 
zyme  polymorphism is maintained by balancing selec- 

Classic studies on the 
quantitative genetics of ADH 

expression (Cathy Laurie)

Allozyme Polymorphism

Fast
Slow

AAG
ACG

Lys
Thr

Intronic InDel Polymorphism

∇1-Low
∇1-High

29-bp
34-bp

Adh Locus



ADH Activity
Variation
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Variation across founders

AD
H
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ity

−2

−4

−6

−8

1 877 1737
877 population pA RILs 860 population pB RILs

877 pA RILs 860 pB RILs

Variation across DSPR RILs

• Slow founders show consistently low 
ADH activity

• Variation among Fast founders - 
implies other loci involved

• Extensive phenotypic variation in 
DSPR

King et al., Genome Res. 2012



ADH Enzyme Activity QTL
LO
D

0 66
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80
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2-LOD QTL interval
     370-kb
     0.5 cM
     22 protein-coding genes

King et al., Genome Res. 2012



Adh QTL Phasing
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c

F/S =Δ

1 =

Three allelic 
groups

Low activity
A1, A2, B7

Medium activity
B3

High activity
A4-A7, B1, B2, 
B4, B6, AB8

Confirm effect of Fast/Slow, but other 
alleles at Adh are also involved
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Additional ADH QTL
Raw ADH 

activity QTL

Control for Adh haplotypes 
defined by F/S and ∇1



QTL to Causative Variants

H

H

H

L

L

L

L

L

GGCCAGTAAAAATATTAAATTCACACT
GGCCAGTAAAAACATTAAATTCACACT
GGCCAGTAAAAATATTAAATTCACAGT
GACCAGCAAAAATATTAAATTTACAGT
GACCAGCAAAAACATTAAATTTACAGT
GGCCAGCAAAAATATTAAATTTACACT
GGCCAGCAAAAACATTAAATTTACACT
GGCCAGCAAAAATATTAAATTTACAGT

Founder
means
at QTL

Predicted
allelic

configuration

Sequence
alignment within

QTL interval



Few “in-phase” Polymorphisms

SNP nsSNP InDel
Q1

QR2

QR3

QR4

QR6

QR7

QR8

169 3 48
6 0 8

102 25 89
12 1 12
537 233 490
2 6 11
37 2 33

QR2
Includes frameshift  

mutation in CG7377 
and intronic deletion 

in CG6024

Q1
Includes known
F/S Adh variant



Nicotine Resistance QTL
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Biallelic QTL
14.4% variation

220-kb
0.84 cM
27 genes

Multiallelic QTL
51.5% variation

190-kb
0.21 cM
32 genes
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Marriage et al., in preparation



Expression Candidates (2L)
Cyp28d2 Cyp28d1

A4 (regular)

A4 (nicotine)

A3 (regular)

A3 (nicotine)

CG7742



Expression Candidates (3R)
Ugt86Dd Ugt35a Ugt86Dh

A4 (regular)

A4 (nicotine)

A3 (regular)

A3 (nicotine)



Starvation Resistance in DSPR
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Resistance in males

N=1,725

N=1,723

Resistance in females (sorted by male means)
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• Heritability, H2 = 52-55%

McNeil et al., in preparation



Numerous Starvation QTL
QTL mapping in males

QTL mapping in females
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Female QTL Summary 
QTL Popn Chr % Var Expl Size (Mb) # Genes

1 A 2R 5.8 1.4 220

2 A 2R 4.6 0.9 179

3 A 2R 4.4 0.6 103

4 A 3L 6.4 0.5 41

5 A 3R 6.7 1.5 208

6 B 2L 4.6 0.4 28

7 B 2L 4.3 0.5 40

8 B 2L 7.1 2.5 243

9 B 3L 10.5 0.5 43

10 B 3R 4.9 0.5 64

11 B 3R 4.4 0.5 104

5.8 ± 1.87 0.9 ± 0.66 116 ± 81.8

centromeric

centromeric



Strain
Effects

A1 A2 A3 A4 A5 A6 A7 AB8
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Heterozygous Mapping Designs
→ Map using trans-heterozygous cross progeny

→ Minimizes inbreeding depression

pA RIL × pA RIL
Crosses
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A3
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Homozygous
RIL
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Expression Profiling

• RNA from ~300 3-5 d.o.                         
mated female heads per                                   
genotype

• NimbleGen 12 × 135K                  
microarrays
16,637 target genes                                                          
(8 probes/target)

• Robust multi-array (RMA) analysis
Account for mismatches in probes

4 6 8 10

4

6

8

10

A*B 299

log(X)

lo
g(
Y
)

r = 0.98

Strong correlation between 
replicate arrays



Symbol Name FlyBase # eQTL

Clk Clock FBgn0023076 cis

tim timeless FBgn0014396 cis

rho rhomboid FBgn0004635 cis

cyc cycle FBgn0023094 cis

Oda Ornithine decarboxylase antizyme FBgn0014184 trans

Slob Slowpoke binding protein FBgn0264087 trans

DopR Dopamine receptor FBgn0011582 cis

Ssk Snakeskin FBgn0036945 trans

Pka-R2 cAMP-dependent protein kinase R2 FBgn0022382 cis

5-HT1B Serotonin receptor 1B FBgn0263116 cis

Mapped eQTL

N = 7,506

cis-eQTL

Fr
eq
ue
nc
y

0.0 0.2 0.4 0.6 0.8 1.0

0
50
0

15
00

trans-eQTL

Variance explained

Fr
eq
ue
nc
y

0.0 0.2 0.4 0.6 0.8 1.0

0
10
0

20
0

N = 322

Behavioral / Neural Gene eQTL 7,828 eQTL mapped for 
7,422 target gene 

expression measures 



Multiallelic QTL ?

!
!

QTL for 
methotrexate 

toxicity

QTL A QTL C

No clear 
biallelic pattern 
of strain effects

Kislukhin, King et al., G3 2013



Caffeine Resistance QTL
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pQTL-eQTL Overlap

 Q2.2R.AB
Implicates 128 genes

44 have cis-eQTL

→ Combine pQTL and eQTL to help define loci 
contributing to phenotypic variation

 Q9.3R.A
Implicates 81 genes
24 have cis-eQTL

Cyp12d1-d

Cyp313a1

3R Position (Mbp)

10.0 10.5

2R Position (Mbp)

6.5 7.0 7.5
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