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Many P-Element Insertions Affect Wing Shape in Drosophila melanogaster
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ABSTRACT
A screen of random, autosomal, homozygous-viable P-element insertions in D. melanogaster found small

effects on wing shape in 11 of 50 lines. The effects were due to single insertions and remained stable and
significant for over 5 years, in repeated, high-resolution measurements. All 11 insertions were within or
near protein-coding transcription units, none of which were previously known to affect wing shape. Many
sites in the genome can affect wing shape.

FOR every quantitative trait some set of genomic sites much of the standing genetic variance for bristle num-
can yield mutational variation. The full distribution ber appears to arise from genes with primary roles in the

of potential effects is unknowable, since it is a function development of the peripheral nervous system (PNS;
of all possible modifications; but any mutational screen Nuzhdin 1999; Norga et al. 2003). Similarly, one of
can help to identify quantitative trait loci (QTL). Here the first quantitative trait genes to be identified was the
we report the provisional identification of 11 loci affect- bobbed (bb) locus, which codes for ribosomal RNA but
ing wing shape in Drosophila melanogaster, based on ef- also happens to affect bristle number (Frankham et
fects produced with high frequency by random P-ele- al. 1978). Despite these findings, one would think that
ment insertions. natural selection could produce macroevolutionary

Wing shape is the third morphological trait in Dro- changes in bristle number without the inevitable de-
sophila to be mapped for natural QTL (Weber et al. rangement of either ribosome production or the PNS.
1999), after bristle number (Long et al. 1995) and fea- Thus, during a major adaptive change, the common
tures of male genitalia (Liu et al. 1996). Studies of natu- alleles first available to selection might sometimes pres-
ral genetic variation in wing shape in D. melanogaster ent genetic conflicts, rather than a reserve of evolution-
find evidence of numerous small, mainly additive effects ary potential. New mutational effects should provide a
(Weber et al. 1999, 2001), which are largely indepen- more complete picture of the genetic basis of traits and
dent of sex and body size (Weber 1990; Birdsall et al. of their potential to evolve. A key question in evolution-
2000; Zimmerman et al. 2000) and sometimes act in ary genetics is the ultimate mutational target size for
small regions of the wing (Weber 1992). typical traits.

Common natural alleles can be quite different from Most P-element insertion screens have focused on
new mutations. Their effects can arise from multiple qualitative effects that can be scored in a few individ-
sequence differences (Haenlin et al. 1994; Stam and uals. Other screens have studied quantitative effects by
Laurie 1996; Robin et al. 2002), unlike the new alleles measuring the increase in phenotypic variance among
that show up in mutational screens. Natural alleles may P-element lines compared to controls or by quantifying
evolve piecemeal over long periods (Kreitman and effects in individual insertion lines as deviations from
Hudson 1991; Phillips 1999). Moreover, the natural the control mean. However, the creation and extraction
genetic variance for a quantitative trait can arise mainly of P-element insertion lines can cause various types of
from a few major loci (Robertson 1967; Mackay new genetic variation, and small effects of insertions are
2001a,b), whereas mutational genetic variation for the hard to separate from these and other residual varia-
same trait could have a broader potential base. tions in the genetic background. This study employs

Common alleles in nature do not necessarily repre-
new tactics to reduce both genetic and environmental

sent loci that would contribute to major evolutionary
variation to help ensure that insertion lines differ fromchanges. Genes often affect particular traits through sec-
controls only in the effect of the insertion.ondary pleiotropic pathways, as the classical trait of bris-

The shape metrics employed in these studies are an-tle number in Drosophila has shown. For example,
gular offsets (Weber 1990). Angular offsets are some-
times inadvertently described as ratios (Klingenberg
et al. 2001; Houle et al. 2003), but ratios are not valid

1Corresponding author: Department of Biological Sciences, University metrics of allometric shapes. Angular offsets resembleof Southern Maine, Box 9300, Portland, ME 04104-9300.
E-mail: keweber@usm.maine.edu ratios in that each value is a function of two numbers

Genetics 169: 1461–1475 (March 2005)



1462 K. Weber et al.

free males. This measurement protocol was standard for all(dimensions D1 and D2) with opposite effects on its mag-
lines in all screens, except for line 41 in the third screen,nitude, but unlike ratios they are size independent in
when an extra comparison was done using pooled sample sizes

allometric forms. Angular offsets provide the most re- of 300. Flies were cultured in plastic 75-ml vials on commercial
ductionistic shape metrics possible on the basis of the potato-flake medium (Carolina Biological Supply, http://

www.carolina.com) with yeast at 26�.simplest aspect of shape, which is the allometric relation
First screen: Both homozygous insertion and noninsertionbetween two dimensions.

control lines were extracted from the same inbred segregating
line for each insertion that could be made homozygous. Wing
shapes between each homozygous insertion line and its paired

MATERIALS AND METHODS control line were compared. Insertions that showed significant
differences were maintained by propagating the original linesCreation of insertion lines: The P-element construct P{lacW}
in which the insertions were still segregating. Insertions thatcontains a functional allele of white (w�mC), providing a visible
failed the screen were abandoned.marker (Bier et al. 1989). P{lacW} retains the left and right

Second screen: New homozygous insertion and noninsertionP-element terminal sequences required for transposition, but
lines were extracted from each remaining segregating line,lacks the transposase gene. We crossed a line with a single
for the second time, at least 15 generations (depending onP{lacW} inserted on the X chromosome, in a background
the line) after the completion of the first screen. During themarked by yellow (y) and w, to another M-cytotype line, also
interval between the first and second screens, the segregatingmarked by y and w. Thereafter, red-eyed virgin flies, heterozy-
lines were maintained by mass mating in single-vial cultures.gous for the insertion, were mated to their white-eyed brothers
The second extraction was again done without balancers, aslacking the insertion for 20 generations of single-pair matings.
described above. Once again, flies of both homozygous typesThis created an inbred line in which this single P-element
were cultured together in the same vials to eliminate effectsinsertion was still segregating in an otherwise nearly isogenic
of environmental differences between vials. Again, some inser-y w background. This line was the P-element source and the
tions failed the screen and were abandoned.target genome in all mobilizations.

Third screen: Insertions that showed the same pattern ofWe mobilized P{lacW} in the standard way, by crossing red-
effects in both the first and second screens were perpetuatedeyed virgin heterozygotes, from the inbred stock just de-
in their segregating lines for 5 more years after the secondscribed, to males with dominantly marked and balanced sec-
screen on an �2-week generation cycle. During this time, forond and third chromosomes, carrying the defective P-element
�50 consecutive generations, the lines were maintained by“jumpstart” or “�2-3,” which produces transposase but cannot
strict single-pair mating of red-eyed virgins to their white-eyedjump (Robertson et al. 1988; Bier et al. 1989). Sons containing
brothers. Finally, new homozygous insertion and noninsertionboth P elements, and with red sectored eyes showing mobiliza-
lines were extracted for the third time. Again, homozygoustion of P{lacW}, were backcrossed to virgin white-eyed cousins
lines were extracted without using balancers, and flies of bothsegregating from the inbred P-element source line. From this
homozygous types were cultured together in the same vialsmating, new autosomal insertions of P{lacW} were picked up
for measurement.as heterozygous red-eyed males lacking their grandfather’s

Angular offsets as a shape metric: Vein intersection land-dominant markers. By this procedure, 60 random autosomal
marks were digitized, and interlandmark dimensions wereinsertions were collected, each from a different vial to avoid
used to quantify angular offsets for four wing-shape indexes,duplicate insertions.
designated M, S, F, and G. These are calculated from the fourEach new heterozygous insertion male was crossed to one
pairs of wing dimensions (D1 and D2) shown in Figure 1.Thevirgin white-eyed sib, also lacking dominant markers. There-
method is fully explained and illustrated in Weber (1990).after, each insertion was maintained in a segregating line by
Briefly, to create each index, a curve was passed through asingle-pair matings of red-eyed insertion-heterozygote virgins
scatterplot of points (D1 , D2) for wild-type flies by regressingto their white-eyed brothers for 10 more generations of in-
log � on log r, where � � arctan (D2/D1), and r � (D 2

1 �breeding, leading up to the first screen.
D 2

2)1/2. This yields a polar equation for each trait that expressesScreening for wing-shape effects: During the entire experi-
the mean allometric relation between dimensions D1 and D2ment each insertion was maintained continuously in its own
over all body sizes in wild-type flies and serves as a baseline.inbred segregating line. Insertions were screened three times,
The trait value or angular offset of the point (D1 , D2) forand for each screen new, temporary, homozygous insertion-
any individual wing is its rotation about the origin from thebearing and insertion-free lines were extracted from the segre-
baseline in radians. Selection on angular offset produces agating line and compared. Insertions were always made homo-
rotation of this line, i.e., a quantified change in allometryzygous without using balancers to avoid the chance of small
between D1 and D2 (Weber 1990). The baselines for traits M,effects entering the inbred lines from balancer stocks. Wher-
S, F, and G were derived in Weber (1990) and are still theever possible, we used the slight differences in the depth of
same. This method gives a simple metric of shape that isred eye color to distinguish between insertion homozygotes
independent of body size and most environmental influences.and heterozygotes. Where eye colors were not distinguishable,

Plasmid rescue and sequencing: A fragment of flankingwe relied on the inevitability of success in large numbers of
genomic DNA to the right of each P{lacW} insertion site wassingle-pair matings between red-eyed flies and the fact that
retrieved by plasmid rescue (Pirotta 1986). On its right end,eye colors would not segregate in fixed lines. Of the 60 inser-
P{lacW} includes a bacterial plasmid sequence with replicationtions, 10 could not be made homozygous.
origin and ampicillin resistance to the right of an EcoRI restric-To eliminate effects of environmental differences among
tion site. Whole genomic DNA of male flies was digested withvials, flies of paired homozygous insertion and control lines
EcoRI, ligated, and used to transform Escherichia coli. Cloneswere cultured together in vials containing five pregnant fe-
surviving ampicillin were screened by electrophoresis. Themales from each line. From the progeny of each vial, 20 red-
flanking genomic DNA in typical clones was sequenced usingeyed males and 20 white-eyed males were compared. Paired
the right end of P{lacW} as the primer: 5�-CGACGGGACCACCsamples of insertion and control were always measured by the
TTATGTTATTTCATCATG-3� (Ballinger and Benzer 1989;same operator. Five vials per insertion were pooled, so that 100

insertion-homozygote males were compared to 100 insertion- Lindsley and Zimm 1992). Most clones were subsequently
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Figure 1.—The four size-indepen-
dent shape indexes (M, S, F, and G) are
defined by polar equations that express
the allometric relation between paired
dimensions (D1 and D2) in wild-type
male flies.

sequenced with a second primer starting 111 bases to the Table 1 shows the grand means of line means and
left of the right end, as a check on the exact insertion site: the variances among line means for all 50 homozygous-
5�-GGGTTAATCAACAATCATATCGCTGTCTCAC-3�.

viable insertions and for their controls. The differenceChromosome labeling: Polytene chromosomes from larval
between insertion and control grand means is not sig-salivary glands were labeled using biotinylated DNA probes,

including both P-element and rescued plasmid sequences in nificant in t -tests for any trait (d.f. � 98). Thus the
separate assays, by a standard in situ protocol (cf. Long et al. insertion of P{lacW} seems to act randomly with no con-
1995). The treatments (separated by appropriate transitional sistent directional effect. This was also true in later com-
baths) were 20 min 2� SSC at 65�, 3 min 0.14 m NaOH, air

parisons involving only insertions that do show signifi-drying, hybridization with biotinylated probe overnight, 20
cant individual effects.min streptavidin/biotin treatment (Vectastain, Vector Labora-

tories, Burlingame, CA), 30 min in diaminobenzidine/H2O2 Model II ANOVAs, with line as a random, main effect
solution, and light Giemsa counterstaining. and insertion (a random effect) nested within line, show

a moderate variance component due to line for each
trait (M—19.2% of total variance, P � 0.0001; S—23.0%,RESULTS
P � 0.0001; F—8.9%, P � 0.0006; G—9.4%, P � 0.0001)

Phenotypic screening of insertions: Each insertion and a small, but significant variance component due to
was maintained in a segregating line with inbreeding differences between insertion and noninsertion lines
arranged to reduce genetic variation other than the (M—6.3% of total variance, P � 0.0001; S—4.2%, P �
insertion. To quantify insertion effects, paired homozy- 0.0001; F—10.5%, P � 0.0001; G—3.7%, P � 0.0001)
gous lines with and without the insertion were extracted for all four traits. Each insertion line sample and its
from each segregating line and compared. New homozy- paired control were measured by the same operator,
gous lines were extracted from the same segregating but many different operators measured the different
lines and compared three times in consecutive screens, lines. (The data set includes 10,000 wings.) The among-
as inbreeding proceeded. line variance, then, reflects both (1) the effect of the

First screen: Of 60 original insertions, 10 could not be mutagenic transposition process in 50 crosses on a com-
made homozygous and were compared to controls as mon genetic background followed by inbreeding in 50
heterozygotes. In t -test comparisons (not corrected for separate segregating lines and (2) among- and within-
the number of tests), we found differences in wing shape operator error. Variance due to insertions vs. controls
in one or more of the four traits, which were significant reflects only insertion effects and within-operator error.
at P 	 0.05 in 29 of the 50 homozygous insertion lines Although the variance due to insertions is a significant
and in 7 of the 10 still-heterozygous lines. Our criterion component of total variance in these ANOVAs in all
to retain a line in this initial screen was a difference four traits, a direct comparison between the among-line
with an individual P 	 0.01 in at least one of the four variances of insertion line means and control line means
shape traits (M, S, F, and G). Of the 50 homozygous is not significant in any of the four traits. As seen in Table
lines, 17 passed this criterion. Of the 10 heterozygous 1, the variances among the 50 lines with the insertion are
lines, 3 passed. Only the 17 homozygous-viable inser- larger in three of four cases, but none of the differences
tions that passed were maintained for long-term study. among variances are significant in terms of F -ratio
No insertions had any obvious visible effects on the size, (d.f. � 49, 49).
shape, or venation of wings, except that one insertion Second screen: At least 15 generations after the first
(insertion 36) sometimes showed a small gap at the screen, we extracted new homozygous insertion and

noninsertion lines from the segregating lines for the 17distal end of vein L5.
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TABLE 2TABLE 1

Means and variances of homozygous control and Mean absolute trait differences from three
screens in SD of wild fliesinsertion line means in first screen

50 control line means 50 insertion line means Insertion no. M S F G

7 0.37* 0.11 0.50* 0.15Trait Grand mean Variance Grand mean Variance
12 0.16 0.00 0.33* 0.52*

M �8.0 � 10
3 2.4 � 10
5 �9.0 � 10
3 3.4 � 10
5
16 0.06 0.30* 0.37* 0.16

S 
2.1 � 10
3 3.5 � 10
5 
1.4 � 10
3 3.4 � 10
5
18 0.66* 1.02* 0.93* 0.15

F 
7.3 � 10
3 1.6 � 10
5 
8.0 � 10
3 2.3 � 10
5
24 0.24 0.15 0.60* 0.48*

G 
1.9 � 10
2 8.6 � 10
6 
1.8 � 10
2 1.3 � 10
5
25 0.74* 0.42* 0.30 0.10
27 0.21 0.15 0.22 0.39*Means are in radians of angular offset from wild-type base-
36 0.22 0.54* 0.15 0.05line.
41 0.18* 0.18 0.10 0.05
45 0.37* 0.35* 0.58* 0.14
47 0.21 0.01 0.23 0.23*

insertions remaining from the first screen. These were
SD from Weber (1990). *Difference had P � 0.01 in attested again in the same way. Our criterion in the second

least two screens.screen was not only a significant trait difference, but
also consistency between the first and second screens
in the pattern of values of the four traits. Of the 17

segregating stock was contaminated by wild type. Thislines, 2 (lines 6 and 37) showed no significant trait
insertion survives only in a fixed line.differences in the second screen. Three of the lines

Leaving aside the doubtful line 51, we conclude that(lines 8, 50, and 52) showed significant differences, but
11 of these 12 insertions still show effects of the P{lacW}in patterns that were not consistent with the first screen.
insertion. Table 2 shows the mean effects of these 11The most contradictory of these (line 50) was immedi-
insertions, calculated as the mean absolute differenceately reextracted and compared again and showed no
between insertion and control lines for all three assays,significant differences in the third comparison. These
expressed as a fraction of the wild-type phenotypic stan-5 problematic lines were dropped without further study,
dard deviation for each trait (Weber 1990). These dif-as type I errors, unstable or multiple insertions, or lines
ferences are all too small to be reliably scored by eye.with persistent residual variation affecting the trait. The

Figure 2 shows the results of all three screens for theremaining 12 lines all still showed the same approximate
12 insertions in the third screen. Even where individualpatterns of relative values in the four traits and still
trait differences are not significant, they tend to preserveshowed significant trait differences. Eleven of these were
a recognizable profile across the four traits, althoughstill significant at P 	 0.01 in at least one trait. One
measured by different teams in each screen. Line 12(line 47) was only significant at P � 0.036, but was
shows significant deviations in opposite directions inretained for study.
index S, but otherwise retains the same overall pattern.Third screen: The 12 insertions retained after the sec-
Line 51 shows only P � 0.05 in one trait in the thirdond screen were maintained in their original segregat-
screen and only weak consistency between screens. Mea-ing lines for �120 more generations in small vial cul-
surement error would explain inconsistencies in thetures. During this time, for �50 consecutive generations,
profiles in Figure 2, but some changes may reflect back-these lines were propagated by single-pair matings of
ground mutations that modify the effects of the inser-red-eyed, heterozygous virgins to white-eyed, insertion-
tion.free brothers. Finally, new homozygous insertion and

Gene identification and confirmation: Flanking DNAnoninsertion lines were extracted and compared a third
on the right-hand (3�) side of each insertion was re-time. In this screen, all insertions showed patterns of
trieved by plasmid rescue, for all 12 insertions thatdifferentiation consistent with previous measurements,
passed the second screen. Significant unique hits werebut only 10 of the 12 insertions passed initially, with
obtained for all sequences with BLAST searches of theP 	 0.01 in at least one shape index. The two insertions
D. melanogaster genome (http://www.fruitfly.org/blast/).that failed this third screen (insertions 41 and 51) still
Polytene chromosomes of each insertion line were twiceshowed some evidence of effects.
labeled in situ, using as probes a P-element sequenceWe immediately retested line 41 with sample sizes of
and also the retrieved plasmid. Table 3 shows the ap-N � 300 for both insertions and controls. This was the
proximate chromosome band locations assigned to eachfourth test on line 41 on the third pair of extracted
insertion by in situ labeling and also the band locationshomozygous lines. In this test, line 41 showed P 	 0.01
assigned by subsequent BLAST searches using flankingin one trait and the same profile of trait differences as
DNA. In each case, the apparent in situ site was reason-before. Unfortunately, line 51 could not be retested

because the fixed white-eyed control was lost, and the ably consistent with the computed or known band as-
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Figure 2.—Differences between insertion homozygotes and controls in three separate extractions from the same inbred lines
for four shape indexes (M, S, F, and G) in males. Solid, dashed, and dotted lines correspond to first, second, and third extractions.
Asterisks mark all differences with individual P � 0.05. Insertion line numbers are shown at the right. Line 41 was tested a fourth
time on the third extraction (narrow solid line).

signment according to FlyBase (http://flybase.bio.indi the insertion. The following summaries, with reference
to Figure 3, describe the genes most likely to be affectedana.edu). No secondary insertion sites were noted.

Genes near the insertions: Figure 3 shows each inser- by each insertion. All information about gene functions,
locations, exons and introns, alternative transcripts, etc.tion in its genomic context of recognized transcription

units. All insertions are shown at the same scale, includ- is based on the FlyBase annotation under Release 3, if
not attributed to other sources.ing 30 kb of flanking DNA, except for line 18 (heph).

In many cases one gene is the obvious candidate for Insertion 7: The insertion site is 301 bp upstream of
the 5�-end of the gene hairy (h). The closest other genesthe source of the effects, but not in all. Insertions may

fall in a short interval between two genes or in an intron are 25.2 kb upstream and 42.4 kb downstream. h codes
for a transcription factor of the basic helix-loop-helixcontaining other genes. In some cases the gene affected

is uncertain because of the density of small genes near type. It acts as a pair-rule gene in embryonic segmenta-
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TABLE 3

Insertion site identifications by in situ labeling and by BLAST search

Insertion Gene(s) Band: in situ/FlyBase DNA site

7 (�) hairy (h) (�) 66D/66D10 301 bp upstream
12 (
) tribbles (trbl) (
) 77B/77C1 31 bp upstream
16 (
) CG31605 or gelded (gel) (�) 28D/28E3-E5 In 16-kb intron
18 (
) hephaestus (heph) (
) 100F/100D3-E1 In 76-kb intron
24 (�) foxo (�) 88A/88A6-A8 In short intron
25 (�) seven in absentia (sina) (�) 73C/73D2-D3 In exon (5�-UTR)

Rhodopsin 4 (Rh4) (
) In 8.8-kb intron
27 (�) sugarless (sgl) (
) 65D/65D5 In 2.4-kb intron
36 (�) stem cell tumor (stet) (
) 62A/62A2 Downstream end a

41 (�) yippee interacting protein 2 (yip2) (�) 30C/30E4 90 bp upstream
Srp54 (�) 140 bp downstream

45 (�) out at first (oaf ) (�) 22F/22F3 In 2.1-kb intron
47 (�) Alhambra (
) 84B/84B-C In intron
51 (
) Glycerol-3-phosph. dehyd. (Gpdh) (�) 26A/26A In exon (5�-UTR)

Polarity of insertions and genes is indicated by � or 
. All data according to FlyBase Release 3.
a The 3�-UTR of stet (no. 36) contains an insertion of Doc, 140 bp to right of P{lacW}.

tion (Ingham et al. 1985) and is involved in patterning al. 2002); and Notch (N ; de Celis and Bray 1997; Law-
rence et al. 2000).the nervous system (Carroll and Whyte 1989). It has

widespread effects on sensory bristle patterning and Insertion 16: This insertion falls in an intron of the
gene gelded (gel), also designated as CG31605. Knownrepresses bristle formation by negative regulation of

the achaete-scute complex (Moscoso Del Prado and alleles of gel include numerous recessive lethals (Roch
1998) and one allele that causes male sterility by a reces-Garcı́a-Bellido 1984). h has been implicated as an

important quantitative trait gene for sternopleural and sive effect on spermatid development (Castrillon et
al. 1993). This gene has no previously reported effectsabdominal bristle number (Shrimpton and Robert-

son 1988; Long et al. 1995; Gurganus et al. 1999; Robin on the wing, nor any reported interactions with other
genes that affect the wing. The complete transcribedet al. 2002). Mutant alleles of h show effects on the

placement of sensory bristles on the wing (Rushlow et region of gel is 26 kb long, with many exons, at least
nine known transcripts, and three transcription startal. 1989; Thompson and Preston 1992) and modulate

the effects of vestigial (vg) and Notch (N) on the wing sites. The insertion site falls in the central region of
the gene, within the longest intron (16 kb in some(Abu-Issa and Cavicchi 1996). Aside from this, h has

not previously been connected to wing morphology. transcripts), and 1.8 kb upstream of the start site for
the shortest transcript. The closest promoters of otherInsertion 12: The insertion is �30 bp upstream of the

tribbles (trbl) transcription start site. The closest other genes are 18 kb to the left of the insertion at Macroglobu-
lin complement-related (Mcr) and 16 kb to the right atgenes are 5.5 kb upstream (CG13248) and 8 kb down-

stream (CG5571). trbl codes for a cell-cycle regulatory CG31756 (not included in Figure 3).
Insertion 18: The insertion is in an intron of the unusu-protein with an amino acid sequence that indicates pro-

tein serine/threonine kinase activity. This protein ap- ally long (142.3 kb) gene hephaestus (heph). This gene
has at least 15 exons, 11 known transcripts, and fivepears to act as a cell-cycle brake in G2-phase (Mata et

al. 2000). Mutations of trbl have many effects on mor- different transcription start sites. Just as in the case of
insertion 16, this insertion occurs in a long central in-phogenesis through their influence on the coordination

of mitosis (Mata et al. 2000; Seher and Leptin 2000). tron (76 kb in most transcripts), and the transcription
start site of the shortest transcript falls in the same intronOverexpression of trbl in the posterior wing compart-

ment causes cells inside the compartment to be fewer as the insertion, downstream (2380 bp) of the insertion
site.and larger than normal, without visibly changing the

size of the compartment (Mata et al. 2000). Among heph appears to be a spliceosome component. Its
amino acid sequence contains an RNA polypyrimidinegenes known to interact with trbl, several show indepen-

dent effects on the wing in some of their mutant alleles. tract-binding region of four domains, already character-
ized in several vertebrates (Dansereau et al. 2002). InThese include slow border cells (slbo), a transcription fac-

tor (Rørth et al. 2000); string (stg), another cell-cycle Drosophila, this gene has been implicated in the regula-
tion of the Notch signaling pathway, appearing to sup-control gene (Milan et al. 1996a,b; Verheyen et al. 1996;

Salzberg et al. 1997; Toba et al. 1999); wee, a protein press peripheral activity of Notch within the broad re-
gions where Notch is first expressed during wing-patternkinase that may be a cell-cycle control gene (Price et
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Figure 3.—P{lacW} insertions in genomic context. Each diagram shows an identical-sized region of 30 kb, except for no. 18,
which includes 145 kb. Items above or below the central lines are in plus or minus orientation, respectively. Arrows show
transcription start sites, including multiple start sites for some genes. Exons are thick; introns are thin. The diagrams do not
show some very short introns. Gene symbols are given according to FlyBase. Large open triangles show the location and orientation
of P{lacW} and are proportional to its length of 10.7 kb. The small solid triangle in no. 36 marks the site of an insertion of Doc
of unknown length.
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formation. In homozygous clones, recessive lethal muta- promoter 5.3 kb to the right of the insertion, and
CG13029.tions in heph eliminate wing-vein formation and also

induce ectopic wing margin tissue, producing both ef- Rh4 functions in the eye in phototransduction and
is expressed exclusively in photoreceptor cells, so it isfects by interaction of heph with Notch (Dansereau et al.

2002). heph also interacts with fringe (fng ; Dansereau et unlikely to mediate any effect on the wing. sina codes
for a protein with a single-ring-type zinc-finger domain,al. 2002), a gene expressed in dorsal cells of the wing

(Irvine and Wieschaus 1994), which can indepen- which is expressed in various tissues during all phases of
development, particularly in sense organ development.dently induce ectopic wing-vein material in hypomor-

phic alleles (Correia et al. 2003). Norga et al. (2003) Mutations in sina affect the formation of receptor cells
in ommatidia and also in sensory bristles. One mutantreported significant bristle number effects from a

P-element insertion in heph. allele of sina causes outstretched wings (Lindsley and
Zimm 1992), and another allele reduces the numbersInsertion 24: This insertion is located in the first intron

of foxo, a long (30.4 kb) gene with one known transcript. of bristles along the anterior wing margin (Carthew
and Rubin 1990). sina also interacts with many otherThe site of the insertion is 31.8 kb from the promoter

of the next gene to the right (CG3153, not shown), and genes, including at least six that are normally expressed
in the wing and that can show incidental effects on the13.1 kb from the promoter of the next gene to the left

(CR31476, a tRNA gene). The exact location of the wing. These include, for example, tramtrack (ttk) and
phyllopod (phyl). ttk is expressed everywhere in the winginsertion is between the last two bases (A and G) of the

intron. The right terminal base of P{lacW} would not disk except in proneural clusters (Lehembre et al. 2000).
When overexpressed, it ablates almost all sensory bristlereconstitute the AG signal. However, another AG site

occurs six bases downstream, and, with an eight-base growth and severely reduces the size of the wing (Baden-
horst et al. 2002). phyl and sina antagonize ttk, andtarget-site duplication (O’Hare and Rubin 1983), this

and the original AG site may remain to the left of the overexpression of phyl in the wing causes ectopic bristle
formation on the third wing vein (Pi et al. 2001). Theinsertion. Thus the insertion may be spliced out with

the intron, or the intron may be spliced out leaving the products of sina, ttk, and phyl appear to act together as
a protein complex in both photoreceptor and sensoryinsertion. Only the 5�-UTR would be affected by this

insertion, since the protein-coding sequence begins bristle differentiation (Pi et al. 2001). musashi (msi) in-
teracts with both sina and ttk in eye development (Hir-after the second intron. This insertion could affect ei-

ther transcription or translation rates of foxo and might ota et al. 1999) and causes variation in the number of
bristle support cells in sensory bristles, notably along theactivate unknown alternative transcription start sites.

foxo appears to have 9–14 exons and numerous ex- anterior wing margin (Nakamura et al. 1994). GTPase-
inactivating protein I (Gap1) is another gene of interestpressed sequence tags, suggesting that variable start sites

generate transcript diversity. that interacts with sina. Gap1 is involved in differentia-
tion of ommatidia and bristles and affects chromosomefoxo codes for an apparent transcription factor with

a forkhead (or winged helix) DNA-binding domain. In segregation, and Gap1 mutants also show effects on
wing-vein formation, including extra veinlets attachedother organisms, proteins with this domain are involved

in cell determination in early embryogenesis. Only one to the posterior crossvein parallel to the long veins
(Gaul et al. 1992). Again, echinoid (ed) interacts withallele of foxo (wild type) is known in Drosophila. Seven

other transcription factors in Drosophila with forkhead sina and also has direct effects on the differentiation
of photoreceptor cells, and in one reported mutantdomains are known. All are expressed in small, highly

localized regions of embryos early in development genotype causes extra wing-vein growth and enlarged
wings (Bai et al. 2001). Finally, small wing (sl) has effects(Häcker et al. 1992).

Insertion 25: This insertion involves two genes as the on the differentiation of ommatidia and also produces
a short, blunted wing with extra wing-vein material inmost likely targets: seven in absentia (sina) on the positive

strand and Rhodopsin 4 (Rh4) on the negative strand. two characteristic locations (Thackeray et al. 1998). A
rather consistent pattern emerges for the genes in thisRh4 has a single long intron (8.8 kb), and sina is mainly

contained within this intron, although its first transcrip- group. They interact with sina, and, like sina, can affect
the differentiation of both photoreceptors (specifically,tion start site appears to overlap with the second exon

of Rh4. The insertion site is near the middle of the the R7 cell of the ommatidium) and sensory bristles,
including bristles on the notum and wing; and usually5�-UTR of sina (base position 996 of 1902 bases) and

630 bp from the left end of the intron of Rh4. The they also show some effects on wing shape, size, or
venation.closest flanking loci are all on the positive strand. Up-

stream, they include the nested genes CG9715 and Insertion 27: The insertion site is in the first intron of
the gene sugarless (sgl). The intron is �2.4 kb long,CG32161, with their promoters 8 kb to the left of the

insertion site. Downstream, they include two more and the insertion is at the very beginning of the intron
between the fourth and fifth bases. This location is notgenes, both of which are nested tightly together with

sina within the same intron of Rh4 : CG13030, with its far from the promoter region of the gene, because the
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first exon is short (406 bp). A short interval of 458 bp tion start sites of two other genes—CG32319 and robl62A—
are closer to the insertion.separates the 5�-end of sgl and the 3�-end of the next

upstream gene (CG10064). The surrounding region has The interpolation of a complete sequence of Doc to
the right of P{lacW} would make CG32319 the closesta high density of genes, and the promoters of five other

genes are located 3.6–6.3 kb from the insertion site. transcription start site, and robl62A the next closest. Nei-
ther gene has a reported mutant phenotype but bothsgl encodes a UDP-glucose dehydrogenase. This en-

zyme is essential in the production of UDP-glucuronate, have been classified by homology as to molecular func-
tion. CG32319 encodes a protein with N-acetyltransfer-which is utilized in the biosynthesis of several glycosami-

noglycans. Glycosaminoglycans have many structural ase activity, which is involved in acetylation of amino
acids in proteins. robl62A encodes a dynein subunit pro-and metabolic roles and are somehow involved in modu-

lating the signaling of wingless (wg ; Binari et al. 1997), tein with ATPase activity, which should be involved in
microtubule movement (Goldstein and Gunawar-a segment polarity gene, which interacts with sgl. Muta-

tions in sgl produce a pattern of defects in embryonic dena 2000).
Insertion 41: This insertion falls in a short interval ofcuticle that is similar to the effects of nonlethal muta-

tions of wg (Haerry et al. 1997). This phenotype in 230 bases between two adjacent genes that both run left
to right. The insertion is 140 bases downstream of thesgl mutants can be rescued by overexpression of wg

(Häcker et al. 1997) and also by embryonic microinjec- gene Srp54 and 90 bases upstream of the gene yippee
interacting protein 2 (yip2) within the promoter regiontion of exogenous heparan sulfate, a glycosaminoglycan

(Binari et al. 1997). of yip2. Aside from yip2, three other genes have their
promoters within 3 kb of the insertion site, includingInsertion 36: This is the least conclusive case in regard

to the identity of the affected gene. The insertion is not Srp54, CG5899, and CG5885. yip2 codes for an acetyl-CoA
C-acyltransferase, which is found in the mitochondrion.located within any gene or promoter region, but is 3–4

kb from the transcription start sites of four different Srp54 codes for a protein that includes an RNA-binding
sequence. CG5899 codes for a DNA helicase. CG5885genes. Another complication of this case is a natural

transposable element (Doc) that was discovered in our codes for a signal sequence receptor component. No
mutant effects have been described for any of these fourline adjacent to the P{lacW} insertion.

The closest gene is stem cell tumor (stet), also known loci.
Insertion 45: This insertion is inside a 2.1-kb intron,as rhomboid-2 (rho-2). The insertion is 118 bases to the

left of the end of transcript A (which begins at the following the first exon of out at first (oaf ), �768 bp
from the left end of the intron. oaf has three intronssecond start site of stet) and 137 bases to the left of the

end of transcript B (which begins at the first start site). and four known transcripts, all with the same start site.
The oaf gene codes for a protein of unknown functionalThe retrieved flanking sequence, to the right of P{lacW},

includes part of this 3�-UTR and reveals the presence type involved in neurogenesis. It is transcribed in the
embryonic central nervous system in segmental clustersof an insertion of the transposable element Doc, just

22 bases inside the 3�-UTR of transcript A and three and in gonads of both sexes throughout development
and adulthood (Bergstrom et al. 1995). Some reportedbases inside the 3�-UTR of transcript B. Thus, in our

original inbred P{lacW} source line, stet most probably mutations in oaf are viable and have no obvious pheno-
typic effect; others are recessive lethal and affect thealready carried this insertion of Doc inside the transcrip-

tion unit before P{lacW} was inserted just outside it. nervous system (Bergstrom et al. 1995). oaf has no
reported effects on the wing, but does appear to beThe retrieved flanking sequence includes �500 bases

matching the left end of Doc. Complete Doc sequences expressed uniformly throughout the wing disk at low
levels (Merli et al. 1996).are �5 kb long (Lindsley and Zimm 1992).

The product of stet belongs to the rhomboid -like group Two other genes, SLY-1 homologous (Slh) and CG15-
393, are close to oaf but code in the opposite direc-of proteins with seven transmembrane domains. The

stet protein functions as a membrane-bound serine-pep- tion. The promoters of Slh and CG15393 are 1.4 and
2.0 kb from the insertion. Slh appears to be involvedtidase in epidermal growth factor signaling (Klämbt

2000). Mutations in stet affect male and female germ- in membrane trafficking (Littleton 2000) and is not
expressed in the wing (Merli et al. 1996). CG15393, toline cells and cause defects in gonadal development

(Schulz et al. 2002). Normal expression of stet appears the left of Slh, is a small gene coding for 121 amino
acids with no recognized functional motif. The tightto be limited to cells within male and female gonads at

an early stage of differentiation. However, misexpres- three-gene cluster of oaf, Slh, and CG15393 is isolated
from neighboring genes by �30 kb on the left and �20sion of stet in the wings of transgenic flies has direct

effects on wing morphology, including thickening of kb on the right.
The next gene upstream of oaf is decapentaplegicveins and formation of ectopic vein material (Guichard

et al. 2000; Urban et al. 2002). Thus stet could be the (dpp), which affects many aspects of development (Spen-
cer et al. 1982) and is strongly expressed in the wing.source of wing-shape effects, perhaps through effects

on its second transcription start site. But the transcrip- Although the coding regions of oaf and dpp are sepa-
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rated by 33.5 kb, most of this interval (30.0 kb) is occu- every minor effect that may have been present in the
first screen, but to select only the more significant andpied by an array of enhancers that control dpp (Black-

man et al. 1991; Bergstrom et al. 1995). Perhaps stable effects. We found such effects in 11 of 50 random
homozygous-viable insertions.insertion of the 10.7-kb P{lacW} in the oaf intron could

have weak remote effects on the regulation of dpp, given Effects are strongly associated with the insertion of
P{lacW}: No other cause would be likely to produce traitthe size of the region devoted to dpp transcriptional

control and the proximity of this region to the insertion profiles that consistently segregate with the insertion
in three independent extractions, separated by manysite. A regulatory site for human �-globin is also located

in an intron of an adjacent gene at a similar distance generations of recombination and inbreeding. Initial
variation was already low due to preliminary inbreeding(Vyas et al. 1992).

Insertion 47: This insertion is in the Alhambra gene, of the source line. In the transposition generation, varia-
tion could have arisen by male recombination in mobi-which has four known transcripts. Two are long and

include a 17-kb central intron, and the other two are lized hybrid males or from mobilization-induced muta-
tions. After transposition, much residual variation wouldshort and start inside this central intron, beginning with

an exon that is spliced out of the long transcripts. The have been eliminated before the first screen by the first
10 generations of single-pair matings between insertion-insertion site is near the middle of this gene, just 17

bases upstream of the common start site of the two short heterozygote virgins and their insertion-free brothers.
Further recombination and inbreeding leading to thetranscripts. About 5.6 kb upstream of the site of the

insertion, and within the same long intron of Alhambra, second and third screens would gradually homogenize
and isogenize the genetic background even more. Byis the small included gene Muscle LIM protein at 84B

(Mlp84B), a gene that also runs right to left in the same never extracting insertions and controls except at the
times of measurement, we avoided any chance for back-direction as Alhambra. (LIM stands for three homeodo-

main proteins with a shared motif.) The whole Alhambra ground divergence to accumulate. Balancers were never
used in extractions so genetic variation could not arisetranscription unit occupies 29.6 kb, so the central inser-

tion site is rather isolated from other genes. from rare recombination with balancers. Some apparent
effects in the first screen were not repeatable, due per-Alhambra codes for a protein that is thought to incor-

porate two zinc ions in a domain resembling a plant haps to unstable effects, multiple insertions, or residual
variation. Elimination of these problematic lines left 11homeodomain finger, which is predicted to be involved

in transcriptional regulation (Bahri et al. 2001). Re- that were still stable and consistent 5 years later in the
third extraction and screen. During these 5 years, �50ported mutations in Alhambra have recessive effects on

the larval nervous system and development rate. Mlp84B generations were single-pair matings between sisters het-
erozygous for the insertion and brothers lacking it, in-codes for a protein with a glucocorticoid-receptor-like

DNA-binding domain (again, a zinc-bound feature). creasing the likelihood that by the time of the third
extraction, trait differences were caused only by theProteins with the LIM domain regulate cell growth and

differentiation (Dawid et al. 1998). The product of presence or absence of the insertion.
Effects arise from gene disruption, not from P{lacW}Mlp84B belongs to a group of LIM proteins that regulate

muscle differentiation, and the gene is expressed during itself: In the region surrounding each insertion, nearby
loci might be affected by interactions with specific partsdifferentiation at sites of muscle attachment (Stronach

et al. 1996, 1999). of P{lacW} or simply by the insertion of 10.7 kb. But the
shape changes are not an autonomous effect of P{lacW}Insertion 51: The insertion falls within the 5�-UTR of

the gene Glycerol 3 phosphate dehydrogenase (Gpdh), �285 itself, because each insertion causes a unique pattern.
Each trait was increased or decreased at roughly equalbp after the transcription start site and �145 bp before

the first codon. Gpdh encodes an enzyme important in frequencies among lines. The grand means of the 50
control and 50 insertion line means from the first screenflight-muscle metabolism (Wojtas et al. 1997). Numer-

ous recessive lethal and sublethal mutations of Gpdh are not significantly different in any of the four traits
(Table 1). In their screen of the effects of P{lArB} inser-have been reported, as well as a few mutations causing

flightlessness (Kotarski et al. 1983). There are no re- tions on bristle number, Lyman et al. (1996) detected
a significant mean directional effect that was due to theports of morphological effects. Insertion 51 may have

had some variable effect on wing shape. insertion itself, relative to ry
 controls, and this was
attributed to rescue of ry
 by ry� in the insertion.

Although ANOVAs detected a significant contribu-
DISCUSSION

tion of insertion and control differences to total vari-
ance, F -ratios did not indicate significant increases inThe use of paired insertions and controls, extracted

from the same segregating, long-inbred stocks, with variance among insertion line means compared to con-
trols. This is not surprising, considering the relativelythree repeated screens and multi-trait comparisons,

leads to high confidence in the detection of small ge- small number of lines in our screen and the absence
of large effects. In larger screens of P-element insertionnetic effects. Our protocol was not designed to confirm
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lines, others have reported significant effects on vari- two are just upstream of a gene (h, trbl) in the promoter
region, one is near the downstream end (stet), and oneance in bristle number that were attributed mainly to

a few insertions with large effects (Mackay et al. 1992; falls in a short interval between two genes, upstream
of one (yip2) and downstream of the other (Srp54).Lyman et al. 1996).

No wing-shape effects have been reported for these Insertions near either end of a gene could influence
transcription. Of the seven insertions in introns, one isgenes: All the genes closest to or including each inser-

tion have been discussed in at least one publication. in an intron of a gene (Alhambra) that contains another
gene (Mlp84B). Another is in a gene (sina) that is insideSix have previously known effects on wing veins, wing

bristles, or wing posture, but none were known to affect an intron of another gene (Rh4). The remaining five
insertions are all in introns without such complicationswing shape. FlyBase lists �1900 loci (�14% of the ge-

nome) with known effects on wing morphology, includ- (gel, heph, foxo, sgl, and oaf ). Insertions in introns could
affect transcription rates, alternative transcription starting effects on size, shape, veins, bristles, etc. This entire

list includes only four genes encountered in our screen or stop sites, or the frequencies of different splicing
patterns. Various P-element insertions have been re-(h, trbl, sgl, sina). Two other implicated genes not on

the FlyBase list are known to affect wing morphology ported to increase or decrease transcription rates or to
change the timing or the location of expression (re-in special circumstances: heph (a recessive lethal affect-

ing the wing only in homozygous clones; Dansereau et viewed in Engels 1989). Insertions might alter gene
regulation in other ways. Alteration of the 5�-UTR mightal. 2002) and stet (affecting the wing only by ectopic

expression; Urban et al. 2002). Thus some of these affect mRNA stability or change the tertiary structure
of mRNA in a way that affects gene expression (Parschgenes do have known effects on the wing, but none

have been reported to affect wing shape. Butler et al. et al. 1997). Insertions near promoters could activate
secondary promoter sites.(2003) recently reported 56 genes with at least twofold

higher expression in the blade and hinge of wing imagi- It is still not clear which genes produce the effects:
Eight insertions are inside genes and four are within anal disks than in the body-wall region. These are likely

to include some genes that can affect wing shape, but few hundred base pairs of one. In most cases one gene
is an obvious primary candidate. However, the effect oninclude none of our 11.

Diverse genetic pathways appear to affect wing shape: wing shape could actually arise from some other nearby
gene. Small regulatory influences can extend over localThe genes most likely affected by these insertions in-

clude some with prominent developmental roles, mainly neighborhoods. For example, transgenes with transcrip-
tion start sites embedded in large P-element vectors areoutside the wing. These include four transcription fac-

tors (h, foxo, sina, Alhambra), two genes involved in sig- not isolated from surrounding DNA, but show many
position effects on the transgene, ranging from strongnaling (sgl, stet), and one gene involved in cell-cycle

control (trbl). Also included are a putative spliceosome enhancement of weak promoters to complete suppres-
sion of strong promoters (Horn et al. 2003), and othercomponent (heph), a mitochondrial protein (yip2), and

two genes of unknown types (gel, oaf ). It is interesting effects such as new expression patterns within normally
expressing tissues (Sun et al. 1995). In this study, thethat two genes previously implicated as quantitative trait

genes for bristle number—hairy (Robin et al. 2002), and distances from some of the insertion sites to other
nearby loci are well within the distances of other cisheph Norga et al. (2003)—now turn out to be potential

genes for wing shape as well. regulatory sites with major effects, reported for various
loci with complex regulation (Blackman et al. 1991;Mutations affecting wing morphogenesis have been

reported in two other nucleus-encoded mitochondrial Dorsett 1993; Bachmann and Knust 1998; Berman
et al. 2002). Maroni (1994) found correlations in lengthgenes: colt (Hartenstein et al. 1997) and Gart (Tiong

and Nash 1990). Thus it is not implausible that a third among major functional gene regions, such as the 5�-
and 3�-UTRs, the coding region, and the first intron insuch gene may affect wing shape, as suggested by our

results for yip2. Although results for Gpdh were inconsis- Drosophila; therefore, longer transcription units might
also be influenced by more far-flung regions, even whentent, it is also not implausible that a basic metabolic

enzyme could affect wing shape. For example, the rudi- they seem to be packed between other genes. Where
genes are close together, major regulatory effects maymentary (r) locus codes for an enzyme involved in pyrimi-

dine synthesis, and mutations at r cause variation in be efficiently separated in various ways (Vazquez and
Schedl 2000; Bell et al. 2001; Burgess-Beusse et al.wing shape (Fausto-Sterling and Hsieh 1976).

No effects are due to amino-acid-coding interrup- 2002; Levine and Tjian 2003). However, even if regula-
tory compartmentalization is qualitatively complete, mi-tions: Seven insertions are in introns, four are in flank-

ing regions, and two are in exons—with one in two nor changes in expression might occur as a kind of
leakage through regulatory barriers. Figure 3 shows thatcategories at once (insertion 25). The two insertions in

exons (sina and Gpdh) are both in the 5�-UTR of the first some of these insertions are surrounded by many genes.
The identity of the gene (or genes) causing the wing-exon, where they could influence either transcription or

translation. Of the four insertions in flanking regions, shape effect is especially uncertain in these cases.
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The percentage of insertions with effects is unusually The genome must have a large potential for such
variability: P elements do not insert into DNA sites ran-high: Some recent screens have looked for genes with
domly, and perhaps are not even random with respectgain-of-function effects in various targets by using a gene
to traits (Engels 1989; Spradling et al. 1995). Still, itthat normally turns on in the target to express Gal4, so
seems clear from these results that the total number ofas to drive overexpression or misexpression in a collec-
genes that could affect wing shape must be much highertion of other genes that carry insertions with a Gal4-
than the number segregating in any wild population.driven transcriptional activator (Rørth 1996). Rørth
The latter number was estimated for one trait and popu-et al. (1998) found various wing effects in 7% of 2300
lation sample as at least 20 by QTL analysis of selectedsuch insertion lines, driven by a Gal4 source covering
lines (Weber et al. 2001) and at least 140 by the Castle-most of the wing blade. Abdelilah-Seyfried et al.
Wright method (Weber 1990). The number of possible(2000) found effects on sensory bristles in 5% of 2293
effects must have some inverse relation to their magni-insertion lines, driven by a Gal4 source in the scabrous
tude, but empirical studies are only beginning to quan-gene. Kraut et al. (2001) found effects on growth pat-
tify how large the mutational target size of the genometerns of larval motor neurons in 5% of 2293 lines, driven
is at different magnitudes of effect.by a neuron-specific Gal4 source. Peña-Rangel et al.

Transposable elements must generate similar varia-(2002) found thorax modifications in 9% of 2100 lines,
tion in nature. P elements can create quantitative ge-driven by a thorax-specific Gal4 source. Finally, Tseng
netic variation (Mackay et al. 1992; Keightley et al.and Hariharan (2002) found phenotypic effects on
1993), which is selectable (Mackay 1985; Torkaman-the eye in 2.3% of 2296 insertion lines, driven by a Gal4
zehi et al. 1992). In D. melanogaster, �10% of the genomesource in the eye disk.
consists of transposable elements, and their activityOther screens have looked for direct effects of P-ele-
causes at least half of all spontaneous mutations (Fin-ment insertions on specific quantitative traits. In a screen
negan 1992). The long-term evolutionary importanceof 379 insertions, �4% showed effects on avoidance of
of transposable elements has been recognized in theiran odorant, benzaldehyde (Anholt et al. 1996). Two
ability to rearrange bits of the genome and to generatescreens totaling 2825 insertions were analyzed in Norga
small length variations (Shapiro 1999; Makalowskiet al. (2003) for P-element effects on bristle number.
2003) and partly depends on how they are usually elimi-When insertion line means for abdominal and stern-
nated from the genome, which is still an issue (Nuzhdinopleural bristle number were compared to the pheno-
1999). Any other source of local variation in DNAtypic distribution in control lines, �20% had pheno-
length—such as imprecise repair of double-strand breakstypes outside the 95% confidence limits, and 4–10%
(Liang et al. 1998)—could probably produce genetic

had phenotypes outside the 99.9% confidence limits.
variability in the same sites. Recent detailed compari-

A screen of metabolic effects of P-element insertions sons between whole genomes of related organisms show
by Clark et al. (1995) also yielded high percentages. In that genomes are constantly undergoing localized re-
a screen of 263 random, single, autosomal, homozygous- duction, expansion, and rearrangement (Waterston
viable P-element insertions, they found 153 with a sig- et al. 2002). This may create large amounts of minor
nificant difference from controls in 1 or more of 16 regulatory variation.
different traits, of which 1 was body weight, 3 were These effects are all definitely microevolutionary:
biochemical fractions, and 12 were enzyme activities. None of the effects are clearly visible or qualitative ex-
Many insertions caused effects in �1 trait. From the cept for the small occasional vein L5 gap noted in line
published data, the average number of lines affected 36. Yet we would almost certainly have detected addi-
per trait would have been �24 of 263, or �9.1%. Since tional, even smaller effects if we had measured more
this is an average, the frequency of effects must have wings per line. We would probably also have found some
exceeded this in some traits. large effects, as in other P-element screens (Clark et

We report positive results in 11 of our 50 lines, or al. 1995; Lyman et al. 1996), if we had looked at many
22%, supported by repeated high-resolution tests of in- lines. Our limited study can show only an intermediate
dividual lines. On the basis of our small sample of lines, region of the distribution.
the percentage of all random, autosomal, homozygous- The primary motivation for this study was to explore
viable insertions of P{lacW} that affect wing shape is, the latent evolutionary potential of shape traits in the
with 95% confidence, at least 11.5% (Rohlf and Sokal wing. As P-element insertion screens are applied to more
1981). and more traits, with increasing resolution, results show

According to Miklos and Rubin (1996), 65–75% of that very large portions of the genome can contribute
all genes in Drosophila have no obvious loss-of-function small effects. What is the evolutionary and adaptive sig-
phenotype. However, none of the small effects reported nificance of such findings?
here are obvious phenotypes. Perhaps most genes have If many genes can affect a trait, adaptive flexibility
small loss-of-function phenotypes, if the right features greatly increases. Selection will tend to utilize the most

suitable genes with the fewest pleiotropic complications.are measured with sufficient precision.
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Bell, A. C., A. G. West and G. Felsenfeld, 2001 Insulators andsmall effects that can accumulate at many loci. It may
boundaries: versatile regulatory elements in the eukaryotic ge-also depend importantly on particular small effects that nome. Science 291: 447–450.
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Klämbt, C., 2000 EGF receptor signaling: the importance of presen- Arch. Dev. Biol. 193: 246–251.
tation. Curr. Biol. 10: 388–391. Nakamura, M., H. Okano, J. A. Blendy and C. Montell, 1994 Mu-

Klingenberg, C. P., L. J. Leamy, E. J. Routman and J. M. Cheverud, sashi, a neural RNA-binding protein required for Drosophila adult
2001 Genetic architecture of mandible shape in mice: effects external sensory organ development. Neuron 13: 67–81.
of quantitative trait loci analyzed by geometric morphometrics. Norga, K. K., M. C. Gurganus, C. L. Dilda, A. Yamamoto, R. F.
Genetics 157: 785–802. Lyman et al., 2003 Quantitative analysis of bristle number in

Kotarski, M. A., S. Pickert, D. A. Leonard, G. J. Larosa and R. J. Drosophila mutants identifies genes involved in neural develop-
Macintyre, 1983 The characterization of �-glycerophosphate ment. Curr. Biol. 13: 1388–1397.
dehydrogenase mutants in Drosophila melanogaster. Genetics 105: Nuzhdin, S. V., 1999 Sure facts, speculations, and open questions
387–407. about the evolution of transposable element copy number. Genet-

Kraut, R., K. Menon and K. Zinn, 2001 A gain-of-function screen ica 107: 129–137.
for genes controlling motor axon guidance and synaptogenesis O’Hare, K., and G. M. Rubin, 1983 Structure of P transposable
in Drosophila. Curr. Biol. 11: 417–430. elements and their sites of insertion and excision in the Drosophila

Kreitman, M., and R. R. Hudson, 1991 Inferring the evolutionary melanogaster genome. Cell 34: 25–35.
Parsch, J., S. Tanda and W. Stephan, 1997 Site-directed mutationshistories of the Adh and Adh-dup loci in Drosophila melanogaster



1475Wing-Shape Genes in Flies

reveal long-range compensatory interactions in the Adh gene of gral component of the Drosophila genome project. Proc. Natl.
Acad. Sci. USA 92: 10824–10830.Drosophila melanogaster Proc. Natl. Acad. Sci. USA 94: 928–933.

Peña-Rangel, M. T., I. Rodriguez and J. R. Riesgo-Escovar, 2002 Stam, L. F., and C. C. Laurie, 1996 Molecular dissection of a major
gene effect on a quantitative trait: the level of alcohol dehydroge-A misexpression study examining dorsal thorax formation in

Drosophila melanogaster. Genetics 160: 1035–1050. nase expression in Drosophila melanogaster. Genetics 144: 1559–
1564.Phillips, P. C., 1999 From complex traits to complex alleles. Trends

Genet. 15: 6–8. Stronach, B. E., S. E. Siegrist and M. C. Beckerle, 1996 Two
muscle-specific LIM proteins in Drosophila. J. Cell Biol. 134: 1179–Pi, H., H.-J. Wu and C.-T. Chien, 2001 A dual function of phyllopod

in Drosophila external sensory organ development: cell fate speci- 1195.
Stronach, B. E., P. J. Renfranz, B. Lilly and M. C. Beckerle, 1999fication of sensory organ precursor and its progeny. Development

128: 2699–2710. Muscle LIM proteins are associated with muscle sarcomeres and
require dMEF2 for their expression during Drosophila myogenesis.Pirotta, V., 1986 Cloning Drosophila genes, pp. 83–109 in Drosophila:

A Practical Approach, edited by D. B. Roberts. IRL Press, Oxford. Mol. Biol. Cell 10: 2329–2342
Sun, Y. H., C.-J. Tsai, M. M. Green, J.-L. Chao, C.-T. Yu et al., 1995Price, D. M., Z. Jin, S. Rabinovitch and S. D. Campbell, 2002 Ec-

topic expression of the Drosophila Cdk1 inhibitory kinases, Wee1 white as a reporter gene to detect transcriptional silencers speci-
fying position-specific gene expression during Drosophila melano-and Myt1, interferes with the second mitotic wave and disrupts

pattern formation during eye development. Genetics 161: 721– gaster eye development. Genetics 141: 1075–1086.
Thackeray, J. R., P. C. W. Gaines, P. Ebert and J. R. Carlson, 1998731.

Robertson, A., 1967 The nature of quantitative genetic variation, small wing encodes a phospholipase C-(
) that acts as a negative
regulator of R7 development in Drosophila. Development 125:pp. 265–280 in Heritage From Mendel, edited by R. A. Brink and

E. D. Styles. University of Wisconsin Press, Madison, WI. 5033–5042.
Thompson, J. N., and A. D. Preston, 1992 The Drosophila segmenta-Robertson, H. M., C. R. Preston, R. W. Phillis, D. Johnson-

Schlitz, W. K. Benz et al., 1988 A stable source of P-element tion gene hairy responds to a late postembryonic gradient in the
wing. Dros. Inf. Serv. 71: 247–249.transposase in Drosophila melanogaster. Genetics 118: 461–470.

Robin, C., R. F. Lyman, A. D. Long, C. H. Langley and T. F. C. Tiong, S. Y., and D. Nash, 1990 Genetic analysis of the adenosine3
(Gart) region of the second chromosome of Drosophila melanogas-Mackay, 2002 hairy : a quantitative trait locus for Drosophila

sensory bristle number. Genetics 162: 155–164. ter. Genetics 124: 889–897.
Toba, G., T. Ohsako, N. Miyata, T. Ohtsuka, K.-H. Seong et al.,Roch, F., F. Serras, F. J. Cifuentes, M. Corominas, B. Alsina et al.,

1998 Screening of larval/pupal P-element induced lethals on 1999 The gene search system: a method for efficient detection
and rapid molecular identification of genes in Drosophila melano-the second chromosome in Drosophila melanogaster : clonal analysis

and morphology of imaginal discs. Mol. Gen. Genet. 257: 103– gaster. Genetics 151: 725–737.
Torkamanzehi, A., C. Moran and F. W. Nicholas, 1992 P element112.

Rohlf, F. J., and R. R. Sokal, 1981 Statistical Tables, Ed. 2. W. H. transposition contributes substantial new variation for a quantita-
tive trait in Drosophila melanogaster. Genetics 131: 73–78.Freeman, San Francisco.

Rørth, P., 1996 A modular misexpression screen in Drosophila de- Tseng, A.-S. K., and I. K. Hariharan, 2002 An overexpression
screen in Drosophila for genes that restrict growth or cell-cycletecting tissue-specific phenotypes. Proc. Natl. Acad. Sci. USA 93:
progression in the developing eye. Genetics 162: 229–243.12418–12422.

Urban, S., J. R. Lee and M. Freeman, 2002 A family of rhomboidRørth, P., K. Szabo, A. Bailey, T. Laverty, J. Rehm et al., 1998
intramembrane proteases activates all Drosophila membrane-teth-Systematic gain-of-function genetics in Drosophila. Development
ered EGF ligands. EMBO J. 21: 4277–4286.125: 1049–1057.

Vazquez, J., and P. Schedl, 2000 Deletion of an insulator elementRørth, P., K. Szabo and G. Texido, 2000 The level of C/EBP
by the mutation facet-strawberry in Drosophila melanogaster. Geneticsprotein is critical for cell migration during Drosophila oogenesis
155: 1297–1311.and is tightly controlled by regulated degradation. Mol. Cell 6:

Verheyen, E. M., K. J. Purcell, M. E. Fortini and S. Artavanis-23–30.
Tsakonas, 1996 Analysis of dominant enhancers and suppres-Rushlow, C. A., A. Hogan, S. M. Pinchin, K. M. Howe, M. Lardelli
sors of activated Notch in Drosophila. Genetics 144: 1127–1141.et al., 1989 The Drosophila hairy protein acts in both segmenta-

Vyas, P., M. A. Vickers, D. L. Simmons, H. Ayyub, C. F. Craddocktion and bristle patterning and shows homology to N-myc. EMBO
et al., 1992 Cis-acting sequences regulating expression of humanJ. 8: 3095–3104.
�-globin cluster lie within constitutively open chromatin. Cell 69:Salzberg, A., S. N. Prokopenko, Y. He, P. Tsai, M. Pal et al., 1997
781–793.P-element insertion alleles of essential genes on the third chromo-

Waterston, R. H., K. Lindblad-Toh, E. Birney, J. Rogers, J. F.some of Drosophila melanogaster : mutations affecting embryonic
Abril et al., 2002 Initial sequencing and comparative analysisPNS development. Genetics 147: 1723–1741.
of the mouse genome. Nature 420: 520–561.Schulz, C., C. G. Wood, D. L. Jones, S. I. Tazuke and M. T. Fuller,

Weber, K. E., 1990 Selection on wing allometry in Drosophila melano-2002 Signaling from germ cells mediated by the rhomboid homo-
gaster. Genetics 126: 975–989.log stet organizes encapsulation by somatic support cells. Develop-

Weber, K. E., 1992 How small are the smallest selectable domainsment 129: 4523–4534. of form? Genetics 130: 345–353.Seher, T. C., and M. Leptin, 2000 Tribbles, a cell-cycle brake that Weber, K. E., R. Eisman, L. Morey, A. Patty, J. Sparks et al., 1999coordinates proliferation and morphogenesis during Drosophila An analysis of polygenes affecting wing shape on chromosome
gastrulation. Curr. Biol. 10: 623–629. 3 in Drosophila melanogaster. Genetics 153: 773–786.

Shapiro, J. A., 1999 Transposable elements as the key to a 21st Weber, K. E., R. Eisman, S. Higgins, L. Morey, A. Patty et al., 2001
century view of evolution. Genetica 107: 171–179. An analysis of polygenes affecting wing shape on chromosome

Shrimpton, A. E., and A. Robertson, 1988 The isolation of poly- 2 in Drosophila melanogaster. Genetics 159: 1045–1057.
genic factors controlling bristle score in Drosophila melanogaster. Wojtas, K., N. Slepecky, L. Von Kalm and D. Sullivan, 1997 Flight
II. Distribution of third chromosome bristle effects within chro- muscle function in Drosophila requires colocalization of glycolytic
mosome sections. Genetics 118: 445–459. enzymes. Mol. Biol. Cell 8: 1665–1675.

Spencer, F. A., F. M. Hoffmann and W. M. Gelbart, 1982 Decapen- Zimmerman, E., A. Palsson and G. Gibson, 2000 Quantitative trait
taplegic: a gene complex affecting morphogenesis in Drosophila loci affecting components of wing shape in Drosophila melanogaster.
melanogaster. Cell 28: 451–461. Genetics 155: 671–683.

Spradling, A. C., D. Stern, I. Kiss, J. Roote, T. Laverty et al.,
1995 Gene disruptions using P transposable elements: an inte- Communicating editor: D. Begun




