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ABSTRACT
A fundamental goal of genetics and functional genomics is to identify and mutate every gene in

model organisms such as Drosophila melanogaster. The Berkeley Drosophila Genome Project (BDGP) gene
disruption project generates single P-element insertion strains that each mutate unique genomic open
reading frames. Such strains strongly facilitate further genetic and molecular studies of the disrupted loci,
but it has remained unclear if P elements can be used to mutate all Drosophila genes. We now report
that the primary collection has grown to contain 1045 strains that disrupt more than 25% of the estimated
3600 Drosophila genes that are essential for adult viability. Of these P insertions, 67% have been verified
by genetic tests to cause the associated recessive mutant phenotypes, and the validity of most of the
remaining lines is predicted on statistical grounds. Sequences flanking .920 insertions have been deter-
mined to exactly position them in the genome and to identify 376 potentially affected transcripts from
collections of EST sequences. Strains in the BDGP collection are available from the Bloomington Stock
Center and have already assisted the research community in characterizing .250 Drosophila genes. The
likely identity of 131 additional genes in the collection is reported here. Our results show that Drosophila
genes have a wide range of sensitivity to inactivation by P elements, and provide a rationale for greatly
expanding the BDGP primary collection based entirely on insertion site sequencing. We predict that this
approach can bring .85% of all Drosophila open reading frames under experimental control.

THE nucleotide sequences of several complex eukar- each disrupt single distinct genes. Genome-wide collec-
yotic genomes, including those of Caenorhabditis ele- tions of gene knockouts would provide a vital resource

gans, Drosophila melanogaster, Arabidopsis thaliana, Mus for gene-based approaches to biological research.
musculus, and Homo sapiens, are virtually complete or Insertional mutagenesis provides a highly advanta-
scheduled for completion during the next several years geous strategy for constructing mutations in advance
(Collins et al. 1998; Meinke et al. 1998). Large-scale throughout entire genomes, because it simplifies the
sequencing of human and model organism genomes, problem of determining which genes have been dis-
cDNAs, and expressed sequence tags (ESTs) is identi- rupted. Insertional screens at low multiplicity have been
fying tens of thousands of genes about which little is carried out in bacteria (Kleckner et al. 1977), yeast
known. Obtaining mutations in these loci on chromo- (Burns et al. 1994; Garraway et al. 1997), Arabidopsis
somes free of additional lesions is essential for their (Sundaresan et al. 1995; Bhatt et al. 1996; Smith et
functions to be deduced using model organisms. How- al. 1996), C. elegans (Plasterk 1993; Korswagen et al.
ever, mutations in particular open reading frames must 1996), Drosophila (Cooley et al. 1988; Rørth 1996),
still usually be obtained in piecemeal fashion, by produc- zebrafish (Allende et al. 1996; Gaiano et al. 1996), and
ing specifically tailored gene knockouts or by identifying mice (Jaenisch 1988; Gossler et al. 1989; Wurst et al.
the desired strains within large, randomly mutagenized 1995; Zambrowicz et al. 1998). However, converting
collections. Both approaches remain slow and uncer- the products of raw screens into a complete mutation
tain. These problems could be circumvented by con- library is a challenging task. The site selectivity of the
structing complete mutation libraries, whose strains mutagenic element must be extremely broad to target

all genes. High throughput methods must be developed
and used to identify screen products that contain single
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whether it is possible in practice to construct a complete promised to indicate the feasibility of eventually using
P-element insertional mutagenesis to disrupt all Dro-library of mutations using this approach.

Among model multicellular eukaryotes, insertional sophila genes.
The seven initial collections have now been analyzed,mutagenesis has been used for genetic analysis and func-

tional genomics most extensively in Drosophila. Low- and we document here a library of strains that disrupts
z1000 different genes. A total of 450 of the strainsmultiplicity mutageneses using engineered P elements

have been carried out frequently (Cooley et al. 1988; mutate genes that have been described previously in
Drosophila or represent novel loci defined by homologyBellen et al. 1989; Bier et al. 1989; Berg and Spradling

1991; Karpen and Spradling 1992; Gaul et al. 1992; to well-studied genes in other organisms. These associa-
tions were made with the assistance of researchersTörok et al. 1993; Chang et al. 1993; Erdelyi et al.

1995; Rørth 1996; Deak et al. 1997; Sozen et al. 1997; throughout the Drosophila community who have used
the collection to help characterize .250 genes, andRørth et al. 1998). While the raw strain collections

produced in such studies are highly redundant and con- through the efforts of the BDGP project, including 138
new gene-mutation links reported here. Another 135tain lines with multiple mutations, they provide ideal

starting material for constructing a genome-wide muta- disrupted genes are associated only with EST sequences
that predict novel proteins or products related to pro-tion library. In 1993, the Berkeley Drosophila Genome

Project (BDGP) gathered z3900 lines associated with teins of unknown function in other organisms. An addi-
tional 138 lines are inserted within sequenced regionsmutant phenotypes (mostly lethality) from seven exist-

ing raw collections and began to construct a gene disrup- containing candidate open reading frames (ORFs).
Thus, .700 of the 1045 mutant strains already linktion library for use by the Drosophila research commu-

nity (Spradling et al. 1995). The Drosophila genome mutant phenotypes with specific open reading frames,
and the remaining lines only await completion of theis thought to contain z3600 vital genes (Miklos and

Rubin 1996), so the project had the potential to encom- genomic DNA sequence. The z1000 genes already rep-
resented in the library constitute z25% of all Drosoph-pass a substantial fraction of genes that can mutate to

a phenotype recognizable in large laboratory screens ila genes readily defined by mutation, and specify more
gene-mutation links than are currently available in other(primarily lethality). In contrast, the total number of

genes is thought to be about three times larger (Miklos model multicellular eukaryotes. Most important, on the
basis of this work we have developed a new programand Rubin 1996). The analysis of these collections also

TABLE 1

Mutational saturation

Times Chromosome 3 N 5 483, 613 l 5 0.241, N 5 111, Chromosome 2 N 5 577, 680 l 5 0.331, N 5 202,
hit (n) genes in Dfa l 5 0.558b 115 l 5 1.51c P 5 0.0714d genes in Dfa l 5 0.600b 110 l 5 2.08c P 5 0.0374d

0 276 507 0.0 317 502 0.0
1 154 154 154 0.0 190 190 190 0.17
2 43 43 43.0 0.17 57 57 56.5 0.64
3 16 8.0 15.7 0.49 19 11.4 23.6 1.6
4 6 1.1 5.6 1.01 17 1.7 11.0 2.9
5 5 0.1 1.7 1.7 5 0.2 4.5 4.3
6–12 14 0 0.52 13.6 27 0 2.1 25
.12 4 0 0.0 0.94 5 0 0.0 1.1

a The number of genes located within available deficiencies on the indicated chromosome that were hit one, two, three, etc.,
times by verified single insertions within the strains analyzed. The deficiencies remove z60% of chromosomes 2 and 3.

b The predicted values from a model of a single mutability class (N, number of genes; l, Poisson parameter). The fit to the
observed data is poor: for just n 5 1–5, x2 5 270, P ! 0.001 (chromosome 3) and x2 5 263, P ! 0.001 (chromosome 2). After
correcting for the contributions from hotspots according to columns 5 and 9, the corresponding values still fit poorly: x2 5 20,
P ! 0.001 (chromosome 3) and x2 5 36, P ! 0.001 (chromosome 2).

c The number of genes hit one to five times predicted by the sum of two Poisson distributions that model the coldspot and
warmspot classes. For both mutability classes the first number corresponds to the total number of genes and the second number
to the Poisson parameter l. The parameters were determined using an Excel spreadsheet that allowed the distributions to be
modeled using numerical methods. Genes hit .5 times are strong hotspots that are not modeled by the two predicted mutability
classes. The fits after correcting for contributions from hotspots according to columns 5 and 9, for n 5 1–5 are quite good: x2 5
0.81, P @ 0.05 (chromosome 3) and x2 5 3.8, P @ 0.05 (chromosome 2).

d The estimated number of genes hit 1–5 times contributed by hotspot genes. Hotspot genes hit between 6 and 12 times were
assumed to be a uniform class and modeled using a binominal distribution. There were 14 such loci on chromosome 3, while
on chromosome 2 there were 25 loci, after subtracting the 2 loci in this category contributed by warmspot genes.
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TABLE 2

Screen summaries

Raw Localized Single In Df Group Primary Gene
Screen Reference a Element II II II II II II II

Spradling 1 Phsneo 2 2 2 2 1 1 1
Spradling 2 PZ[ry] 495 479 432 292 291 240 233
Rubin 3 PZ[ry] 50 47 42 34 11 7 6
Jan 4 PlacW 1 1 1 1 1 1 1
Scott 5 PlacW 34 33 33 19 15 12 9
Kiss 6 PlacW 2153 1611 1133 712 855 351 302
Laughton 7 PlacW

Totals 2735 2173 1643 1060 1174 612 552

Percentage in Screen Raw Localized Single in Df Group Primary Gene
Screen Df verified efficiency III III III III III III III

Spradling 63 61 68 68 66 35 45 23 21
Spradling 85 78 609 597 560 361 331 257 248
Rubin 78 76 96 94 94 55 43 24 23
Jan 88 83 201 190 185 124 84 64 61
Scott 63 50 79 67 59 34 37 20 18
Kiss 58 31
Laughton 48 39 125 116 88 48 74 45 32

Totals 1178 1132 1052 657 614 433 401

The results of analyzing lines from seven single P-element autosomal insertion screens are summarized, grouped by chromosome
(II and III). raw, number of starting lines; Localized, number of lines whose P insertions were localized by in situ hybridization;
single, number of lines with a single P insertion; in Df, number of lines whose insertion fell within the cytogenetic boundaries
of an available valid deficiency; Group, number of different complementation groups; Primary, number of lines in the primary
collection. Note: The distribution of lines to the primary collection from the different screens is essentially arbitrary and was
determined by the relative time each screen was analyzed as indicated by the order in which the screens are listed in the table.
Genes, estimated number of different genes disrupted; % in Df verified, fraction of lines in valid deficiencies that were verified;
Screen efficiency, the fraction of raw lines in a screen that are verifiable single insertions. Efficiency was calculated using
percentage verified in Df to estimate the fraction of single insert lines outside of Dfs that would have been verified. The formula
is eff 5 [verified 1 (% in Df verified) [not in Df and single insert]]/raw.

a 1, Cooley et al. (1988); 2, Karpen and Spradling (1992); 3, Gaul et al. (1992); 4, Bier et al. (1989); 5, M. Scott and M.
Fuller, personal communication; 6, Törok et al. (1993); 7, Chang et al. (1993).

ture) were obtained from the same parents and may deriveto disrupt the remaining genes while the Drosophila
from premeiotic clusters. When two or more such lines weregenome sequence is being completed and annotated
found to contain insertions at the same polytene site, only(see Table 1). one was retained and the other(s) was treated as a duplicate(s).
Many lines containing multiple insertions from this screen
were discarded prior to localization because they exhibited a

MATERIALS AND METHODS diagnostic strong eye coloration.
Deficiency strains were obtained from the BloomingtonDrosophila strains: Flies were grown on standard corn

Stock Center and from many individual laboratories. The de-meal/agar media (Ashburner 1990) at 228. Approximately
ficiencies used are listed in Table 3.3900 lethal, semilethal, sterile, semisterile, or visible lines (Ta-

Strain names: BDGP strain names start with a prefix thatble 2) were collected from seven P-element screens (Cooley
indicates the chromosome and phenotypic effect of their sin-et al. 1988; Bier et al. 1989; Gaul et al. 1992; Karpen and
gle P-element insertion. For example, third chromosomeSpradling 1992; Chang et al. 1993; Törok et al. 1993; M.
strain names begin with either “l(3)” (lethal or strong semi-Scott and M. Fuller, unpublished results) as described
lethal), “fs(3)” (female sterile or strong semisterile), “ms(3)”(Spradling et al. 1995). Three different P-element vectors
(male sterile or strong semisterile), “v(3)” (visible), or “n(3)”were used: PZ[ry] (Mlodzik et al. 1990), Plac W (Bier et al.
(no obvious phenotype). Semilethal and semisterile mutations1989), or Puc-hsneo (Steller and Pirrotta 1986). About
were utilized only if they were strong enough to score in40% of the starting lines were marked with rosy1 and 60%
complementation tests. Only the effect of the P insertion,with white1. The Gaul et al. (1992) collection was stained
not of any secondary mutations on the same chromosome,for enhancer trap patterns in third instar larval eye-antenna
whether present initially or acquired later, is indicated byimaginal discs, and only lines showing expression were ana-
the prefix. The phenotypic prefix is followed by a uniquelyzed further. Lines from the Törok et al. (1993) screen that

share the first three numbers in their designator (see Nomencla- designator to distinguish individual lines and to preserve the
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TABLE 3

Deficiency stocks

48. Df(2R)pk78k 42E3-43C3
1. Df(2L)net-PMF 21A1;21B7-8 49. Df(2R)cn9 42E1-7;44C1-2
2. Df(2L)al 21B8-C1;21C8 50. Df(2R)ST1 43B3-4-43E18
3. Df(2L)ast2 a 21D1-2;22B2-3 51. Df(2R)CA53 43E6;44B6
4. Df(2L)dp-79 b 22A2-3;22D5-22E1 52. Df(2R)H3C1 43F1-9;44D3-8
5. Df(2L)DTD2 22D5;23B1-2 53. Df(2R)44CE 44C1-2;44D2-4
6. Df(2L)C144 22F3-4;23C3-5 54. Df(2R)Np3 44D2-E1;45B8-C1
7. Df(2L)JS17 23C1-2;23E1-2 55. Df(2R)Np1 44F2-3;45C5-6
8. In(2LR)DTD16[L]DTD42[R] 23C;23E3-6 56. Df(2R)Np4 44F8-9;45C1
9. Df(2L)ed-dp 24C3;25A2 57. Df(2R)Np5 44F10;45D9-45E1

10. Df(2L)ed1 24A3;24D4 58. In(2R)G63[L]w45-73n[R] 45B1;45D1 b

11. Df(2L)tkv2 25D2-4;25E1 59. Df(2R)X1 46C1-2;47A1
12. Df(2L)c1-h3 25D2-3;26B2-5 60. Df(2R)X3 46C1-2;46E1-2
13. Df(2L)GpdhA 25E1;26A8-9 61. Df(2R)12 46E1-F11;47A13-B14
14. Df(2L)E110 25F3-26A1;26D3-11 62. Df(2R)Stan2 46F1;47B9
15. Df(2L)Dwee-&dgr;5 27A1-2;28A1-6 63. Df(2R)E3363 47A3;47E1-.
16. Df(2L)spd[j2] 27C1;28A1 64. Df(2R)en-SFX31 48A1;48B5
17. Df(2L)Dwee[wo5] 27C2-3;27C4-5 65. In(2R)vg[W] 48A1-2;49D1-7
18. Df(2L)J-H 27C7-9;28B3-4 66. Df(2R)vg135 49A1-13;49E1-2
19. Df(2L)spd 27E1-8;28C1-6 67. Df(2R)vg-B 49D3-4;50A2
21. Df(2L)XE-2750 28B2;28D3 68. Df(2R)CX1 49D1;50D1
23. Df(2L)TE29Aa-11 28E4-7;29B2-29C1 69. Df(2R)50C-101 50C12-D1;50D1-7
24. Df(2L)N22-14 29C1-2;30C8-9;30D1-2;31A1-2 70. Df(2R)50C-38 50C20-23;50D4-D7
25. Df(2L)N22-5 29C3-5;30C8-9 71. Df(2R)trix 51A2;51B6
26. Df(2L)30A-C 30A3-6;30C5 72. Df(2R)03072 51A5;51C1
27. Df(2L)J2 31B1-5;32A1-2 73. Df(2R)Jp1 51C3;52F8-9
28. Df(2L)Prl 32F1-3;33F1-2 74. Df(2R)Jp4 51F13;52F8-9
29. Df(2L)prd1.7 33B2,3-34A1,2 75. Df(2R)Jp5 52A13-14;52F10-11
30. Df(2L)b84h50 34D4;35C1-2 76. Df(2R)KL32 52D1;52E2-5
31. In(2L)75c 35A2;35D4-D7 78. Df(2R)Pcl7B 54E8-F1;55B9-C1
32. Df(2L)A48 35B3;35D5-7 79. Df(2R)RM2-1 54F2;56A1
33. Df(2L)r10 35D1-2;36A7 80. Df(2R)PC4 55A1;55F1-3
34. Df(2L)cact-255rv64 35F6-12;36D1-3 81. Df(2R)PC29 55C1-2;56B1-2
35. Df(2L)H20 36A8-9;36F1 82. Df(2R)P34 55E6-55F3;56C1-11
36. Df(2L)VA18 36D1;37C2-5 83. Df(2R)017 56F5;56F15
37. Df(2L)TW50 36E4-36F1;38A6-7 84. Df(2R)exu1 57A2;57B1
38. Df(2L)TW161 38A6;40A4-40B1 85. Df(2R)Pu-D17 57B5;58B12
39. Df(2L)TW84 37F5-38A1;39D3-E1 86. Df(2R)XE3030 57C2;58C1-7
40. Df(2L)TW65 38A1;39F1 87. Df(2R)02311 58D2;58E1

88. Df(2R)59AD 59A1-A3;59D1-D4
89. In(2R)bw[VDe2L]Px[Kr] 59D6,E1-60C,D

41. Df(2R)M41A4 h44-46;42A2 90. Df(2R)or-BR11 59F6;60B1-.
42. Df(2R)nap1 41D2-41E1;42B1-3 91. Df(2R)bw-S46 59D8;60A8-16
43. Df(2R)nap2 41F4-9;43A1 92. In(2LR)Px[4] 60C5-C6;60D1
44. Df(2R)cn88b 42A2-19;42E1-7 93. Df(2R)Px2 60C6;60D11
45. Df(2R)nap16 42A1-2;44B1-44C1 94. Df(2R)M60E 60E5-9;60E11
46. Df(2R)42 42C3;42D2 95. Df(2R)Kr10 60F1;F5
47. In(2R)pk78s 42C7;43F8;59F5-8

(continued)

original names of the lines. Designators for lines from Cooley is omitted (i.e., “133/45” becomes “k13345”); from the Scott
and Fuller screen, the letter “s” precedes the original nameet al. (1988) take the form “neo” and a 1–3 digit number

(“neo63”); from Karpen and Spradling (1992), lines retain (i.e., “1629” becomes “s1629”); and for regular names from
Chang et al. (1993), the L is moved to the start, the R omitted,their original names (“06253”); from Bier et al. (1989), the

letter “j” precedes the original name (i.e., “5C2” becomes and a zero added after the number (i.e., “534RL” becomes
“L5340”). While the phenotypic prefix may rarely be changed“j5C2”); from Gaul et al. (1992), the letter “r” is contained

within the original name (i.e., “rJ713”); from Törok et al. to reflect new information about the effect of the P insertion,
the designator is invariant. Thus, l(2)06253 and n(2)06253(1993), the letter “k” precedes the original name and the slash
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TABLE 3
(Continued)

1. Df(3L)emc24 61C3-4;61E1-3 35. Df(3R)2-2 81F4-5;83A1-9
2. Df(3L)Ar14-8 61C4;62A8 36. Df(3R)Dfd13 83E3;84B1
3. Df(3L)bab-PG 61D3-E1;61F5-8 37. Df(3R)Scr 84A1;84B2
4. Df(3L)R-G5 62A10-B1;62C4-D1 38. Df(3R)Antp17 84A6;84D13-14
5. Df(3L)Aprt32 62B1;62E3 39. Df(3R)p712 84D4-6;85B6
6. Df(3L)R-G7 62B9;62E7 40. Df(3R)by10 85D8;85E10-13
7. Df(3L)HR370 63A1;63D1 41. Df(3R)by62 85D11-13;85F16
8. Df(3L)1227 63C1-2;63F1-2 42. Df(3R)M-Kx1 86C1;87B5
9. Df(3L)GN24 63F5-7;64C13-15 43. Df(3R)kar-D1 87A7;87D3-4

10. Df(3L)ZN47 64C1-10;65C1-5 44. Df(3R)ry615 87B12;87E11
11. Df(3L)pb1-X1 65F3;66B10 45. Df(3R)red3l 87F15;88C2
12. Df(3L)66C-G28 66B8-9;66C9-10 46. Df(3R)red1 88A2;88D3-4
13. Df(3L)h-i22 66D10;66E4-F5 47. Df(3R)sbd105 89A1;89B9-89B10
14. Df(3L)AC1 67A2;67D13 48. Df(3R)bxd100 89B6;89E2
15. Df(3L)1xd6 67E1-2;68C1-2 49. Df(3R)C4 89E3-4;90A1-7
16. Df(3L)vin2 67F2;68D6 50. Df(3R)P14 90C2;91B1-2
17. Df(3L)vin5 68A2;69A1 51. Df(3R)Cha7 90F1-90F4;91F5
18. Df(3L)vin7 68C8-11;69B4-5 52. Df(3R)D1-BX12 91F1-2;92D3-6
19. Df(3L)Ly 70A2-3;70A5-6 53. Df(3R)H-B79 92B3;92F13
20. Df(3L)fz-GF3b 70C2;70D6 54. Df(3R)e-R1 93B6;93D2
21. Df(3L)fz-CAL5 70C2-C6;70E1-2 55. Df(3R)e-N19 93B2-13;94A3-12
22. Df(3L)fz-GS1a 70D2;70E4-5 56. Df(3R)e-BS2 93C3;93F14
23. Df(3L)fz-M21 70D3;71E4-5 57. Df(3R)hhE23 94A1-16;94D1-4
24. Df(3L)st-f13 72C1;73A4 58. Df(3R)crb87-4 95D1-2;96A2
25. Df(3L)st4 72D10;73C1 59. Df(3R)crb87-5 95F7;96A18
26. Df(3L)st-j7 73A2;73B1-2 60. Df(3R)XTA1 96A17-21;96D1-2
27. Df(3L)81k19 73A3;74F1-4 61. Df(3R)Espl10 96F5-7;97B1
28. Df(3L)W10 75A6-7;75C1 62. Df(3R)Tl-P 97A1-10;98A1-A2
29. Df(3L)Cat 75B8;75F1 63. Df(3R)3450 98E3;99A6
30. Df(3L)W4 75B10;75C5-6 64. Df(3R)01215 99A6;99C1
31. Df(3L)kto2 76B1-2;76D5 65. Df(3R)tll-e 100A2-100C2-3
32. Df(3L)rdgC-Ci2 77A1;77D1 66. Df(3R)awd-KRB 100C6-7;100D3-4
33. Df(3L)ri-79c 77C1;77F1-5 67. Df(3R)04661 100D2;100F5
34. Df(3L)Pc-MK 78A3;78D1-2

The names and cytogenetic breakpoints of the deficiency chromosomes used for genetic verification as summar-
ized in Tables 4 and 5.

a This stock was assumed to be Df(2L)ast2 rather than Df(2L)ast1 as originally labeled, based on its comple-
mentation behavior; see FBab0001693.

b Breakpoints based on this study; no information available from FlyBase.

refer to a single BDGP strain, whose P insertion was initially l(2)s4771 that is allelic to kismet (kis) is designated kis s4771.
Again, because it is the designator that is presented in allelethought to cause lethality, but was subsequently shown to

cause no obvious phenotype. Because phenotypic prefixes can tables, it is wise to search FlyBase with the wild-carded desig-
nator.change, it is wise to search Internet databases using the desig-

nator. Periodically updated information on the BDGP strains Localization of inserts by in situ hybridization: P elements
were localized by in situ hybridization to polytene chromo-can be obtained by searching the BDGP website at http://

www.fruitfly.org/p_disrupt/, or from FlyBase (the Drosophila somes as described previously (Spradling et al. 1995); see
also http://www.fruitfly.org/methods. Digitized images ofdatabase project) at http://flybase.bio.indiana.edu/transposons/

fbinsquery.hform. these localizations are available at http://www.fruitfly.org/
p_disrupt/. A few lines were localized by others; these wereGene names: Symbols for Drosophila gene names are as given

by FlyBase. For potentially novel loci defined only by a BDGP assumed to be less accurate and are given only to a polytene
lettered section, rather than a range of specific bands. Toinsertion strain, the name of the primary strain constitutes

the provisional gene name, in accordance with FlyBase rules. reduce the number of in situ localizations, many alleles of
seven known hotspots were removed from the Törok et al.Allele names for all the mutations are represented using the

designator as the allele superscript. For example, because (1993) collection by complementing each starting strain with
the following tester loci: 1(2)07815 (kis), l(2)01209 (vkg),strain l(2)k10325 is part of the complementation group whose

primary strain is l(2)03350 defining a new gene, its mutation l(2)04208 (Eif4A), l(2)02657 (wg), l(2)00255 (bun), l(2)00642
(lola), and l(2)03505 (mam). The insertion(s) in lines thatis designated l(2)03350 k10325. The P-element mutation in strain
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failed to complement were not localized, and they are not Plasmids containing the 59 P element and flanking genomic
sequences were rescued from many strains. Prior to rescue,included in the tabulation of hotspot allele numbers. Conse-

quently, the allele numbers for these loci are lower than would the line was expanded, and 40–100 adult flies were collected
and frozen at 2208. The plasmid rescue procedure (based onhave otherwise been the case.

Complementation testing: Complementation crosses were Hamilton et al. 1991) entails macerating 30–40 flies in a
grinding buffer, then one cycle of freeze-thaw, followed by acarried out among single-insertion lines whose insertions were

localized within six to eight polytene bands of each other. A 20-min incubation at 708. Subsequently, residual proteins and
SDS were removed by addition of potassium acetate (KOAc)two-stage strategy was used to limit the number of crosses

and to minimize redundancy. Each line was first crossed to and incubation on ice for 30 min. The supernatant obtained
after removal of particulate matter was ethanol precipitatedrepresentative of any locus within range having multiple al-

leles. Lines failing to complement were identified as additional to recover genomic DNA. Finally, the samples were treated
with RNase A at 378 for 2 hr.alleles and eliminated from further crosses. Lines not allelic

to such local “hotspots” were subsequently crossed to represen- For plasmid rescue, a sample of genomic DNA equivalent
to two to four flies was digested with an appropriate restrictiontatives of the other complementation groups within the rele-

vant zone. As soon as two complementation groups were enzyme (e.g., XbaI for the PZ lines), then ligated at low DNA
concentration to circularize the restriction fragments. Subse-joined, it was assumed that their behavior was uniform, and

few additional crosses between the subgroups were carried quently, DH10B cells were transformed by electroporation.
The resulting colonies had acquired the circularized restric-out. Generally this strategy worked well. However, in a small

number of cases, incomplete or inconsistent complementa- tion fragment containing the selectable marker, the bacterial
origin of replication, one P-element inverted repeat, and ation behavior was observed due to localization errors larger

than four to eight bands, to intergenic complementation, to variable amount of flanking genomic DNA. For each rescue,
four to six transformants were screened by DNA miniprepsemilethality, to inadvertent selection of a rearranged allele

as the representative allele, to stock instability, or to errors and restriction digestion. In cases where at least three of the
four (or five of the six) transformants exhibited identical pat-in obtaining or recording complementation data. Problem

complementation groups were reanalyzed on a case-by-case terns, a plasmid was chosen for sequencing that represented
the major class. Occasionally, the appropriate plasmid wasbasis and the source of the contradiction resolved.

Verification: Strains from the primary collection were identified from a transformation experiment that yielded
more than one plasmid form by in situ hybridization. Thesecrossed to deficiencies (see Table 3) to verify that the P inser-

tion caused the recessive phenotype. In 1717 single-insert plasmids were sequenced directly using a primer designed
to the P-element inverted repeat. The success rate in thisstrains, the cytogenetic locus of the P element clearly fell

within the boundaries of existing deficiency (Df) chromo- procedure was z80%.
The remaining lines were analyzed by recovering a smallersomes (Table 2). An uncertainty of four to six bands in the

cytogenetic breakpoints was assumed, and the previous results amount of DNA using inverse PCR according to the method
of J. Rehm (http://www.fruitfly.org/methods/). This methodof complementation tests with verified lines in the region were

also considered (see Spradling et al. 1995). Complementa- was successfully adapted to a 96-well format where the success
rate in obtaining 25 bp or more of flanking sequences hastion with deficiencies that unequivocally remove the P inser-

tion site was taken as proof that the P element did not cause been .85%.
Association with ESTs: BDGP is generating a collection ofthe associated phenotype. Failure to complement indicated

that the strain was “verified.” While lines with secondary muta- 80,000 Drosophila EST sequences with support from Howard
Hughes Medical Institute (accessible at http://www.fruitfly.-tions closely linked to the P insertion might be erroneously

verified by this procedure, further molecular and genetic anal- org/EST/). During the preparation of this article, z48,000
ESTs were available for comparison. Each flanking sequenceyses suggest that the frequency of such errors is small. The

results of the complementation and verification crosses are was searched against this EST database, matches validated by
inspection, and the position of the P insertion relative to thesummarized in Tables 2, 4, and 5. The data are also available

on the BDGP website (http://www.fruitfly.org/p_disrupt/). EST-homologous portion of the flanking sequence deter-
mined. The names of ESTs with strong matches are given inThe availability of DNA sequence information that can link

insertion sites to nearby ESTs, transcripts, and predicted genes Tables 4 and 5. Only ESTs that were located within z100 bp
of the P element are reported; more distant sequence matchesis expected to significantly change the way decisions to retain

or discard lines are made. Except within the Adh region (Ash- might represent adjacent transcripts and were not included
in the tables.burner et al. 1999), we retained insertions only if they caused

or were likely to cause a detectable mutant phenotype. How- Stock distribution: To hasten the availability of the gene
disruptions, verified lines from the primary collection wereever, in the future, as genomic sequences become more highly

annotated, it will increasingly be possible to select strains solely sent to the Bloomington Stock Center in several batches begin-
ning in 1993; the number of strains reached 700 by late inon the basis of whether they are likely to disrupt a novel ORF,

regardless of whether a recessive phenotype can be observed. 1994. All 1052 primary collection strains have been available
from the Bloomington Stock Center since October 1997. Re-In a few cases reported here, viable insertions reside near or

within novel transcripts recognized by nucleotide sequence. serve alleles are maintained at the Carnegie Institution (chro-
mosome 3) or at Berkeley (chromosome 2), and have alsoThe prefixes of these lines were changed to n(2) or n(3) to

indicate the absence of a scorable phenotype. Only within been available on request since 1993. Information about stocks
is updated periodically on the BDGP website and strains foundthe Adh region, where sequence annotation is now extensive

(Ashburner et al. 1999), did a significant fraction of the to be inappropriate are removed from the Bloomington Stock
Center. Information derived from further study of any of theretained lines lack strong phenotypes.

Flanking sequence determination: Flanking sequences from BDGP stocks is welcome and should be forwarded to the corre-
sponding author’s e-mail address.one or both ends of most P-element insertions in the primary

collection were determined by one or both of two methods. Statistical analysis of saturation: Previous attempts to esti-
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TABLE 4

Chromosome 2 stocks

Non-
Strain Site Alleles Gene comp Comp Sequence Verified? Reserve EST Reference

l(2)k01206 21A1-4 1
l(2)04207 21B2-3 1 Ver
l(2)03350 21B4-6 4 1 G00736 Ver l(2)k13601
l(2)07812 21B4-6 27 kis 1 2 AQ073293 Ver l(2)k13416 Verheyen et al.

(1996)
l(2)k01901 21B4-6 Rpp30 1 AQ034135 Ver HL08073 This study
l(2)k07612 21B4-6 4 1 Ver l(2)k07721
l(2)k06805 21B4-6 1 AQ025806
l(2)k08102 21B4-6 1 AQ025855
n(2)k10237 21B4-6 2 1 AQ025931 Ver l(2)k16510
l(2)k14504 21B7-8 2 U2af38 1,2 AQ026079 Ver l(2)06751 LD07472 Rudner et al.

(1996)
l(2)k11324 21C1-2 2 AQ025961
l(2)06694 21C1-2 a-Adaptin 2 1,3 G00611 Ver LD01019 Gonzalez-Gaitan

and Jackle
(1997)

l(2)k16513 21C1-2 RpI135 2 AQ034040 Ver This study
l(2)k16213 21C2-3 Tb11 2 AQ026103 Ver LD32876 This study
l(2)01270 21C4-5 5 ex 2 3 AQ073263 Ver l(2)k12913 This study
l(2)05142 21C5-6 2 G00608 Ver
l(2)k06506 21C4-5 2 AQ025798
l(2)k07005 21C4-5 2 2 AQ034156 Ver l(2)k08218
l(2)k08915 21C5-6 2 AQ025875
l(2)02858 21C6-7 1,2,3 AQ025601
l(2)05486 21C6-7 2 lwr 2,3 G00739 Ver l(2)01519 GM08125 FBrf0101086
l(2)k13714 21C7-8 2,3 AQ026066
l(2)05341 21C7-D1 Gsc 2,3 AQ025636 Ver Hahn and Jackle

(1996)
l(2)01855 21D1-2 3 AQ073266 Ver
ms(2)06619 21D1-4 hsp60B 3 AQ026417 Ver GH05807 This study
l(2)04723 21D3-4 3 dock 3 G01444 Ver l(2)k13421 Garrity et al.

(1996)
l(2)k05428 21D4-E1 3 dbe 3 AQ025761 Ver l(2)k00108 LD22189 This study
l(2)07056 21D2,3 10 S 3 G00465 Ver l(2)k09530 Kania et al. (1995)
l(2)06955 21F1-2 2 3 G00453 Ver l(2)k01217
l(2)10685 21F1-2 3 3 4 G00626 Ver l(2)k00420 GM06352
l(2)k00619 21F1-2 Dcap 3 AQ034171 Ver LD18894 This study
l(2)k11704 22A3-4 RFeSP 3,4 AQ034029 Ver HL02717 This study
l(2)04111 22A5-6 4 3,4 G00530 Ver l(2)k13009
n(2)k09624 22B1-2 3,4 AQ025901
n(2)k07918 22B6-7 GlyP 3,4 AQ025849 GM02594 This study
n(2)k09932 22C1-2 3,4 AQ025915 LD15963
l(2)s5379 22D3-4 2 4,5 AQ026151 Ver l(2)k08027 LD23816
v(2)03953 22D1-2 aop 5 3,4 AQ025619 Ver This study
l(2)k08232 22E1-2 Rab5 5 3 AQ025862 Ver LD03788 This study
l(2)00231 22E2-3 5 4 AQ073257 Ver
l(2)10638 22F1-4 dpp 5 G00760 Ver l(2)k17036 Twombly et al.

(1996)
l(2)k05909 23B1-2 5,6 AQ025774 Ver
l(2)k16525 23B1-2 6 Ver
l(2)03575 23B5-6 2 oho23B 6 5,7 AQ025612 Ver l(2)k16814 GM13392 Törok et al. (1993)
l(2)00632 23C1-2 2 6,7 AQ025583 Ver l(2)k05431
l(2)01361 23D1-2 4 toc 7,8 6 G01437 Ver l(2)k08224 LD27161 This study
l(2)k00237 23D3-4 3 Mad 7,8 6 AQ034169 Ver l(2)k05807 LD03112 This study
l(2)k10101 23F3-4 Pdsw 7,8 AQ025920 GM03559 This study
l(2)k07736 23F5-6 Phas1 8 AQ025845 HL08053 This study

(continued)
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TABLE 4
(Continued)

Non-
Strain Site Alleles Gene comp Comp Sequence Verified? Reserve EST Reference

l(2)01863 24A1-2 2 odd 8,10 Ver l(2)rF111 GH01449 Rauskolb et al.
(1995)

l(2)06860 24A1-2 5 for 10 AQ073291 Ver l(2)k04703 LD08322 This study
v(2)k08012 24A1-2 Dot AQ025853 Ver Rodriguez et al.

(1996)
l(2)k08617 24C1-2 bowl 10 AQ025865 This study
l(2)k16918 24C8-9 10 AQ026119 GH05923
l(2)05965 24C8-D1 slp1 9,10 AQ025644 Ver Park et al.

(1996)
l(2)k01102 24D3-4 10 AQ034173 Ver GM09285
l(2)01085 24E1-2 2 9 10 G00578 Ver l(2)k14703 HL01565
l(2)k08903 24F1-2 9 AQ034018 Ver
l(2)k10004 25B1-2 AQ025918
l(2)k10217 25B1-2 AQ025930
l(2)05714 25B4-6 9 AQ025642 LD03394
l(2)01209 25C1-2 13 vkg 11,12 AQ073262 Ver l(2)k00236 Yasothornsrikul

et al. (1997)
l(2)k00405 25C1-2 6 Cg25C 11,12 AQ025687 Ver l(2)k03009 GM04010 This study
l(2)k09003 25C1-2 3 eIF-3 11,12 AQ025877 Ver l(2)k16615 LD05962 This study
l(2)k10127 25C1-2 AQ025926
l(2)k11206 25C5-6 11,12 AQ025954
l(2)k01302 25D1-2 11 12 AQ025703 Ver LD23535
l(2)04415 25D1-2 tkv 11,12 AQ073280 Ver George and

Terracol
(1997)

l(2)k05901 25D4-5 4 vri 12 AQ034151 Ver l(2)k09602 George and
Terracol
(1997)

l(2)03771 25D4-6 11 13,14 AQ025616 Ver
l(2)k11511 25E5-6 3 Lam 13 11,14 AQ034028 Ver l(2)04643 LD10531 Petersen et al.

(1997)
l(2)k06502 25F3-4 4 12,14 AQ025796 Ver l(2)02839 LD16669
ms(2)04875 26A1-9 ifc 13 Ver Endo et al.

(1996)
l(2)k13321 26A5-6 13 chi 13 AQ026056 Ver fs(2)01320 LD08034 Cooley et al.

(1992)
l(2)10424 26A8-9 2 13 G01406 Ver l(2)k06801
l(2)02439 26B1-2 11 eIF-4a 12,13,14 G01428 Ver l(2)k01501 Dorn et al. (1993)
l(2)10642 26B8-9 5 Kr-h 12,13,14 G00625 Ver l(2)k04411 Roch et al. (1998),

this study
l(2)k13720 26C2-3 14 AQ026067
l(2)k07502b 26D1-2 14 AQ025833 HL02956
l(2)k09923 26D1-2 3 14 AQ034023 Ver l(2)k09847
l(2)k04917 26D6-8 5 AQ025751 Ver l(2)k05435
l(2)k14206 26F3-5 15,17 AQ026076
fs(2)01355 27A 3 cup Ver fs(2)06890 Keyes and

Spradling (1997)
l(2)k00605 27A1-2 15 AQ025688 GM14348
l(2)k13315 27B1-2 15 AQ026055 Ver
l(2)k04223 27B1-2 15 Ver
l(2)03300 27B4-C1 Rca1 15 17,18 AQ025609 Ver LD13031 Dong et al. (1997)
l(2)k09022 27C1-2 15 16,17,18 AQ025880 Ver
l(2)k00230 27C4-5 17 16,18 AQ025682 Ver
l(2)02647 27C4-5 6 Hrb27C 15,16,17 18 AQ073272 Ver l(2)k02814 Campbell et al.

(1995)
l(2)k10617 27C6-8 2 Coprox 16 17,18 AQ025939 Ver l(2)k11018 LD07292 This study

(continued)
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TABLE 4
(Continued)

Non-
Strain Site Alleles Gene comp Comp Sequence Verified? Reserve EST Reference

l(2)04493 27C7-8 8 15 17 AQ025627 Ver l(2)k09603
l(2)02107 27D1-2 snRNP27D 16 18 AQ025594 Ver GM08995 Mancebo et al.

(1990)
l(2)k04704 27D5-6 2 15,16,18 AQ025746 Ver l(2)k06704
l(2)02657 27F1-2 6 wg 19 15 AQ073273 Ver l(2)04894 Mathies et al.

(1994)
l(2)00434 27F1-2 16,18,19 Ver
l(2)k00202 27F4-5 2 18,19 Ver l(2)k04301a
l(2)10607 27F4-6 5 16,18 15 AQ073299 Ver ms(2)05158
l(2)k10113 27F4-6 16,18 19 AQ025925 Ver
l(2)k09238 28A1-2 18 19 Ver
l(2)k10609 28B1-2 21 AQ025938
l(2)k05404 28C7-9 21 16,18,19 Ver
l(2)02496 28D1-2 4 mts 21 18,19 G01458 Ver l(2)s5286 LD12341 Wassarman et al.

(1996)
l(2)k10210 28D7-9 AQ025928 LD30420
l(2)05836 28E1-2 3 21,23 AQ025643 Ver l(2)s1883
ms(2)01659 28E1-9 poe AQ026403 Castrillon et al.

(1993)
l(2)06243 28E3-4 8 gel 23 21 AQ025647 Ver l(2)k13638 LD01834 This study
l(2)k14308 28F1-2 23 AQ026077 Ver
l(2)k00206 29A1-2 2 Btk29A 23 AQ034168 Ver l(2)k05610 Roulier et al. (1998)
l(2)k09614 29B1-2 2 RpS13 23,24,25 AQ025899 Ver l(2)k15708 This study
l(2)k14902 29B1-2 23 AQ026085
l(2)k01105 29C1-2 24,25 AQ025697
l(2)k12914 29C1-2 2 24,25 AQ026046 Ver l(2)k14509
l(2)k07118 29C1-3 23,24 AQ025816
l(2)k16715 29C3-4 2 24 23,25 AQ026113 Ver l(2)k06303
l(2)01482 29C3-5 23,25
l(2)k07704 29D1-2 Acer 25 AQ025842 LD17687 This study
l(2)03424 29D4-5 Orct 24,25 AQ025610 Ver LD20119 Taylor et al. (1997)
l(2)k05125a 29D1-2 25 Ver
l(2)k13702 29E1-2 2 sema-I 25 AQ026063 Ver l(2)k03509 HL03652 Yu (1998)
l(2)rH280 29E1-2 25 AQ026132 Ver
l(2)k04003 29E3-4 25 AQ025734 Ver
l(2)06825 29F1-2 6 25 26 AQ025659 Ver l(2)k01021
ms(2)07717 29F1-8 ms(2)29F AQ026418 Castrillon et al.

(1993)
l(2)s2978 29F8-A1 25 26 AQ026145 Ver
l(2)01351 30A3-5 6 25,26 G00546 Ver l(2)k15101
l(2)k05809 30A3-6 26 AQ025769 Ver
ms(2)05289 30B1-12 scat 26 AQ026412 Ver LD22446 Castrillon et al.

(1993)
l(2)03235 30B5-6 3 numb 26 G00599 Ver l(2)s2201 Uemura et al. (1989)
l(2)k05113 30B5-6 26 Ver
l(2)01272 30C1-2 13 Pka-C1 26 G01420 Ver l(2)k00804 Lepage et al. (1995)
l(2)k07104 30C1-2 4 hoip 25,26 AQ034157 Ver l(2)k07607 GH03082 Kania et al. (1995)
ms(2)01559 30C1-9 pelo 26 AQ026402 Ver Eberhart and

Wasserman
(1995)

ms(2)07822 30C1-9 ms(2)30C 26 Castrillon et al.
(1993)

l(2)k02506 30C7-8 zf30C 25 26 AQ025709 Ver LD19288 This study
l(2)k14204 30D1-2 25 AQ026075
l(2)06320 30D3-4 26
l(2)k09010 30D3-4 2 25 AQ025879 Ver l(2)k08408
l(2)02695 30E1-2 AQ025597 LD07208

(continued)
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TABLE 4
(Continued)

Non-
Strain Site Alleles Gene comp Comp Sequence Verified? Reserve EST Reference

l(2)08014 30E1-2 AQ025666
l(2)k01215 30E1-2 3 sop AQ025701 Ver l(2)k06507 LD24077 This study
l(2)k13305 30F5-6 AQ026052
l(2)k14401 31A1-2 Pen AQ026078 Ver Kussel and Frasch

(1995)
l(2)k06607 31B1-2 me31B 27 AQ025801 GM01268 This study
l(2)k09310 31C1-2 27 Ver
l(2)08774 31D1-2 3 Msp1 27 AQ025668 Ver l(2)k10909 LD20618 This study
l(2)k06709 31D8-9 2 RnrL 27 AQ034154 Ver l(2)k13717 LD06546 This study
l(2)k00311 31E1-2 KdelR 27 AQ025685 Ver LD06574 This study
l(2)k16801 31E1-2 27 Ver
l(2)04820 31E3-5 RpS27A 27 AQ034164 Ver This study
l(2)k10307 31F4-5 3 Fatp 27 AQ034026 Ver l(2)k10801 GH04319 This study
ms(2)04818 32A1-5 dbf 27 AQ026409 Ver FBrf0064394
l(2)k02605 31F3-4 27 AQ025713
l(2)k09116 31F4-5 27 AQ025886
l(2)k13206 32A4-5 UbcD2 AQ026047 LD17255 This study
l(2)k05123 32B1-2 2 porin 27,28 AQ034146 Ver l(2)k08405 GH11331 This study
fs(2)06843 32BC 2 piwi Ver fs(2)P-1 Lin and Spradling

(1997)
l(2)03788 32C1-2 27
l(2)k03107 32C1-2 2 AQ025718 Ver l(2)k13811
l(2)06225 32C4-5 AQ025646 GH12084
l(2)k05812 32C4-5 AQ025770
l(2)k15817 32D1-2 28 AQ026093
l(2)01501 32D1-2 4 Nup32D 28 G00759 Ver l(2)k07717 LD21772 Gigliotti et al.

(1998)
n(2)k13807 32D4-5 Rfc38 28 AQ026070 LD13549 This study
l(2)04008 32E1-2 28 G01158 Ver
l(2)04431 32E1-2 28 AQ073281 Ver
l(2)k07716 32E1-2 28 AQ025844 Ver LD03334
l(2)03602 32F1-2 salm 28 G00737 Ver Treisman and

Rubin (1996)
l(2)04418 33A1-2 9 crol 28 G00541 Ver l(2)k05205 D’Avino and

Thummel (1998)
l(2)08307 33A3-7 28 Ver
l(2)01810 33B8-12 28 AQ025589 Ver
ms(2)01284 33C1-D5 aret 28 AQ026400 Ver Castrillon et al.

(1993)
l(2)k04203 33C4-5 2 Aats-thr 28,29 AQ034143 Ver l(2)k04910 GM10740 This study
l(2)08323 33D1-2 2 Rab6 28,29 G00615 Ver l(2)k13606 GM04112 This study
l(2)04518b 33D1-2 28 Ver
l(2)k06909 33E5-7 Elf 28 AQ034155 Ver GM07765 This study
l(2)00255 33E7-8 20 bun 28 G00410 Ver l(2)k06713 Treisman et al.

(1995b)
l(2)01433 34A1-2 28,29 G00461 Ver
n(2)k07332 34A1-2 AQ025829 Ver GM02380
l(2)rK639 34A1-2 28,29 AQ026136 Ver
l(2)01510 34A1-2 5 Vha68-2 29 28 AQ073265 Ver l(2)s4214 Sozen et al. (1997)
l(2)k17004 34A3-4 28 AQ026123
l(2)05327 34A5-6 28
l(2)k10105 34A5-6 29 AQ025922 LD18129
l(2)k11328 34A5-6 29 AQ025962
l(2)k05911 34B1-2 AQ025775
l(2)k07826 34B6-7 2 Nnp-1 AQ034006 Ver l(2)k08704 LD07345 This study
l(2)k07914 34B6-7 AQ025848
l(2)k00302 34B8-9 AQ025684

(Continued)
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n(2)05337 34C1-2 B4 AQ025634 LD07101 Sotillos et al.
(1997)

l(2)k01403 34C4-5 7 kuz AQ073300 Ver l(2)k09934 Rooke et al. (1996)
n(2)k07245 34D1-2 30 AQ025825 Ashburner et al.

(1999)
v(2)k05524 34D4-6 3 Sos 30 AQ025755 Ver l(2)k05705 GH01796 Ashburner et al.

(1999)
l(2)k05605 34D6-7 RpII33 30 AQ025764 Ver LD05121 Ashburner et al.

(1999)
n(2)06646 34E1-2 AQ025655 Ashburner et al.

(1999)
n(2)k09909 34F1-2 30 AQ025909 Ashburner et al.

(1999)
l(2)k00811 35A1-2 l(2)34Fa 30 AQ025693 Ver Ashburner et al.

(1999)
v(2)k11509 34F3-4 smi35A AQ025968 Ver Ashburner et al.

(1999)
l(2)09437 35A1-2 7 wb G00417 Ver l(2)k13507 Ashburner et al.

(1999)
n(2)k08712 35A3-4 Rab14 AQ025867 LD41067 Ashburner et al.

(1999)
n(2)k07706 35B1-2 elB AQ025843 Ashburner et al.

(1999)
v(2)rJ571 35B1-4 osp 30 32 AQ026134 Ver LD15891 Treisman and

Rubin (1996)
l(2)k11524 35B6-7 l(2)35Bb AQ026036 Ver LD16050 Ashburner et al.

(1999)
l(2)k08808 35B6-10 l(2)35Bc AQ025869 Ver Ashburner et al.

(1999)
l(2)10408 35B8-9 l(2)35Bd 30,32 AQ073297 Ver LD09819 Ashburner et al.

(1999)
l(2)k10011 35B8-10 l(2)35Bg 30,31,32 AQ025919 Ver GM10279 Ashburner et al.

(1999)
l(2)k07904 35B8-9 Su(H) 30,31,32 AQ025847 Ver LD24729 This study
l(2)07130 35C1-2 ck 31,32 AQ025664 Ver LD10736 This study
fs(2)00424 35B vas 31 Ver This study
l(2)05441 35C1-2 2 stc 32 G00414 Ver l(2)k11112 Stroumbakis et al.

(1996)
l(2)06430 35D1-4 gft 31,32 G00415 Ver LD10516 Ashburner et al.

(1999)
ms(2)02316 35D1-2 ms(2)35Ci AQ026404 Ver Ashburner et al.

(1999)
l(2)07082 35D1-2 14 esg 32 G00416 Ver l(2)k00606 Samakovlis et al.

(1996)
l(2)k05305 35D3-4 3 lace AQ034147 Ver l(2)k02303 LD17449 Ashburner et al.

(1999)
l(2)05206 35D3-4 6 CycE 33 31 G00412 Ver l(2)k05007 Knoblich et al.

(1994)
l(2)k14423 35D5-7 l(2)35Df G01316 Ver LD02559 Ashburner et al.

(1999)
n(2)k09033 35D6-7 Gli AQ925882 Ashburner et al.

(1999)
n(2)05271 35D1-2 l(2)35Ea Ashburner et al.

(1999)
l(2)k09834 35F1-5 PRL-1 AQ025903 Ver Ashburner et al.

(1999)
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ms(2) 35F1-2 twe Ver Ashburner et al.
k08310 (1999)

l(2)00232 35F1-2 11 crp 33 34 G00409 Ver l(2)k00809 Ashburner et al.
(1999)

l(2)k11403 35F6-7 3 heix 33 AQ025963 Ver l(2)k12401 LD08373 Ashburner et al.
(1999)

n(2)k17003 35F10-11 cactus AQ026122 Ashburner et al.
(1999)

l(2)k14608 35F11-12 l(2)35Fe G01317 Ver Ashburner et al.
(1999)

n(2)k04216 35F11-12 chif AQ025739 Ashburner et al.
(1999)

l(2)rK364 36A1-2 dac 34 AQ026135 Ver Mardon et al. (1994)
ms(2)04445 36A1-B6 bln 33 AQ026408 Castrillon et al.

(1993)
fs(2)06034 36A1-10 7 grp 35 Ver fs(2)02257 Sullivan et al.

(1993)
l(2)k13905 36A10-11 34,35 33 AQ026073 Ver
l(2)k15102 36A10-11 34,35 33 AQ026086 Ver
l(2)k08819 36A12-14 glu 34,35 33 AQ025873 Ver l(2)k06821 LD20207 Kania et al. (1995)
l(2)k03902 36B1-2 Cas 34,35 AQ025732 Ver LD14270 This study
l(2)k10423 36B1-2 Mhc 34,35 AQ025936 Ver This study
fs(2)01313 36C 2 dl Ver fs(2)k10816 This study
l(2)k06710 36C8-11 2 Aac11 35 36 AQ025805 Ver l(2)k07112 LD09852 This study
l(2)04553 36E1-4 RpS26 36 35 AQ025629 Ver This study
fs(2)neo2 36EF kel Ver Xue and Cooley

(1993)
l(2)k13805 37A1-2 36,37 Ver
l(2)k05402 37B7-10 Catsup 37 Ver P. F. Lasko, personal

communication
l(2)k05424 37B8-12 37 AQ025760 Ver LD23513
l(2)01265 37B8-9 7 37 G00579 Ver l(2)k00308
l(2)02660 37B8-9 37 Ver
l(2)k16106 37B8-9 l(2)37Db 37 AQ026099 Ver LD20470 P. F. Lasko, personal

communication
l(2)k02104 37C1-2 Ddc 36,37 AQ025704 Ver This study
l(2)k06028 37C6-7 2 brat 37 AQ025779 Ver l(2)k1l538 LD16270 This study
l(2)01068 37F1-2 6 spi 37 39,40 G00577 Ver l(2)s3547 Perrimon et al.

(1996)
l(2)k08115 38A5-6 2 fs(2)ltoPP43 37 AQ025856 Ver l(2)k15716 LD13084 P. F. Lasko, personal

communication
l(2)k10239 38A7-8 38 37 AQ034025 Ver
l(2)k14014 38B1-2 7 barr 38,39 AQ034033 Ver l(2)k08103 Bhat et al. (1996)
l(2)03552 38B4-6 5 neb 38,40 G00600 Ver l(2)k05702 Ruden et al. (1997)
l(2)02306 38E1-2 Hr38 40 G00581 Ver Kozlova et al.

(1998)
l(2)k07135 38E5-6 2 dia AQ025819 Ver ms(2)04138 LD16963 Castrillon et al.

(1993)
l(2)01528 38F3-4 4 38,40 39 Ver l(2)k08613
l(2)04530 38F5-6 40 37 G00584 Ver
l(2)05287 39A1-2 3 38,40 G00609 Ver l(2)k16804B LD28636
l(2)07054 39B1-2 9 AconM 38 39 AQ025661 Ver l(2)k02301 LD24561 This study
l(2)10523 39B1-2 4 bur 38,40 G00613 Ver l(2)k07130 LD10169 Neufeld et al. (1998)
l(2)k07215 39B1-2 2 38,39 AQ034159 Ver l(2)k16009 LD13720
l(2)k09410 39B1-2 2 snRNA:U4:39B 38 AQ034021 Ver l(2)k06410 This study
l(2)k05106 39C1-2 2 39 AQ034145 Ver l(2)k08036
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l(2)k11226 39C1-2 38,40 AQ025956 Ver
l(2)k14505 39C1-2 38,40 AQ034036 Ver GM08665
l(2)05095 39E1-2 38 AQ025632
l(2)k05815 39E3-4 2 anon1A4 38,40 AQ034150 Ver l(2)k05501 LD15206 This study
l(2)k06113 39E5-6 2 38,40 AQ025782 Ver l(2)k08034
l(2)02074 39F1-2 2 38,40 G00597 Ver l(2)05230
l(2)03832 39F1-2 2 38,40 G01434 Ver l(2)k05429
l(2)k08110 39F1-3 2 40 AQ034012 Ver l(2)k11104
l(2)k16406 40A1-2 38 AQ034039 Ver
l(2)04319 40A1-4 tsh 38 G00738 Ver FBrf0091269
l(2)rA135 40A1-4 38 AQ026130 Ver
l(2)k03002 41C 2 37,41 Ver l(2)k04601
l(2)02047 41C1-6 41 G00522 Ver l(2)k13422a
l(2)07022 41F8-9 2 41–43 44 G01159 Ver l(2)k01109 LD32728
ms(2)06410 42A1-19 ms(2)42A 44 AQ026415 LD17664 Castrillon et al.

(1993)
l(2)09851 42A1-2 42,43 41 AQ025672 Ver GM02153
l(2)k06109 42A1-2 2 Bub1 42,43 41 AQ025781 Ver l(2)k03113 LD24007 This study
l(2)k10108 42A1-2 Src42A 42,43 41 AQ025923 Ver LD15045 This study
l(2)k09848 42A8-12 42,43 AQ025905 Ver
l(2)k06210 42A10-12 3 EcR 42,43 AQ025786 Ver l(2)k04504 FBrf0086762
l(2)k14710 42A15-19 2 42,43 Ver l(2)k15603 LD26521
l(2)k14805 42B1-2 43 42,44 AQ026082 Ver
l(2)01094 42B1-3 9 43 42,46 G00529 Ver l(2)k02002
l(2)k03204 42B1-3 43 44,46 AQ025721 Ver
l(2)04535 42C1-2 7 43,44 47 Ver l(2)k02710
l(2)k14019 42C1-2 2 43,44,45 46 AQ034034 Ver l(2)k03202
l(2)01349 42C1-4 2 Adf-1 43–46 47 AQ025586 Ver l(2)k09919 LD09689 This study
v(2)k09107 42C1-2 43,44 AQ025885 LD07974
l(2)04065 42C1-2 44 43,46,47 AQ025622 Ver l(2)k00620
l(2)03055 42C6-9 46 Ver
l(2)01289 42C8-9 2 43–46 48 G00460 Ver l(2)07769
l(2)k03203 42D1-3 43–46 47 AQ034141 Ver
n(2)09967 42D1-6 43,46,47 AQ026420 LD11166
l(2)k08011 42D4-5 43,45 AQ025852 Ver
l(2)k16722 42E3-4 2 vimar 43,45 44,48 AQ034041 Ver l(2)k10203 LD07418 Lo and Frasch

(1998)
l(2)04524 42D1-2 Eb1 43,45,50 47,48,49 AQ024628 Ver LD08743 This study
l(2)04614 43B1-2 l(2)43Bb 47,50 AQ073285 Ver FBrf0086245
l(2)05518 43B1-2 l(2)43Bc 47,48,50 49 AQ034165 Ver FBrf0086245
l(2)k16101 43B1-2 cos 45,48,50 AQ034038 Ver LD15871 Sisson et al. (1997)
l(2)03610 43D1-2 2 Dhap 45,47,50 48,49 G00524 Ver l(2)05467 LD02207 This study
l(2)k08815 43D1-4 2 dpld 45,50 48 AQ025871 Ver l(2)k14202 LD19006 Rodriguez (1996)
l(2)03427 43E1-5 2 Ani 47,50 G00563 Ver l(2)k09008 LD23741 This study
l(2)01857 43E4-5 47 AQ025591 Ver
l(2)05643 43E4-6 3 45,47,49 51 AQ025641 Ver l(2)k11110
l(2)08492 43E9-13 2 45,47,49,50 51 G01429 Ver l(2)k10320 GM08726
l(2)k07619 43E15-16 45 47,50 AQ025839 Ver LD05439
l(2)k01207 43F1-2 lin19 45,51 50,52 AQ025699 Ver LD20253 This study
l(2)k07624 43F1-2 2 rnh1 45,51 50,52 AQ025841 Ver l(2)k07409 LD20030 This study
l(2)k08018 44A1-2 Cops4 45,51 52,53 AQ034010 Ver LD11968 This study
l(2)k08504 44A1-2 45 51,52 AQ034015 Ver
l(2)k16503 44A4-5 45,51,52 AQ026107 GH04443
l(2)s9998 44A4-5 45,52
l(2)k16120 44B5-6 Adk2 45,51–53 AQ026101
l(2)02045 44B5-9 45,51–53 AQ025593
l(2)k07521 44C1-2 2 52,53 Ver l(2)k15216
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l(2)k09514 44C1-2 Drs1 45,52,53 AQ025895 GM05306 This study
l(2)02502 44C1-2 3 pnut 53 45,49,51 AQ073270 Ver l(2)rN498 LD33747 Neufeld and Rubin

(1994)
l(2)k03110 44C1-2 3 53 45,52,54 AQ034140 Ver l(2)k04002
fs(2)02465 44D ptc Ver Forbes et al. (1996)
l(2)k08904 44D4-5 52,53,54 AQ034019 Ver
l(2)k02507 44D5-6 3 rubr 52,53,54 AQ025710 Ver l(2)rH075 Kania et al. (1995)
l(2)s1878 44D5-6 2 53 52,54 Ver l(2)rN173
l(2)05847 44E1-2 5 53,54 52 G00494 Ver l(2)k10313
l(2)k02107 44E1-2 54 Ver
l(2)k05304 44F1-2 53,54 Ver
l(2)k04913 44F1-2 54 52,53,55–57 AQ025750 Ver
l(2)03996 44F3-4 AQ025620
l(2)k08017 44F3-4 Ggamma1 54 53,55,56 AQ034009 Ver LD03453 This study
l(2)k16109 44F3-4 2 Dmn 54 55,56,57 AQ026100 Ver l(2)k16218 LD07994 This study
l(2)k16912 44F11-12 2 babo 54,55,56 53,57 AQ034042 Ver l(2)k07737 Brummel (1999)
l(2)03697 45A4-8 54,56,57 58 AQ025614 Ver LD13319
l(2)k00116 45A4-8 2 56 58 AQ025679 Ver l(2)k00413
l(2)k11201 45B1-2 54,58 AQ025953 Ver
n(2)k04512 45B1-2 56 AQ025744 HL05962
1(2)k13412 45B1-2 54,57,58 56 AQ026058 Ver
l(2)06736 45C1-2 54,57,58 56 AQ025657 Ver
l(2)k05611b 45C1-2 54,57 56 Ver
v(2)rG232 45C3-4 2 55,57 Ver v(2)k11209
l(2)03659 45D1-2 hspr 57,58 54,55,56 AQ025613 Ver LD06376 This study
l(2)k16806 45D4-5 57 54–56,58 AQ026117 Ver Zhang et al. (1997)
l(2)k09507 45D4-5 3 wun 57 55,56 AQ025894 Ver l(2)k10201 GH02203 Zhang et al. (1997)
l(2)03497 45D4-5 56,57,58 AQ025611
l(2)k12402 45D4-5 57 AQ026044
l(2)06424 45D5-6 56,57,58
l(2)k01301 45F1-2 AQ025702
l(2)k08914 45F1-2 57
l(2)k10213 45F1-2 AQ025929
l(2)k17035 45F1-2
l(2)k09501 45F4-5 AQ025893
l(2)02353 46A1-2 8 56,57 G00598 Ver l(2)k00604
l(2)03405 46A1-2 9 Uba1 60 G00562 Ver l(2)s3484 LD20374 This study
l(2)04454 46B1-2 3 dap 55-60 AQ073282 Ver 1(2)k07309 LD11071 de Nooij et al. (1996)
l(2)k03111 46B1-2 2 59,60 AQ025719 Ver l(2)k02003
l(2)k09221 46B1-2 AQ025891
l(2)k05420 46B4-5 AQ025758 Kania et al. (1995)
ms(2)05704 46C1-12 Ft1 AQ026413 HL08032 This study
l(2)k07237 46C1-2 59,60 AQ025824
l(2)k08816 46C1-2 59,60 AQ025872 GH07336
v(2)k06408 46C7-8 59 AQ025793 Ver
l(2)k08601 46C6-8 59 60 AQ034016 Ver
l(2)03775 46D1-2 2 Vcp 59,60 AQ025617 Ver l(2)k15502 LD15631 This study
l(2)k13906 46D1-2 59,60 AQ034032 Ver GH12681
l(2)k07103 46E4-8 14-3-3zeta 59 60,61 AQ025662 Ver Kockel et al. (1997)
l(2)06339 46F1-2 Pfk 59 61 AQ025651 Ver HL03554 This study
l(2)k03610 46F1-2 2 59 62 AQ025727 Ver 1(2)k03703
l(2)k04308 46F1-2 59 61,62 AQ025742 Ver
l(2)k16104 46F1-2 59 62 Ver
l(2)k10308 46F5-6 4 Hr46 59,61 AQ025932 Ver l(2)k01017 Rottgen et al.

(1998)
l(2)k07703 46F9-10 Syb 59,61,62 Ver This study
l(2)k05201 47A3-5 61,62 59 AQ025753 Ver LP04652
l(2)00642 47A11-12 24 lola 62,63 AQ073258 Ver l(2)k09901 FBrf0086256
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fs(2)j13b6 47B 4 psq Ver fs(2)02403 Siegel et al. (1993),
Horowitz and

Berg (1996)
l(2)10565 47B7-8 62 Ver
l(2)10425 47C3-4 62,63 61 AQ025674 Ver
l(2)04738 47E1-2 7 shn 61 62 G00605 Ver l(2)k00401 Arora et al. (1995)
l(2)k06103 47F1-2 Fpps 63 62,64 AQ034152 Ver LD24632 This study
v(2)k03514 47F1-2 63 AQ025725
l(2)k17005 47F4-9 Tap&dgr; 63,64 AQ026124 GM08470 This study
l(2)k15001 48A rack Kania et al. (1995)
l(2)k14708 48A3-5 64 63,65 AQ034037 Ver LP02372
l(2)k14602 48B1-2 64 Ver
l(2)k06524 48B1-2 oho48A 64 AQ025799 Ver Törok et al. (1993)
l(2)02516 48C1-2 2 Etf 64 AQ025595 Ver l(2)k14026 LD07532 This study
l(2)01275 48C5-6 8 Efl&agr;48D G00459 Ver l(2)k06102 GM03706 This study
l(2)k03905 48C5-6 AQ025733
l(2)k06612 48D1-2 66 AQ025802
l(2)k13312 48D5-6 66
l(2)k05644 48E1-2 2 66 AQ034149 Ver l(2)k13306
l(2)02833 48E4-5 5 guf AQ025599 Ver l(2)k11803 GM14566 Salzberg et al.

(1996)
l(2)06444 48E10-11 3 Cct5 65 AQ025653 Ver l(2)k06005 GM12270 This study
l(2)03909 48F1-2 6 Cam 66 AQ073279 Ver l(2)k04213 Harvie et al. (1998)
l(2)k11404 48F10-11 65,66 AQ025964
l(2)k01103 48F3-6 AQ025696
l(2)k17040 49A7-11 66 AQ026129
l(2)k03003 49B1-2 66 AQ025717 Ver
l(2)08269 49B3-6 7 Sin3A 66 67 G00542 Ver l(2)k02703 Neufeld et al. (1998)
fs(2)k09833 49B7-8 Ver
l(2)k05316 49B7-11 66 68 AQ034148 Ver
l(2)k15501 49BC unch 66,68 AQ026088 Ver LD13852 Kania et al. (1995)
ms(2)00815 49C1-4 ox 66 AQ026399 Ver GH03312 Castrillon et al.

(1993)
l(2)04329 49D1-3 66,68 67 G00564 Ver
l(2)k09328 49D1-3 67 66,68 AQ034020 Ver
l(2)k10712 49D5-6 Btf 67,68 AQ034027 Ver GM05329 This study
l(2)k05722 49E1-2 66,67 Ver
l(2)k04508 49E1-2 3 66,67,68 Ver l(2)k05408
l(2)01424 49E1-2 66,68 67 G00733 Ver
l(2)k06344 49E6-7 su(z)2 67,68 66 AQ034153 Ver This study
l(2)k07834 49E6-7 Psc 67,68 66,72 AQ034007 Ver C. Russell, personal

communication
l(2)03531 49F7-8 67 66 G00583 Ver LD07176
l(2)k14804 49F7-8 4 Aats-val 67 AQ026081 Ver GM09906 This study
l(2)10626 50A12-14 6 drk 68 67 G00788 Ver l(2)k02401 GH14963 Simon et al. (1993)
l(2)05488 50C1-2 fas 68 AQ025638 Ver HL03670 Lekven et al. (1998)
l(2)k10814 50C3-4 68 AQ025941 Ver
v(2)k16105 50C4-5 68 AQ026098 Ver LD33796
l(2)k08708 50C6-7 68 AQ025866 Ver
l(2)k03010 50C9-10 4 68 AQ034139 Ver l(2)k03405
l(2)k04204 50C11-12 2 68 AQ025736 Ver l(2)k05803
l(2)04845 50C12-21 68 69,70 AQ025630 Ver
l(2)k08121 50C14-15 2 68 AQ025857 Ver l(2)k16601 LD09501
v(2)k15606 50C17-19 2 Cp1 69,70 68 AQ026089 Ver v(2)k15819 This study
l(2)k00208 50C17-19 69,70 68 AQ025680 Ver
l(2)03505 50D1-2 11 mam 68,69,70 Ver l(2)k02214 Treisman and

Rubin (1996)
l(2)k04301b 50D5-6 70 Ver
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l(2)k05416 50E1-2
l(2)s3475 50E4-5 71 AQ026146 GM07864
l(2)k04907 50E4-7 2 Hsc70-5 AQ034144 Ver l(2)k006618 GM05829 This study
l(2)k12303 50E4-7 3 SelD 68 AQ073303 Ver l(2)k11320 Alsina et al. (1998)
l(2)06949 51A1-2 3 71,72 AQ025660 Ver l(2)k06203
l(2)02637 51A4-5 71,72 AQ025596 GM01679
l(2)03563 51A1-2 71 AQ073278 Ver
l(2)k16805 51A4-5 71,72 AQ026116 Ver
l(2)00681 51B1-5 10 71,72 AQ026040a Ver l(2)k11904
l(2)07214 51B7-10 3 72 71 G00586 Ver l(2)k03307
l(2)k00103 51C1-2 2 Pros44.5 72 AQ034167 Ver l(2)k14707 HL05493 This study
l(2)k09935 51C1-2 72,73
l(2)k08015 51D3-5 73 AQ025854
ms(2)02530 51D1-12 boc 73 71 AQ026405 Ver Castrillon et al.

(1993)
l(2)k06403 51D7-8 73 AQ025792 Ver
l(2)02064 51E1-2 2 chn 73 G00580 Ver l(2)k04218 Kania et al. (1995)
l(2)01288 51E10-11 2 scb 73 G00732 Ver l(2)k17029 Stark et al. (1997)
l(2)k03308 51F11-12 73 74 AQ034142 Ver LD03765
l(2)k07207 52A9-11 VhaD 73,74 AQ034158 Ver GM07722 This study
l(2)k05713 52C8-9 73,74,75 AQ025767 LP05195
l(2)k08407 52D1-2 74,75 AQ025864
l(2)05248 52D1-2 75 73,74 AQ025633 Ver
l(2)k02205 52D1-2 74,75 73 AQ034136 Ver
l(2)k05419 52D9-10 73,74,75 Ver
l(2)01466 52D9-10 73,74 AQ034162 Ver
n(2)k09217 52D11-12 ATPCL 73,74,75 AQ025890 LD21334 This study
l(2)05070 52E1-2 73,74,76 G00607 Ver
l(2)15617 52E1-2 76 73,74 AQ026090 Ver LD33152
l(2)10403 52E5-6 2 74 73 G01436 Ver l(2)08639 LD05605
n(2)k07236 52E5-6 Rho1 73 Ver Strutt et al. (1997)
l(2)k09905 52E5-8 4 74 73,76 AQ34022 Ver l(2)k14705
l(2)k13209 52F5-7 Paf-AH&bgr; 74,75 AQ034030 Ver n(2)k11702 GM10718 This study
l(2)13314 53A3-5 Khc AQ026054 LD26478 This study
l(2)02836 53B1-2 3 75 74 AQ073274 Ver l(2)k05440
l(2)06214 53C1-2 Hmgs AQ025645 LP04424 This study
l(2)k07824 53C1-4 2 AQ034005 Ver l(2)k16901 LD06385
l(2)03021 53C6-10 3 sema-II AQ073276 Ver l(2)k11240 LD09306 Kolodkin et al.

(1993)
l(2)05428 53C9-10 AQ025637
l(2)s4639 53C9-10
l(2)k06503 53C14-15 AQ025797
l(2)k12701 53D11-13
l(2)k11009 53D13-14
l(2)04154 53D13-15 AQ025623
l(2)k09318 53D13-15
n(2)k04810 53E1-2 Ef1b AQ025749 n(2)k10209 GM03568 This study
l(2)k07202 53E1-2 2 veg AQ025821 Ver l(2)k17010 Kania et al. (1995)
l(2)K07408 53E4-5 AQ025831
l(2)k13704 53E4-5 AQ026064
l(2)k09837 53E6-8 AQ025904 LD18969
l(2)04291 53F1-2 RhoGEF2 AQ025625 Barrett et al.

(1997)
l(2)k11502 53F1-2 AQ025966
n(2)06253 53F1-5 6 Gst2 AQ025648 n(2)k09303 LD14356 This study
l(2)k15914 53F1-5 AQ026096 LD34058
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l(2)05091 53F4-5 AQ025631 GH13488
l(2)k10815 53F6-9 AQ025942
l(2)06655 54A1-2 AQ034108
l(2)k09202 54A1-2 AQ025888
l(2)01038 54B1-2 AQ025584
l(2)k01212 54B1-2 2 AQ034133 Ver l(2)k05507
l(2)k04222b 54B1-2 AQ025740
n(2)k07110 54B1-2 mm AQ025815 Kania et al. (1995)
l(2)k10914 54B1-2
l(2)06373 54B4-5 Sip1 AQ025652 LD04116 This study
l(2)10491 54B4-5 AQ025676
l(2)k14517 54B4-5
l(2)k16314 54B10-13 cnk AQ026105 Ver Therrien et al.

(1998)
l(2)k08901 54B15-16 3 AQ034114 Ver l(2)k14501
l(2)k11012 54B15-16 AQ025945
l(2)k06904 54B15-18 AQ025809
fs(2)02086 54C1-12 rhi Ver FBti0009086
l(2)k07433 54C1-2 AQ025832
l(2)k11303 54C1-2
l(2)k10408 54C1-4 AQ025935
l(2)k07406 54C7-8 AQ025830
l(2)k15815 54C7-8 4 79 AQ034122 Ver l(2)k15512 GM09451
l(2)10505 54C11-12 AQ025677
l(2)k03303 54E1-2
l(2)k07509 54E1-2 79 AQ025834
l(2)k09924 54E1-2 79 AQ025913
l(2)k11311 54E1-2 79 AQ025959
l(2)k11505 54F1-2 78,79,80 AQ025967 LD03241
l(2)06850 54F1-2 3 78,79 G00456 Ver l(2)s2140
l(2)k07805b 54F4-5 thr 78 Ver Kania et al. (1995)
l(2)k02512 55B5-10 3 lolal 78 AQ034138 Ver l(2)k07907 LD06695 This study
l(2)03091 55B5-6 Hsf 78,80 G00582 Ver LD18486 This study
l(2)k10109 55B5-6 pAbp 78,79 81 AQ034024 Ver GM09987 This study
l(2)s1859 55B5-6 2 Pcl 78 AQ026142 Ver l(2)k08920 GH02674 This study
l(2)04440 55C1-2 10 79,80,81 78 AQ025626 Ver l(2)k00702
l(2)07838 55D1-2 Prp19 79,80,81 82 G00454 Ver LD08810 This study
l(2)08770 55D1-2 4 81 79,82 G00698 Ver l(2)k04808 GM02307
l(2)k03007 55E1-2 2 oho55DE Ver l(2)k13104 Törok et al. 1993
l(2)k06602 55E6-9 2 79,81 82 AQ025800 Ver l(2)k12907
1(2)08717 55F2-3 81,82 79,80 AQ025667 Ver
1(2)03709 55F5-6 81,82 79,80 AQ025615 Ver
l(2)k08810 56A1-2 prod 82 81 AQ025870 Ver LD09957 Törok et al. 1997
l(2)02029 56C1-2 enb 82 81 AQ025592 Ver LD19771 This study
l(2)k08713 56C1-2 cora 82 AQ034017 Ver HL02495 This study
l(2)k16207 56D1-2
sl(2)01103 56D5-6 6 hts G01435 Ver fs(2)10089 LD10717 Yue and Spradling

(1992)
l(2)k16914 56D5-6 AQ026118
l(2)k00705 56D7-9 11 82 AQ034172 Ver l(2)k06027
l(2)k06323 56D8-11 AQ025787 GH14769
l(2)05338 56E1-2 sm AQ025635 Ver zur Lage et al.

(1997)
ms(2)06268 56E1-6 emm AQ026414 Castrillon et al.

(1993)
l(2)03068 56F1-2 5SRNA 83 AQ025605 This study
l(2)k16210 56F1-2

(continued)
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l(2)k08002 56F6-9 83 AQ025850
l(2)k02701 56F6-9 2 18w 83 AQ025714 Ver l(2)00053 Eldon et al. (1994)
l(2)k09918 56F8-15 RpL30 83 AQ025911 GM06054 This study
l(2)02448 56F10-11 9 mus209 83 84 AQ073269 Ver l(2)k00704 This study
l(2)k10809 56F10-12 83 84 AQ025940 Ver GM09993
l(2)s1866 56F11-12 83 84 AQ026143 Ver GH12502
l(2)s4831 57A3-4 84 AQ026148
l(2)05510 57A3-6 83,84 AQ025639 GM10152
l(2)k09920 57A3-6 83,84 AQ025912
l(2)k16204 57A5-6 84 AQ026102
l(2)k07713 57A5-6 84 Ver
l(2)05056 57A5-6 3 84 Ver l(2)k07917 LD24469
l(2)k02206 57A8-9 84 85 AQ025706 Ver GM10963
l(2)k06409 57B1-3 84 AQ025794
l(2)05475 57B2-3 8 sktl 85 G00585 Ver l(2)k02517 LP03320 Hassan et al. (1998)
l(2)07806 57B4-6 85 AQ073292 Ver
l(2)03050 57B13-14 85 84,86 G00547 Ver
l(2)07206 57B13-14 85 Ver
l(2)10469 57B13-14 3 shg 85 86 G00624 Ver l(2)k03401 Uemura (1996),

Tepass et al.
(1996)

l(2)k13803 57C1-2 Xbp1 85,86 AQ034031 Ver GM04013 This study
l(2)k08108 57D11-12 3 domino 86 AQ034011 Ver l(2)k00904 GM10082 Braun et al. (1997)
l(2)10608 57E1-2 2 85,86 AQ034166 Ver l(2)k10215
l(2)00734 57E3-4 Fkbp13 85,86 AQ073260 Ver GM07659 This study
l(2)01467 57E6-7 9 85 Ver l(2)k00119 Roch et al. (1998)
l(2)k10317 57E6-7 85 AQ025934 Ver GH14568
l(2)03033 57F1-2 4 Egfr 85,86 AQ025603 Ver l(2)k05115 This study
l(2)k05614 57F5-6 85 Ver
l(2)k07204 57F5-6 85,86 Ver
l(2)03605 57F8-10 85 G00574 Ver
l(2)07837 58A3-4 85,86 87 AQ073294 Ver
l(2)07768 58D1-2 ari2 87 G00612 Ver LD02916 This study
l(2)01738 58D1-2 7 87 85,86 AQ034163 Ver l(2)k06515
l(2)k09801 58D4-5 2 87 AQ025902 Ver l(2)k15821 LD14720
l(2)k13211 58D6-7 87 AQ026048
l(2)k05603 56D8-10 mei-W68 AQ025763 LD20471 McKim and Haya-

shi-Hagihara
(1998)

l(2)k08316 58E1-2 2 87 AQ034014 Ver l(2)k08134
l(2)k08320 58E3-5
l(2)k00611 58F4-5 88 AQ025690
l(2)k17002 58F4-5 2 AQ026121 Ver l(2)k11534
1(2)k10825 58F10-12
l(2)01410 59B1-2 9 ATPsyn-&agr 88 AQ073264 Ver l(2)k00212 GM10728 This study
l(2)10444 59B6-7 88 AQ025675 LD18550
l(2)01034 59C1-2 88
l(2)06496 59C1-4 2 88,89,91 AQ025654 Ver l(2)k14618
l(2)k09913 59C3-5 88,89 AQ025910 LD07353
l(2)k07136 59D3-4 88,89 AQ025820
l(2)k10411 59D3-4 89
l(2)s4830 59E1-2 88,89,91 AQ026147
l(2)k06908 59E1-2 chrw 89 91 AQ025810 Ver Kania et al. (1995)
l(2)02132 59E3-4 6 Dcp-1 89,91 G00735 Ver l(2)k05606 LD13945 Song et al. (1997)
l(2)06369 59F1-2 91 89 AQ073289 Ver
l(2)03041 59F3-4 3 apt 89,91 AQ025604 Ver l(2)k15608 Eulenberg and

Schuh (1997),
Gellon et al.
(1997)

l(2)02535 59F3-4 2 89,91 AQ073271 Ver l(2)05096
l(2)k13214 60A3-4 89,91 AQ026049 Ver GH08760

(continued)
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l(2)02970 60A5-9 9 ken 89,90,91 AQ073275 Ver l(2)k11035 GM12839 Castrillon et al.
(1993)

l(2)k09025 60A8-11 89,90,91 Ver
l(2)05006 60B1-2 90 89,91,92 Ver
l(2)k04201 60B1-2 Adk2 90 89 AQ025735 Ver GM04566 This study
l(2)k07623 60B1-2 Phm 89,90 91 AQ025840 Ver GH12243 Kolhekar et al.

(1997)
l(2)k05633 60B4-5 9 tsr 90 89,91,93 AQ025765 Ver l(2)k09317 GM13866 This study
l(2)01296 60B4-5 2 89-93 G00596 Ver l(2)10530
l(2)rQ313 60B8-11 89,90,92 AQ026141
l(2)09373 60B10-11 MdaPk 89,92 AQ034109 LD08416 This study
l(2)k13705 60B11-13 Zfrp8 92 89,90,93 AQ026065 Ver GM13546 This study
l(2)k12101 60B12-13 spag 92 89,90,93 Ver Iliopoulos et al.

(1997)
fs(2)01310 60C slbo Ver Montell et al.

(1992)
l(2)k05318 60C1-2 2 Nop60B 92 89,93 AQ025756 Ver l(2)k06308 LD17317 This study
l(2)03267 60C6-8 2 bs 89,92,93 G00561 Ver l(2)k07909 Guillemin et al.

(1996)
l(2)k08003 60D1-2 2 Mov34 89,92 AQ025851 Ver l(2)k16724 HL02986 This study
l(2)04012 60D1-2 89,92,93 AQ025621
l(2)k10502 60D1-2 89,92 AQ025937
l(2)k16102 60D5-6 Nurf-38 93 89,92 AQ026097 Ver This study
l(2)k00808 60D6-8 89,93 AQ025692
l(2)k04809 60D13-14 89,93 AQ025748
l(2)01092 60E1-2 Dll 89,92-95 AQ025585 Goto and Hayashi

(1997)
l(2)k03205 60E5-6 89,94,95 AQ025722
l(2)k03704 60E8-9 89,94,95 AQ025729 LD24657
l(2)k11118 60E10-12 94 95 AQ025951 Ver
l(2)02957 60F1-3 2 zip 94,95 AQ025602 Ver l(2)k15609 Perrimon et al.

(1996)
l(2)10481 60E11-12 2 95 89,94 AQ073298 Ver l(2)03263
l(2)01155 60F1-3 gsb-d 95 89,94 Ver Duman-Scheel

et al. (1997)
l(2)01848 60F1-3 95 G00734 Ver
l(2)00895 60F1-5 2 Kr 95 G00455 Ver l(2)k05826 Hoshizaki (1994)

Second chromosome stocks from the primary collection are listed in the estimated physical order of their P-element insertions
along the chromosome. For each strain the table gives the following information: name (Strain), cytogenetic location of P
insertion (Site), number of alleles characterized among starting strains (Alleles), the disrupted gene (Gene) if known, deficiency
chromosomes from Table 2 that fail to complement the strain (Noncomp), deficiency chromosomes from Table 2 that complement
the strain (Comp), the accession number of the genomic sequence flanking the insertion (Sequence), whether the P insertion
has been Verified genetically to cause the associated mutant phenotype—Ver 5 Yes (Verified?)—the name of an allelic strain
that was saved (Reserve), the BDGP identifier of an EST associated with the insertion (EST), a reference in which the strain was
used to characterize the disrupted locus (Reference).

a Accession numbers that derive from a nonprimary allele.
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TABLE 5

Chromosome 3 stocks

Non-
Strain Site Alleles Gene comp Comp Sequence Verified? Reserve EST Reference

l(3)L5150 61A1-3 2
l(3)06240 61B1-2 2 2 Ver l(3)rH321
l(3)10512 61C1-2 trh 1,2 AQ034076 Ver Issac and Andrew

(1996), Wilk et al.
(1996)

l(3)neo1 61C1-9
l(3)05967 61C7-8 3 1,2 AQ034068 Ver l(3)06318
l(3)L1170 61C7-8 2 AQ026239 Ver Demakov et al.

(1993)
l(3)L3130 61C7-8 2 AQ026252 Ver
l(3)00835 61D1-2 1,2 AQ034043 Ver LD03158
l(3)04322 61D1-2 5 emc 1,2 G01462 Ver l(3)j4E11 Rottgen et al.

(1998)
l(3)07012 61F3-4 3 Klp61F 2,3 AQ026225 Ver l(3)06345 LD15641 Heck et al. (1993)
l(3)L2049 61F3-4 2 2 AQ026247 Ver l(3)L3879
l(3)02640 61F6-7 5 2,3 G00701 Ver l(3)j4E3
l(3)j4A6 61F6-7 ND-AcC 2,3 AQ026317 Ver This study
l(3)neo5 62A1-12 2 AQ026347 Ver
ms(3)02509 62A3-4 cue AQ026213 LD11871 Castrillon et al.

(1993)
l(3)02104 62A4-5 4,5,6
l(3)neo7 62B1-12 l(3)62Be 4,5 6 Ver Sliter et al. (1989)
l(3)04276 62B4-5 4,5 2 AQ026196 Ver
l(3)j1D7 62C1-2 2 4,5 AQ026295 Ver l(3)04860 LD07388
l(3)rL182 62C3-4 4,6 7 AQ026367 Ver
l(3)L1910 62C1-3 6 4 AQ02646 Ver
l(3)j1E2 62E5-8 Nik 5 AQ026296 Ver LD34191 This study
l(3)06946 62E6-7 8 msn 5 6 G00763 Ver l(3)06286 Treisman et al.

(1997a)
l(3)neo8 62F1-6 5,6,7 AQ026353
ms(3)08445 63A1-B Castrillon et al.

(1993)
l(3)06803 63A3-4 7 HL01251
l(3)j5C2 63B7-8 Hsp83 7 20 AQ026323 Ver GH03850 van der Straten

et al. (1997)
l(3)L7160 63C1-2 7 Ver
l(3)01029 63B10-11 7 Ver
l(3)L3659 63D1-2 7 8 AQ026254 Ver
l(3)05634 63F5-6 Ubi-p63E 8 9 G01167 Ver GH05622 This study
l(3)L1459 64A4-5 9 AQ026243 LD03011
l(3)rG166 64A4-5 9 AQ026355 Ver
l(3)09291 64B5-6 9 10 Ver
l(3)04556 64C1-2 Rpd3 9 10 G00703 Ver LD06915 This study
l(3)01418 64C9-10 Srp54 9,10 AQ034047 Ver GM09489 This study
l(3)06524 64D3-4 10 9 AQ034069 Ver CK02636
fs(3)07084 64E8-12 p70s6K 10 AQ025577 Ver GH02870 U66562
l(3)02331 64E8-12 10 AQ034051 Ver
l(3)01640 64E8-9 10 AQ034048 Ver LD20747
l(3)10567 64F1-3 2 vn 10 AQ034078 Ver l(3)rF264 Yarnitzky et al.

(1997)
l(3)04026 65A5-6 10 AQ034060 Ver GM12884
l(3)02094 65A7-9 2 10 G01461 Ver 1(3)03042 LD03346
l(3)06811 65A10-11 10 AQ073334 Ver
l(3)L3999 65A10-11 10 AQ026259 Ver
l(3)rP047 65A10-11 10 AQ073359 Ver
l(3)03844 65C1-2 mdm 10 AQ034059 Hong and Hashi-

moto (1995)
1(3)L4060 65D3-4 AQ026261

(continued)
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l(3)08310 65D4-5 4 sgl 10 G00549 Ver l(3)j3E11 LD07210 Hacker et al. (1997)
ms(3)04202 65E1-12 11 AQ026430
l(3)L2249 65E10-11 Neos AQ026249 HL05936 This study
l(3)L7123 65F1-2 Cdc27 AQ026278 This study
l(3)j1D5 65F5-8 11 AQ026294 Ver LD04205
l(3)07217 66A1-2 3 11 Ver l(3)02067
l(3)j6B8 66A1-2 4 smid 11 AQ034093 Ver l(3)s2898 LD17070 This study
l(3)09645 66A17-18 11 AQ073344 Ver
l(3)j1C7 66B10-11 Nmt1 12 11 AQ026293 Ver GM13220 This study
l(3)L0139 66C1-2 12 AQ026234
l(3)L4111 66C1-4 12 AQ026263
l(3)L3852 66C8-9 AQ026256 GH01524
l(3)03928 66D1-2 5 13 G01407 Ver l(3)j5A3
l(3)L4222 66D3-4 13
l(3)j8E8 66D5-6 13 AQ026334 Ver
l(3)8247 66D10-12 9 h 13 G00473 Ver l(3)00257 Forjanic et al.

(1997)
l(3)rK561 66D10-13 2 SrpR&bgr; 13 AQ026363 Ver l(3)rL537 LD12339 This study
l(3)j5B6 66D13-14 13 AQ034090 Ver LD32443
l(3)10631 66D14-15 Prm 13 AQ034079 Ver GH14085 This study
l(3)01629 66E1-2 13 G00741 Ver
l(3)06464 66E1-2 dally 13 Ver Nakato et al.

(1995)
l(3)04264 66E1-2 13 AQ026215
l(3)10534 66E2-3 3 Mrp17 13 AQ034077 Ver l(3)j4B2 GM03767 This study
ms(3)07272 66F1-6 bol 14 AQ026435 Eberhart et al.

(1996)
l(3)07238 67B1-2 eIF-4E 14 AQ034073 Ver LD13949 This study
l(3)j2B9 67B4-5 14 AQ026304 Ver
l(3)j2B8 67B10-11 Uch-L3 14 AQ026303 Ver LD02862 This study
l(3)02240 67C4-5 14 G00700 Ver l(3)rK145
l(3)01859 67C5-8 14 G00627 Ver
l(3)L0539 67E1-2 15 AQ026236
l(3)rL562 67E1-4 Dhh1 14,15 AQ026370 LD05563 This study
l(3)01814 67E5-7 4 15 14,16 AQ034049 Ver l(3)j4A5
l(3)rI075 67F1-2 2 16 AQ073356 Ver l(3)L6731
l(3)09036 68A1-2 3 klu 16 18 AQ034074 Ver l(3)10052 Yang et al. (1997)
l(3)01239 68A4-5 16 AQ026167 Ver l(3)j9B4 LD06973
fs(3)neo1 68C1-8 rt 16 AQ025579 Ver Martin-Blanco

and Garcia-Bel-
lido (1996)

l(3)05408 68C12-13 2 16, 17 18 AQ073329 Ver l(3)j1B3
l(3)03946 68E1-2 9 CycA 17, 18 G00572 Ver l(3)j3C8 Lehner and

O’Farrell
(1989)

l(3)08232 68F1-3 2 18 G01171 Ver l(3)j2A6
l(3)neo18 68F1-8 18 AQ073352 Ver GH10129
l(3)j2D3 68F2-3 18 AQ034085 Ver LD20590 Baumgartner et al.

(1996)
l(3)05088 69A1-3 18 17 G00525 Ver
l(3)06924 69E3-4 AQ026223
l(3)00305 69E3-5 2 G00463 Ver l(3)01413 LD18893
l(3)s2783 69F5-6 RpS12 AQ026389 LD23808 This study
l(3)01470 70A1-2 19 AQ026170 LD27581
l(3)04220 70A1-2 2 19 AQ034063 Ver l(3)j11E7
l(3)j10B6 70A1-2 19 AQ026283
l(3)02937 70A1-5 3 19 AQ026183 Ver l(3)05121 LD07388
l(3)neo19 70A1-8 19 AQ026338 LD06122

(continued)
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l(3)00543 70B1-3 19,20,21 AQ026158
l(3)L5212 70B7-C1 20 AQ026268 GM14474
l(3)05871 70C1-2 20,21,22 AQ026210
l(3)s4868 70C1-2 20 AQ026396
l(3)s3635 70C4-6 AQ026395
l(3)00082 70C12-13 2 20,21 22 G00462 Ver l(3)06704
l(3)07621 70D1-2 21 22,23 AQ026227 Ver
l(3)00208 70D1-2 3 dev 21,22 G00614 Ver l(3)j2e11 FBrf0075380
l(3)02402 70D1-2 l(3)70Da 21,22 AQ034052 Ver l(3)s4868 FBti0004865
fs(3)02024 70D4-6 7 stwl 21,22,23 AQ025573 Ver fs(3)03217 LD09806 Clark and

McKearin
(1996)

l(3)L0499 70D1-2 22 21 AQ026235 Ver
l(3)00564 70E1-2 2 PpsM 22,23 21 AQ026159 Ver l(3)04680 GM03113 This study
l(3)s2325 70F1-4 Trl 23 AQ026386 Ver This study
l(3)j2A2 71B4-5 23 AQ026300 Ver
l(3)s2172 71B4-5 23 AQ034107 Ver
l(3)03576 71D1-2 CrebA 23,24 G00569 Ver Andrew et al.

(1997)
l(3)s1754 71D1-2 24 23 AQ026378 Ver GM05443
l(3)j6B9 71E1-2 24 AQ026329 Ver LD04071
l(3)03802 72D1-2 3 l(3)72Dd 24 25 AQ034058 Ver l(3)j3B4 FBti0005488
l(3)j5C8 72D1-2 th 24 25 AQ034091 Ver LP01716 Hay et al. (1995)
l(3)s1939 72D8-9 SsR&bgr; 24 25 AQ026382 Ver LD10457 This study
l(3)j5A4 72D10-11 l(3)72Dn 24 AQ034087 Ver FBrf0082216
l(3)s3123 72E1-2 24,25 AQ026393 Ver
ms(3)03957 72D1-12 25 24 AQ026428 Ver Castrillon et al.

(1993)
l(3)05845 73A1-2 6 gil 25, 26 AQ073330 Ver l(3)j5E11 GH06179 Okano et al. (1992),

Freeman et al.
(1992)

l(3)j10E8 73A1-2 25,26 AQ034081 Ver
l(3)02540 73A9-10 l(3)73Ah 25, 26 AQ034054 Ver This study
l(3)neo20 73B1-7 26 27 AQ073353 Ver Nozaki et al. (1996)
l(3)00274 73B1-2 Mo25 26,27 AQ026154 Ver LD09950 Nozaki et al. (1996)
l(3)04674 73B1-2 Abl 27 AQ026201 Ver GH09917 This study
l(3)02281 73B5-6 8 27 AQ026179 Ver l(3)01895 LD17363
l(3)10547 73D1-2 2 Int6 27 26 AQ073349 Ver l(3)j9E8 LD13907 This study
l(3)04069 73D3-4 26, 27 AQ073320 Ver
l(3)s1629 73D3-6 27 AQ026377 Ver LD04071
l(3)01658 74B1-2 2 27 26 G00742 Ver l(3)j2B12
l(3)00073 74C1-2 2 ttv 27 AQ026152 Ver l(3)02619 CK00510 Bellaiche et al.

(1998)
l(3)02619 74C1-2 2 27 AQ026182 Ver l(3)j2E3
l(3)j11B2 74D3-5 2 27 AQ034082 Ver l(3)j3E5 LD13506
l(3)neo24 74F1-A1 Eip74EF 27 AQ034100 Ver LP01488 Fletcher and

Thummel (1995)
l(3)07041 75B1-2 22 Eip75B 28 27, 29 AQ073339 Ver l(3) 03247 This study
l(3)rL061 75B1-2 28 29 AQ026365 Ver
l(3)05014 75C1-2 W (hid) 28,29,30 29 AQ026203 Ver Grether et al.

(1995)
l(3)02069 75C3-4 4 30 G00744 Ver l(3)j9A6 LD08565
l(3)neo26 75C1-7 Cat 28,30 AQ026340 GM06015 This study
l(3)03649 75D4-5 ftz-f1 29 30 Ver Yu et al. (1997)
l(3)00864 75E1-2 2 29 AQ026162 Ver l(3)rG084
l(3)j4E6 75E3-5 29 AQ026321
l(3)neo27 76A1-10 AQ026341 LD10629
l(3)06945 76A3-4 AQ026224 LD20394

(continued)
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l(3)L3809 76B9-10 31 AQ026255 Ver LD04962
l(3)j3D4 76D3-4 2 Pha 31 AQ026314 Ver l(3)01058 GM02843 FBrf0082216
l(3)L1243 76D3-4 31 AQ026242 Ver LD03114
l(3)01673 77B1-2 2 polo 32 Ver l(3)06089 T. Xie (personal

communication)
ms(3)00414 77B1-9 2 fbl 32 AQ026422 Ver ms(3)00713 Castrillon et al.

(1993)
l(3)00103 77B4-7 4 32 33 G00512 Ver l(3)05637 LD12337
l(3)j10B2 77B6-7 DNAprim 32 AQ026282 Ver LD02632 This study
l(3)04521 77D4-E2 32,33 AQ073321 Ver LD08057
l(3)rG554 78A1-2 33,34 AQ026356
l(3)rK760 78A1-2 33,34 AQ026364
l(3)L7062 78A2-3 AQ026277
l(3)L5541 78A5-6 AQ026270
l(3)07615 78C1-2 34 AQ026226
l(3)00217 78C3-4 2 l(3)78Cb 34 G00740 Ver l(3)06913 HL01257 Russell et al.

(1996)
l(3)04063 78D1-2 34 AQ073319 Ver
ms(3)04066 78D1-8 bet 34
l(3)00836 79B1-2 34 AQ026161 Castrillon et al.

(1993)
l(3)04093 79B1-2 3 mub 34 AQ034062 Ver l(3)j8B3 LD20678 This study
l(3)01544 79D1-2 RpP0 34 AQ026171 GM02387 This study
l(3)neo30 79D1-4 34 AQ026342
l(3)00827 79E1-2 Aats-ile 34 AQ026160 GM04407 This study
l(3)03335 79E1-2 Hem 34 AQ026185 Baumgartner et al.

(1995)
l(3)03988 79E1-2 Csp 34 AQ026193 GM01170 This study
l(3)05309 79E1-2 9 Ten-m 34 AQ073328 Ver l(3)02017 LD10511 Levine et al. (1994)

Baumgartner
et al. (1994)

l(3)09070 79E1-2 AQ026229
l(3)04053 79E6-7 2 AQ034061 Ver l(3)j8B2
l(3)00506 79F1-2 AQ026157 Levine et al. (1994),
l(3)04281 79F1-2 AQ026197
l(3)L7251 79F1-2 AQ026279
ms(3)03817 80A1-F9 35 AQ026427
l(3)06713 81F1-6 35 AQ026220
l(3)00620 82A1-2 3 abs 35 G00716 Ver l(3)06862 Schmucker et al.

(1997)
l(3)j1E6 82A3-5 35 AQ026298 Ver LD08389
l(3)L1233 82B1-2 35 AQ026241 Ver
l(3)L0021 82C1-2 35 AQ034080 Ver CK01877
ms(3)07735 82C1-5 shank (shk) 35 Castrillon et al.

(1993)
l(3)10112 82D1-2 35 AQ073347 Ver
l(3)j3A4 82D1-2 2 Kary&bgr;3 35 AQ026311 Ver l(3)j7E8 LD12881 This study
l(3)j4D1 82D1-2 2 35 AQ026319 Ver l(3)j5D1
ms(3)06208 82D1-8 bob 35 AQ026432 Ver Castrillon et al.

(1993)
l(3)01456 82D4-5 2 35 AQ073310 Ver l(3)02466 LD12651
l(3)02733 82D4-7 2 35 G00694 Ver l(3)10619
l(3)01010 82E1-2 AQ026163
l(3)rK509 82E4-5 35 AQ026362 Ver LD20584
l(3)j4B9 82E4-5 35
l(3)07128 82E5-7 4 35 AQ073341 Ver l(3)05259 LD16501
l(3)neo32 82F1-8 2 corto AQ034101 Ver l(3)neo31 This study
l(3)L3051 82F4-5 35 AQ026250
l(3)02255 82F4-7 35 AQ026177
l(3)09904 82F8-9 35

(continued)
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l(3)01319 83A5-6 Snr1 35 AQ026168 Ver LD18257 Dingwall et al.
(1995)

l(3)03644 83A5-6 35 AQ026187
l(3)05616 83A5-6 3 Itp-r83A 35 AQ034066 Ver l(3)j5B4 Venkatesh and

Hasan (1997)
l(3)j5E2 83A5-6 KSR AQ026325 Ver Therrien et al.

(1995)
l(3)03022 83B1-2 AQ026184 LD10048
l(3)j3E7 83B1-2 noi AQ026316 LD16525 This study
l(3)j5E7 83B1-2 AQ026326 LD04714
l(3)03834 83B4-5 Rga AQ026190 LD19865 This study
l(3)j9B6 83B4-5 AQ026337 LD14028
l(3)s1938 83B4-7 Atu AQ026381 LD02958 This study
l(3)02248 83B6-7 Xe7 AQ026176 GM07812 This study
l(3)j13C8 83B6-7 AQ026287 LD05302
l(3)04696 83C1-2 2 G00704 Ver l(3)04712 LD14028
l(3)j1C2 83C1-2 2 cas AQ026292 Ver l(3)neo33 Cui and Doe (1992),

Mellerick et al.
(1992)

l(3)01086 83D4-5 9 Lip G01404 Ver l(3)j3D2 LD07117 This study
l(3)03342 83F1-2 3 36 37 G01163 Ver l(3)sA3484
l(3)01241 84A1-2 lab 36,37 38 G01161 Ver This study
l(3)04498 84A4-5 pb 37 38 G01164 Ver This study
l(3)05614 84A4-5 twr 37,38 38 G01166 Ver LD15759 FBrf0082216
l(3)j7A6 84B1-2 38 AQ034097 Ver
l(3)L2100 84B2-3 38 AQ026248 Ver LD18350
l(3)02267 84C1-2 Aly 38 66 AQ026178 Ver LD10551 This study
l(3)j8C8 84C1-2 3 38 AQ034099 Ver l(3)13A6
l(3)s2214 84C4-6 38 AQ026383 Ver
l(3)neo34 84D1-14 LAP 38 AQ034102 Ver GH06360 Zhang et al. (1998)
l(3)02732 84D11-12 38 39 Ver
l(3)neo35 84D1-13 38,39 AQ026343 Ver
ms(3)02245 84F1-16 2 sdl 39 Ver ms(3)05090 LP04056 Castrillon et al.

(1993)
l(3)03692 84E10-11 tom34 39 38 AQ073315 Ver HL06590 This study
l(3)j4E1 84E10-11 39 AQ026320 Ver
l(3)05930 84F1-2 Gata-c 39 AQ034067 Ver Lin et al. (1995)
l(3)rL074 84F6-7 Mcm2 39 AQ026366 Ver LD05520 Treisman et al.

(1995a)
ms(3)00940 85A4-5 cap 39 AQ026423 Ver Castrillon et al.

(1993)
l(3)L4740 85A5-6 39 AQ026266 Ver
l(3)s3512 85A5-7 dhod 39 AQ026394 Ver LD09208 This study
l(3)j1B9 85A9-10 tRNA:Y1:85Aa 39 AQ026291 GH13240 This study
l(3)00281 85B8-9 39 AQ026155
l(3)neo36 85C1-13 Rel 39 AQ026344 GH1881 This study
l(3)L6332 85C1-2
l(3)05652 85C3-5 40 AQ026209
l(3)j6B12 85C9-10 6 neur 40 AQ034092 Ver l(3)j9B8 Boulianne et al.

(1991)
ms(3)03565 85D1-27 40 AQ026426
l(3)01688 85D2-3 10 pum 40,41 AQ025572 Ver l(3)01688 Lin and Spradling

(1997)
l(3)04837 85D5-6 40
l(3)01728 85D7-8 40,41
l(3)03559 85D7-8 2 Aats-trp 40 41 G00589 Ver l(3)04410 LD24552 FBti0005478
l(3)L4092 85D11-12 2 40 AQ026262 Ver l(3)L4091 LD14230
l(3)10615 85D15-17 AQ026233
l(3)06677 85D18-20 3 Ras85D 40,41 AQ034071 Ver l(3)s1747 CK01231 Schnorr and Berg

(1996)

(continued)
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n(3)s2681 85F7-8 40,41 AQ026388
l(3)02414 85F12-13 6 tws 41 40 G01405 Ver l(3)j11C8 LD14078 Uemura et al.

(1993)
l(3)j9A5 85F15-16 40,41 AQ026335
l(3)06142 86B1-2 40,41 AQ026212
l(3)06439 86B1-2 5 40,41 AQ073331 Ver l(3)03676
l(3)j8B6 86B1-2 42 AQ026332
l(3)05745 86C1-2 2 hth 40,42 G00762 Ver l(3)06762 Rieckhof et al.

(1997)
l(3)j3C1 86C3-4 TfIIFbeta 42 AQ026313 LD10269 This study
l(3)09656 86E1-2 42 40 G01172 Ver
l(3)10419 86E1-2 19 pros 42 AQ073348 Ver l(3)j6E2 Kauffmann et al.

(1996)
ms(3)04112 86E1-20 tho 42 40 AQ073360 Ver Castrillon et al.

(1993)
l(3)04629 86E16-19 2 42 AQ026200 Ver l(3)05275
l(3)j1D8 86E16-19 42 AQ034084 Ver
l(3)neo38 86F1-11 42 AQ034103 Ver GH13205
l(3)10621 86F6-7 42 AQ073350 Ver
l(3)07842 87B4-6 6 svp 42, 43 44 G00472 Ver l(3)j2E2 Begemann et al.

(1995)
l(3)j6E7 87B10-13 Pp1-87B 43 44 AQ034095 Ver LD10068 This study
l(3)j2E9 87C2-3 Vha55 43 AQ026310 Ver GM02970 Davies et al. (1996)
l(3)05043 87C6-8 43,44 42 AQ073323 Ver Davies et al. (1996)
l(3)03463 87D7-9 CtBP 44 43 AQ073314 Ver Nibu et al. (1998)
l(3)neo39 87E1-12 44 43,45 Ver
l(3)j5A1 87E5-6 AQ026322
l(3)s2149 87E10-11 2 l(3)87Eg 44 AQ034106 Ver l(3)s3582 FBal0028397
l(3)05137 87E7-8 44 AQ026205
l(3)j6E3 87F2-3 2 sqd AQ026331 Ver fs(3)00048 LD16014 Kelley (1993)
l(3)j4B4 87F3-4 2 45 AQ026318 Ver l(3)j8E7
l(3)L4179 87F7-8 45 AQ026264 LD13350
l(3)s2249 87F7-8 B52 45 AQ026385 Ver LD03622 This study
n(3)01949 87F10-11 44,45 AQ026174
l(3)03477 88A4-5 7 45 AQ034055 Ver l(3)j1D1
l(3)j1E7 88A4-5 45 AQ026299 Ver
l(3)L5340 88B1-2 45 AQ026269 Ver
l(3)00347 88B1-3 12 trx 45 G00467 Ver l(3)j14A6 GH06495 This study
l(3)neo41 88C1-10 45 46 AQ026345 Ver LD12042
l(3)06951 88C1-4 45,46 AQ073336 Ver
l(3)10460 88C9-10 2 put 45,46 AQ034075 Ver l(3)j5A5 LD09722 Ruberte et al.

(1995), Letsou
et al. (1995)

l(3)L1231 88C9-11 46 AQ026240
l(3)02404 88D1-2 4 46 AQ034053 Ver l(3)j5C3
l(3)03719 88D1-2 2 46 AQ073317 Ver l(3)j3B3 GH14307
l(3)01462 88D5-6 15 eff 46 G00767 Ver l(3)j2C8 Berg and Sprad-

ling (1991)
l(3)10418 88D5-6 AQ026231
l(3)04713 88E1-2
l(3)03550 88E8-9 5 Hsc70-4 47 AQ034056 Ver l(3)j7A4 GM02246 This study
l(3)neo43 88E9-10 AQ026346 LD18041
l(3)j6A3 88E11-12 AQ026327 LD22492
l(3)02299 88F1-2 9 Tm1 47 Dm2383 Ver l(3)s2958 LD05487 Tetzlaff et al.

(1996)
l(3)j6A6 88F7-8 47 AQ026328
l(3)04210 89A1-2 Pros26S 47 AQ026194 GM06024 This study
l(3)05057 89A1-2 47 AQ026204

(continued)
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l(3)rN346 89A1-2 47 AQ026372
l(3)06490 88F7-8 47 AQ026218 Ver GH13857
l(3)06536 89A4-5 2 47 AQ034070 Ver l(3)j2E5 LD18382
l(3)01618 89A8-9 47 48 AQ026173 Ver Perrimon et al.

(1996)
fs(3)03987 89B1-2 spn-E AQ025574 Ver Gillespie and Berg

(1995)
l(3)01549 89B1-3 2 srp 47 48 AQ026172 Ver l(3)neo45 GH11649 Rehorn et al.

(1996)
ms(3)08724 89B1-3 47 48 AQ026437 Ver
l(3)04226 89B6-7 Akt1 47 48 AQ026195 Ver GM04486 This study
ms(3)04895 89B1-22 Hrr25 48 AQ073361 Ver LD08007 This study
l(3)L1820 89B11-13 48 AQ026245 Ver
l(3)05203 89B12-13 6 47,48 AQ026207 Ver l(3)07636
l(3)03881 89B12-15 6 47,48 AQ073318 Ver l(3)j1C5
l(3)L4032 89D1-2 JadBp 48 AQ026260 Ver LD14392 This study
fs(3)05649 89E1-8 AbdB AQ025575 Ver Lin and Sprad-

ling (1993)
l(3)L4569 89E7-9 EfTuM 49 AQ026265 GM04894 This study
l(3)j1E4 89E10-11 Dad 49 AQ026297 Tsuneizumi et al.

(1997)
l(3)06442 89E10-11 49 AQ073332 Ver
l(3)07882 90B3-4 AQ026228 LD15947
l(3)00090 90C5-8 7 eld 50 G00550 Ver l(3)j9C3 Treisman et al.

(1997b)
l(3)01432 90D1-2 37 cpo 50 AQ073308 Ver l(3)j4A1 This study
l(3)00643 90E1-2 50 G00468 Ver
l(3)03999 90E1-2 3 sr 50 G00573 Ver Frommer et al.

(1996)
l(3)05697 90E1-2 50 G01168 Ver
l(3)neo48 90E1-7 50 AQ034104 Ver LD02313
l(3)03702 90F1-2 3 repo 50 AQ073316 Ver l(3)00692 GH11090 Xiong et al. (1994),

Campbell et al.
(1994)

l(3)s2956 90F1-2 50 AQ026391 Ver CK00124
l(3)j2B10 90F6-7 14-3-3epsilon 50 AQ026302 Ver Chang and Rubin

(1997)
l(3)05284 91A4-6 3 sprd 50,51 AQ073327 Ver l(3)j3C3 This study
ms(3)06411 91B1-8 2 fru AQ026434 Ver ms(3)08366 Ito et al. (1996)
l(3)07551 91B5-6 2 fray 51 G00764 Ver l(3)s2427 GH10417 Russell et al.

(1998)
l(3)08126 91B5-6 2 51 G01170 Ver l(3)j2B3
l(3)02515 91D3-5 51 AQ026180
l(3)07013 91F1-5 52 51 G00601 Ver GM10731
l(3)07117 91F4-5 5 nos 52 51 G00548 Ver l(3)j3B6 This study
l(3)03346 91F6-9 52 AQ026186 Ver LD13685
l(3)03675 91F7-9 2 52 G00570 Ver l(3)03750
l(3)02102 91F10-11 52 51 AQ034050 Ver
l(3)j5A6 91F10-11 4 52 AQ034088 Ver l(3)j7C8
l(3)05151 92A1-2 6 Dl 52 AQ073325 Ver l(3)j8C3 Rottgen et al.

(1998)
l(3)05820 92A1-2 52 G00746 Ver
l(3)05113 92A13-14 VhaG 52 Dm0379 Ver GH07606 This study
l(3)06916 92B2-3 3 52 53 G00595 Ver I(3)00857 GH08887
l(3)01344 92B3-4 52 AQ026169
l(3)10585 92B3-5 53 52 AQ026232 Ver
fs(3)08482 92D1-2 bwk AQ025578 Ver Rittenhouse and

Berg (1995)
l(3)06346 92E2-4 2 Stat92E 53 AQ026216 Ver l(3)j6C8 Hou et al. (1996)

(continued)
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l(3)03806 92F1-2 53 AQ026189 Ver LD18575
l(3)j5C7 93A4-5 57 AQ026324
l(3)neo54 93B1-13 54 AQ026349 Ver
l(3)01453 93B1-2 20 Atpalpha 54 55 G01160* Ver l(3)j6A4 Feng et al. (1997)
l(3)07086 93B8-11 54 55 AQ073340 Ver LD12473
l(3)00295 93B10-11 3 slmb 54 Ver l(3)04295 Jiang and Struhl

(1998)
l(3)02231 93B10-11 2 54 G00745 Ver l(3)j6B6
l(3)03773 93C1-2 2 54,55 G00717 Ver l(3)02312
l(3)j2D1 93C1-2 ? 54 AQ026306 Ver
n(3)05241 93D4-7 2 54 56 G00592 Ver
l(3)03852 93E1-2 6 mod(mdg4) 55,56 54 G00571 Ver l(3)j2B7 LD06927 Dorn et al. (1993)
l(3)05545 93E4-5 InR 55,56 G01165 Ver Fernandez et al.

(1995)
l(3)07172 93E8-9 4 E2f 55,56 Ver l(3)j3B1 GM02934 Duronio et al.

(1995)
fs(3)00617 93F6-14 tsl AQ025571 Ver Savant-Bhonsale

and Montell
(1993)

l(3)j5B5 94A1-2 2 how 55 57 AQ034089 Ver l(3)j5D5 LD20232 This study
l(3)05712 94A3-4 2 55 56,57 G01169 Ver l(3)07484
l(3)L3560 94A5-7 57 AQ026253
l(3)03685 94A8-12 55,56,57 AQ026188 LD20323
l(3)rQ178 94A9-10 57 AQ026375
l(3)L4910 94B4-5 Dph5 57 AQ026267 LD12153 This study
l(3)L0580 94C1-2 57 AQ026237 LD11053
l(3)rN712 94D1-4 klg AQ026373 LD10776 This study
fs(3)00107 94E1-10 orb 57 Ver Lantz et al. (1992)
l(3)rJ413 94E1-4 2 hh 57 55 AQ026358 Ver l(3)neo56 Lee et al. (1992),

Heberlein et al.
(1993)

l(3)03921 94E3-7 3 cnc 57 G00591 Ver I(3)05134 LD04714 Mohler et al.
(1995)

l(3)01031 94F1-2 sec13 AQ026165 LD22416 This study
l(3)07825 94F1-2 12 pnt 57 G00471 Ver l(3)j1B7 O’Neill et al.

(1994)
l(3)rF149 94F1-2 AQ026354
l(3)06906 95A7-8 57 AQ026222
l(3)04684 95B1-3 AQ026202 LD06189
l(3)01152 95B5-6 HmG-CoAR AQ026166 LD15354 This study
l(3)rQ303 95D1-2
l(3)00096 95D10-11 58 AQ026153 LD25146
l(3)06737 95E1-2 5 syx1A 58 G01403 Ver l(3)j4D9 HL03543 Schulze et al.

(1995)
ms(3)06746 95F1-15 2 jar 58,59 Ver ms(3)06840 Castrillon et al.

(1993)
l(3)05842 95F11-12 3 58,59 G00594 Ver l(3)s5349
l(3)07207 95F11-12 2 58,59 58 AQ073342 Ver l(3)07883
l(3)j1B5 95F11-12 59 AQ026290 Ver
l(3)L6710 95F14-A1 59 AQ026273 LD02665
l(3)rI809 96A7-8 59,60
l(3)L6540 96B3-5 60 AQ026272
l(3)01207 96B10-11 60 59 AQ034045 Ver LD17262
l(3)j2D9 96B19-20 OstStt3 60 AQ026308 GM01838 This study
l(3)rL205 96C1-2 Fur1 60 AQ026369 LD05213 This study
fs(3)neo61 96C1-9 bam 60 AQ025580 Ver McKearin and

Spradling (1990)
l(3)01969 96C7-8 60 AQ026175 LP02719
l(3)05461 96C8-9 2 Aats-gln 60 AQ034065 Ver l(3)1926 GM13383 This study

(continued)
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l(3)j12B4 96C8-9 AQ026285
l(3)rJ880 96D1-2 60 AQ026359
l(3)rQ197 96F1-2 61 60 AQ026376 Ver
l(3)j7B3 97B8-9 61,62 AQ034098 Ver
ms(3)03445 97D1-15 Rb97D 62 AQ026425 Ver Karsch-Mizrachi

and Haynes
(1993)

l(3)rK344 97D1-2 AQ026361
l(3)05146 97D3-6 2 H2AvD 62 AQ026206 Ver l(3)L1602 LD15832 This study
n(3)03884 97D6-9 62 AQ026192
l(3)rL203 98B1-2 AQ026368 LD13603 Murphy et al.

(1995)
ms(3)06302 98B1-8 AQ026433
l(3)06487 98C3-4 AQ026217
l(3)s2976 98E1-2 63 AQ026392
l(3)s2784 98F1-2 63 AQ026390 Ver
l(3)01705 98F4-5 2 Doa 63 Ver l(3)04743 FBti0005439
l(3)04708 99A1-2 63 64 AQ034064 Ver
l(3)06743 99A4-5 64 64 G00628 Ver
l(3)01235 99A5-6 10 stg 64 63 G00587 Ver l(3)j1D3 Edgar and O’Far-

rell (1989)
l(3)L6241 99A5-6 64 AQ026271 Ver
l(3)05218 99B7-10 64
l(3)06734 99B8-10 64
l(3)05884 99C1-2 ncd AQ026211 LD12267 This study
l(3)s2222 99D1-2 AQ026384
l(3)j11B7 99E1-2 AQ026284
l(3)00035 99F1-2 14 Fer2LCH AQ073305 Ver l(3)j2A3 LD10239 B. Dunkov

(personal
communication)

l(3)00451 99F1-2 4 Fer1HCH AQ026156 Ver l(3)j10B4 LD16801 This study
l(3)j2D5 99F1-2 AQ026307
l(3)j8B9 99F8-9 AQ026333
l(3)00848 99F10-11 3 spdo AQ034044 Ver l(3)02288 LD07593 This study
l(3)00865 100A1-2 zfh1 65 AQ073307 LD15891 Justice et al.

(1995)
l(3)s2500 100A5-6 65 AQ026387
l(3)07028 100B1-2 65 AQ073337
l(3)03670 100B1-2 65 G00590 Ver LD05921
l(3)j3B9 100B2-4 2 dbt 65 AQ026312 Ver l(3)rK215 LD04938 Kloss et al. (1998)
l(3)00720 100B5-7 65 AQ073306 Ver
fs(3)06936 100C Gprk2 AQ025576 Ver LD33670 Schneider and

Spradling (1997)
l(3)rM731 100C1-2 65 66 AQ073358 Ver
l(3)02667 100D1-2 11 ttk 66,67 65 AQ073312 Ver l(3)j2A1 Xiont and Mon-

tell (1993)
l(3)j2A4 100E1-2 2 awd 67 AQ026301 Ver GM07644 This study
l(3)s1921 100E1-2 67 AQ026380 Ver LD09536
ms(3)10515 100E1-3 2 heph 67 AQ026438 Ver ms(3)07446 Castrillon et al.

(1993)
ms(3)07570 100E1-F5 mod 67 AQ026436 Ver GM04021 This study
l(3)03429 100F1-5 3 67 G00761 Ver l(3)j11B9
l(3)L1022 100F1-2 67 AQ026238 LD11808
l(3)L7321 100F1-2 67 AQ026280 HL05832
v(3)03847 100F4-5 67 AQ026191

Third chromosome stocks from the primary collection are listed in the estimated physical order of their P-element insertions along the chromosome.
For each strain the table gives the following information: name (Strain), cytogenetic location of P insertion (Site), number of alleles characterized
among starting strains (Alleles), the disrupted gene (Gene), if known, deficiency chromosomes from Table 2 that fail to complement the strain
(Noncomp), deficiency chromosomes from Table 2 that complement the strain (Comp), the accession number of the genomic sequence flanking
the insertion (Sequence), whether the P insertion has been Verified genetically to cause the associated mutant phenotype—Ver 5 yes (Verified?)—the
name of an allelic strain that was saved (Reserve), the BDGP identifier of an EST assocaited with the insertion (EST), and a reference in which the
strain was used to characterize the disrupted locus (Reference). Accession numbers marked with an asterisk derive from a nonprimary allele.
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mate the saturation behavior of P elements have utilized inade- chromosome 2 were then determined to fit the distribution
(Table 1; x2 5 3.8, P @ 0.05). Thus, chromosome 2 is predictedquately characterized data sets. We focused on the 737 inde-
to house 47 hotspot genes, 110/0.62 5 177 warmspot genespendent lines from chromosome 2 and 535 independent lines
and 680/0.62 5 1097 coldspot genes.from chromosome 3 that contain a single verified P insertion

lying clearly within the validated deficiencies used in the veri-
fication analysis. Within this group, for a known number of

RESULTStotal lines (transposition events), the number of genes mu-
tated and how many times each was hit should have been Rationale: The gene disruption library was assembleddetermined with complete accuracy. Because the deficiencies

from z3900 starting lines that had been produced inincluded a majority of chromosome 2 and 3 genes (60.3 and
seven separate single P-element mutagenesis screens62.0%, respectively), and should be distributed effectively at

random, this sample should accurately represent all insertions (Table 2). Each starting line contained one (or a few)
that cause a phenotype. P-element insertion on an autosome bearing a newly

Focusing on the less-mutagenized chromosome first, we de- induced scorable recessive phenotype. The process of
termined that 154 of the 535 third chromosome genes had

going from this amalgamated raw collection to the fin-been hit once, 43 twice, 16 three times, 6 four times, and 5
ished library involved (1) localizing the insertions byfive times and that 18 were previously discussed hotspot loci
in situ hybridization to polytene chromosomes at highhit six or more times (Table 1). Despite the small number of

hotspot loci, they accounted for 204 of the 535 insertions resolution; (2) identifying strains with allelic insertions
(38%). First, we attempted to fit the data to a Poisson distribu- by inter se complementation crosses; (3) verifying that
tion, ignoring for the moment the obvious presence of hotspot insertions were responsible for the mutant phenotypegenes. The best distribution (l 5 0.558; Table 1) fit the data

by crossing to chromosomes bearing deficiencies; andpoorly because it predicted only 8.0 genes (instead of 16) hit
(4) sequencing DNA flanking the insertions and com-three times, only 1.1 (instead of 6) hit four times, and 0.1

instead of 5 hit five times (x2 5 270, P ! 0.001). To determine paring it to EST and genomic sequence databases
if the observed “excess” of genes hit three to five times was (Spradling et al. 1995). Single-insert-bearing strains
caused by the statistical tail from the hotspot loci, we used a that appear to disrupt distinct genes based on all these
binomial distribution to model their contribution (Table 1).

criteria constitute the final library, or “primary collec-The distribution used maximizes the contribution of hotspot
tion.” Because of the requirement for complementationgenes to the classes of genes hit 3–5 times, while yielding the
testing, the project was designed initially to focus onobserved number of genes hit 6–12 times. Despite this, the

results reveal that there are too few hotspot genes to account genes that mutate to a recognizable lethal, sterile, or
for the excess of genes hit 3–5 times (Table 1; x2 5 20, P ! visible phenotype.
0.001). Identifying single-insert lines: The P insertion(s) inConsequently, a class of genes of intermediate mutability

each line was cytogenetically localized by in situ hybrid-must exist (warmspot genes). To estimate the size of this class,
ization as described previously (Spradling et al. 1995;we fit the data for genes hit one to five times on the assumption

of two mutability classes, warmspot and coldspot genes. Postu- see also materials and methods). The number of lines
lating 115 “warmspot” genes (l 5 1.51) and 613 “coldspot” localized from each screen is given in Table 2. Highly
genes (l 5 0.241) produced a good fit to the data (Table 1; consistent and accurate localizations were required for
x2 5 0.81, P @ 0.05). Extrapolating the warmspot and coldspot

the success of the complementation analysis. Imagesdata to the entire chromosome and adding the whole chromo-
of each localization were digitized and stored (http://some hotspot data, the following was predicted for the third
www.fruitfly.org/p_disrupt/). Based on these results, achromosome: 27 hotspot loci 1 115/0.603 5 191 warmspot

loci 1 613/0.603 5 1017 coldspot loci. significant number of strains were immediately elimi-
We next considered the second chromosome and found nated from consideration for the primary collection.

that 737 independent verified lines defined 190 genes that Two hundred seven lines were discarded because theyhad been hit once, 57 twice, 19 three times, 17 four times, 5
did not represent independent insertions (see materi-five times, and 32 that were hotspot loci hit six or more times
als and methods) and .900 lines were eliminated(Table 1). Hotspot insertions accounted for 288 of these lines

(39%). Again, at least two general classes of mutability were because they contained two or more insertions or a
required to fit the data from non-hotspot lines, even after rearrangement on the mutation-bearing chromosome.
correcting for the contribution of hotspot genes (Table 1; A total of 2695 independently derived strains bearing
x2 5 36, P ! 0.001). Because we expected genes on the second single P-element insertions (1643 on II, 1052 on III)and third chromosomes to have the same average mutabilities,

on intact chromosomes were retained. The P-elementwe reasoned that the Poisson parameters for chromosome 2
insertion site within each primary collection strain iswarmspot and coldspot loci should correspond to parameters

of the corresponding chromosome 3 genes corrected for the listed in Tables 4 and 5.
more extensive mutagenesis that was carried out on chromo- Identifying allelic mutations: Complementation
some 2. The relative fraction of independent single-insert lines crosses were carried out inter se between lines whose
analyzed on chromosome 2 compared to chromosome 3 was

insertions were located near each other (see materials737/535 5 1.38. Multiplying the warmspot and coldspot class
and methods). The maximum cytogenetic distance be-Poisson parameters determined for chromosome 3 by 1.38
tween the reported positions of insertions that is re-gave the expected values on chromosome 2 (l 5 2.08 and

0.331). Values of 110 warmspot and 680 coldspot loci on quired to ensure they are not allelic depends critically
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on the accuracy of the in situ localization. We comple- of verified lines arising from each screen is calculated
mentation tested lines when the distance between their by restricting our analysis to those lines whose insertions
elements was six to eight bands or less. This should have clearly fall within the boundaries of valid deficiencies
been sufficient to eliminate errors even in cytogeneti- and hence can be reliably tested (Table 2, “in Df”). This
cally difficult regions, because the divergence in the subgroup represents .60% of all the lines and should
reported positions of allelic insertions averaged less be representative of each screen as a whole. The propor-
than one band (Spradling et al. 1995). The molecular tion of lines that were verified ranges from 48–88%
analyses reported below provide further independent among the seven screens. Assuming that insertions fall-
verification that allelic lines were not missed due to ing outside the deficiencies are as likely to be valid
localization errors. as those inside allowed us to estimate the number of

The complementation analysis provided considerable unverified primary collection lines from each starting
insight into the frequency with which individual loci screen that are likely to be valid. After making this final
are mutated by P elements (see Tables 4 and 5). In correction, the final number of different genes dis-
particular, 74 complementation groups on the au- rupted by P insertions in the collection is estimated
tosomes were identified that are hotspots for P-element to be 953 (Table 2). Using this information we also
insertion with between 6 and 37 alleles each. Because determined an overall efficiency for each of the seven
of the size of our data set, these loci likely comprisevirtu- screens, defined as the percentage of raw lines that
ally all the P-element insertion hotspots on the au- contain a single insertion causing its associated pheno-
tosomes. Following completion of the complementation type (Table 2, “screen efficiency”).
analysis, one allele of each complementation group was Deficiency chromosomes with accurate breakpoints
retained for the primary collection (see Table 2). are a valuable genetic resource. Knowledge of the true

Verifying that the insertions cause mutations: Three extent of material deleted in deficiency stocks was im-
criteria were used to determine if the P-element inser- proved as a by-product of verifying the P insertions.
tion in a given single insert line was likely to be responsi- The location of each verified insertion predicted the
ble for the observed mutant phenotype. First, if the expected complementation behavior with relevant de-
mutation failed to complement one or more indepen-

ficiencies. In cases where contradictions were observed,
dently derived strains whose insertions had been local-

the breakpoints of the deficiency could sometimes be
ized nearby, then it was considered verified along with

refined on the basis of the cytogenetic localizations ofall the other insertions in the complementation group
the terminal P elements (see Tables 4 and 5). A numberso defined. (The chance that such lines actually con-
of such corrections have been incorporated into FlyBasetained identical secondary or background mutations was
(see flybase.bio.indiana.edu:80/.bin/fbabsq.html). Ta-negligible as indicated by test crosses with lines whose
ble 2 shows current estimates of the deficiency break-insertions were at different sites.) To apply the second
points used in these studies.verification test, the strain in question was crossed to

Characterizing insertions using flanking DNA se-deficiency chromosomes whose cytogenetically deter-
quence: The genomic DNA sequence flanking the inser-mined breakpoints (Table 3) indicated that they might
tion sites in the primary collection lines was needed tolack the disrupted gene. Crosses were scored based on
complete the verification process and to begin associat-the presumed phenotype of the insertion (Tables 4 and
ing lines with specific genes. Physically associating as5, “Df comp” and “Df noncomp”). Lines that failed to
many insertions as possible with specific sites in thecomplement were considered to be verified, because the
genome would also enhance the usefulness of the pri-chance that a background mutation was closely linked to
mary collection for gene mapping and for directed mu-the P element was acceptably small. If complementation
tational screening using accurately positioned startingwas observed, the line was discarded if its insertion
strains (Spradling et al. 1995). Consequently, we at-clearly fell within the deficiency boundaries; otherwise
tempted to recover genomic DNA adjacent to the 59,it was retained but remained unverified. These two tests,
39, or both sides of the P element from every remainingcombined with further verification based on the analysis
candidate primary collection line following completionof flanking DNA sequences as described below, allowed
of the genetic verification tests. Both plasmid rescuethe total number of lines in the primary collection to
and inverse PCR were used. A single sequencing runbe reduced to 1045, of which 725 (69%) are verified
was carried out beginning at the insertion site of all(see Table 2). Of these lines, 93% disrupt vital genes,
recovered flanks (see materials and methods). De-while most of the remainder cause male or female steril-
spite a shorter average amount of sequence recovered,ity. The phenotype and verification status of each line
inverse PCR was successful at a slightly higher averageare shown in Tables 4 and 5.
frequency (85% vs. 80%) and could be carried out inWe can estimate the approximate number of bogus

lines that remain in the library. First, the overall fraction a 96-well format that allowed lines to be analyzed more
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rapidly. If both a 59 and 39 sequence was obtained, the quence was sought. These searches provided a wide
variety of valuable information. They confirmed mosttwo runs were merged in a single contig.

The sequences flanking the insertions were initially of the 250 published gene assignments, identified many
additional characterized Drosophila genes disrupted bycompared among themselves as an additional verifica-

tion test. We wished to eliminate lines whose insertions strains in the collection, and molecularly positioned the
insertion sites within all these loci. Of the additionalwere very close together but that behaved genetically

like separate genes. Such lines are likely to be produced Drosophila genes, 55 had previously been characterized
only at the molecular level (Table 6).when chromosomes bearing nonallelic background mu-

tations acquire insertions within the same nonvital gene. Further links to well-characterized genes were dis-
covered by associating the insertions with DrosophilaThe genetic behavior of the resulting strains will cause

them to survive into the primary collection if their inser- transcripts defined by EST sequencing. About 48,000
Drosophila EST sequences were available for these com-tions lie outside existing deficiencies. On the other

hand, we did not want to eliminate valid insertions in parisons. A total of 376 insertions were located close to
or within an EST sequence, usually near the 59 end (seeadjacent genes. Consequently, in the absence of addi-

tional information, nonallelic insertions separated by Tables 4 and 5). Mutation-causing P elements are known
to preferentially cluster in the 59 region of the affected100 bp or more were assumed to represent distinct

genes. When the separation was ,100 bp, usually only genes (see Spradling et al. 1995), a tendency that prob-
ably increases the chance of recovering overlaps be-one (if verified) or neither line was retained in the

primary collection. Rarely, this might have led to the tween the short flanking sequences and 59 ESTs. For
each line with a matching EST, the relevant “clot” (con-loss of valid lines, for example, in cases of overlapping

genes or intragenic complementation, but it allowed sensus sequence of overlapping ESTs) sequence was
conceptually translated and used to search protein data-us to discard nearly 100 questionable strains for the

collection. bases. These comparisons associated 76 more primary
collection lines with previously undescribed DrosophilaAfter completing these tests 1045 lines remained in

the primary collection. Flanking sequence information genes encoding proteins related to characterized genes
from other species (Table 7). These new Drosophilahas been obtained from 921 of the lines in this final

group (88%). Accession numbers for each strain are genes have been named on the basis of the name of
their ortholog. Genes are listed in Table 7 only if therelisted in Tables 4 and 5 (“Sequence”). These sequences,

including the position of the insertion, are listed on the is a strong match within the region of overlap and if a
study of the ortholog’s properties has been published.BDGP website (http://www.fruitfly.org/p_disrupt/).

Associating primary collection lines with genes: The BDGP has determined complete complementary DNA
(cDNA) sequences for some of these genes (Table 7).primary collection provides an opportunity to link

z1000 Drosophila genes with a genetic phenotype. Be- The approaches described so far linked 450 primary
collection lines with known Drosophila genes or withcause these strains and genetic data have been publicly

available from the inception of the project, the Drosoph- orthologs of characterized genes in other organisms
(Tables 4 and 5).ila research community has extensively utilized many

lines from the primary collection (and the precursor Although the insertions in the remaining lines were
not associated with a well-characterized gene or or-raw collections). Publications describing at least 250

different Drosophila genes have employed strains from tholog, it was still possible to link many of them with
predicted transcripts and ORFs. The sequence compari-the collection (see Tables 4 and 5, “References”). In

many cases, the P-element disruption strain played a sons associated the insertions in 135 additional lines
with ESTs whose clots either predicted novel proteinsmajor role in the initial characterization of the gene in

question. or matched proteins conceptually encoded by ESTs or
ORFs from other organisms. BLAST reports of theseTo identify as many additional genes as possible the

P-element flanks were searched against all Drosophila searches, including periodic updates, are available by
searching the BDGP website using the appropriate ESTsequences in GenBank and z26 Mb of genomic sequence

(most searches are current as of December 1998). To (Tables 4 and 5). Finally, the insertions within 138 of
the remaining lines not associated with genes or ESTstest the accuracy of flanking sequence recovery, the poly-

tene location of the P element in each of the 286 lines were localized within sequenced portions of the Dro-
sophila genome. Bioinformatic analyses of the se-whose flanking sequences matched genomic sequence

determined by BDGP was compared to the indepen- quences flanking these insertions reveal candidate
ORFs, although such studies have not yet been carrieddently mapped polytene location of the corresponding

P1 clones. Only a few discrepancies resulted, presum- out systematically. In sum, therefore, 706 of the 1045
primary collection strains (67%) already link known orably due to the rare recovery of sequence from a cryptic

P element, and in these cases a correct flanking se- candidate genes with mutant phenotypes. It should be



TABLE 6

New gene-mutant associations

Gene Strain Site Accession

5SRNA (5S RNA gene repeat) l(2)03068 56F1-2 X06938
Acer (angiotensin-converting enzyme-like) l(2)k07704 29D1-2 X96913
Adf-1 (Adh distal factor) l(2)01349 42C1-4 M37787
Ani (anilin, actin-binding protein) l(2)03427 43E1-5 X89858
anon1A4 (fast evolving gene) l(2)k05815 39E3-4 AF005846
ari2 l(2)07768 58D1-2 AJ010169
Atu (putative transcriptional regulator) l(3)s1938 83B4-7 U75467
brat (brain tumor) l(2)k06028 37C6-7
Cdc27 l(3)L7123 65F1-2 U18298
dbe (dribble) l(2)k05428 21D4-E1 Z96931
Drs1 (putative ribosome biogenesis regulator) l(2)k09514 44C1-2 1360171
Ef1&agr;48D (trans. elongation factor EF-1alpha) l(2)01275 48C5-6 X06869
eIF-4E (translation initiation factor 4E, cap-binding) l(3)07238 67B1-2 U63033
Elf (Ef-1 alpha-like peptide chain release factor) l(2)k06909 33E5-7 U88868
Fer1HCH (25kD and 26kD ferritin subunits) l(3)00451 99F1-2 U91524
Fur1 (furin-like protein) l(3)rL205 96C1-2 L12368
Ggamma1 (G protein gamma) l(2)k08017 44F3-4 L28751
Est2 n(2)06253 53F1-5 M95198
HmG-CoAR (HMG Coenzyme A reductase) l(3)01152 95B5-6 M21329
how (KH RNA binding protein) l(3)j5B5 94A1-2 U72331
Hsc70-4 (hsp70 cognate 4) l(3)03550 88E8-9 M36113
Hsc70-5 (hsp70 cognate 5) l(2)k04907 50E4-7 L01502
hspr (hsp related) l(2)03659 45D1-2 V00219
lin19 (lin-19/cul-1/cdc53 related) l(2)k01207 43F1-2 L41642
Lip (Rm62 helicase) l(3)01086 83D4-5 X52846
me31B (DHH1|Putative DEAD/DEAH RNA helicase) l(2)k06607 31B1-2 M59926
Mov34 (proteasome subunit p40) l(2)k08003 60D1-2 M64641
mub (mushroom bodies) l(3)04093 79B1-2 X99340
ND-AcC (NADH-ubiq. oxidoreductase acyl-carrier) l(3)j4A6 61F6-7 AJ000879
Nop60B (nucleolar protein) l(2)k05381 60C1-2 AF017230
Nurf-38 (inorganic pyrophosphatase) l(2)k16102 60D5-6 AF085600
Nup32D (nucleoporin-like mammalian Nup155p) l(2)01501 32D1-2 X94613
pAbp (poly(A)-binding protein) l(2)k10109 55B5-6 L05109
Pha (PHD-containing ATPase) l(3)j3D4 76D3-4
porin (mitochondrial porin) l(2)k05123 32B1-2 AJ000880
Rab6 l(2)08323 33D1-2 D84314
Rel (Rel/NF-kappa B family member) l(3)neo36 85C1-13 U62005
Rga l(3)03834 83B4-5 U75467
rnh1 (ribonuclease H1 (rnh1) gene) l(2)k07624 43F1-2 AF032921
RnrL l(2)k06709 31D8-9 U09369
RpI135 l(2)k16513 21C1-2 X17298
RpL30 l(2)k09918 56F8-15
RpP0 (ribosomal protein P0) l(3)01544 79D1-2 M25772
RpS13 l(2)k09614 29B1-2 X91853
RpS26 l(2)04553 36E1-4 X14247
S6k (RPS6-p70-protein kinase) fs(3)07084 64E8-12
smid (smallminded: AAA ATPase family) l(3)j6B8 66A1-2 X99207
snRNA:U4:39B l(2)k09410 39B1-2 D00043
Src42A l(2)k10108 42A1-2 D42125
spdo l(3)00848 99F10-11 U92490
Syb (synaptobrevin) l(2)k07703 46F9-10 L14270
tRNA:Y1:85Ab l(3)j1B9 85A9-10 M21611
TfIIFbeta (transcription initiation factor TfIIFb) l(3)j3C1 86C3-4 U25188
Uba1 (ubiquitin activating enzyme 1) l(2)03405 46A1-2 Y15895
UbcD2 (ubiquitin conjugating enzyme 2) l(2)k13206 32A4-5 X92663
Ubi-p63E l(3)05634 63F5-6 M22428
zf30C (zinc finger protein 30C) l(2)k02506 30C7-8 AF035275

The table lists new gene-mutant associations defined by the primary collection. Most are Drosophila genes
(Gene) known previously from molecular data only (see sequence Accession). In each case, the name of the
primary collection strain that disrupts the gene (Strain) and the cytogenetic location of its P-element insertion
(Site) are given. Where no accession is listed, either the gene was previously known by mutation only, and the
primary collection strain (Strain) indicated the nature of its encoded product, or no accession was available.
New associations in the Adh region are omitted; see Ashburner et al. (1999).
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TABLE 7

New genes

Gene Strain Site Accession cDNA

Aac11 (putative apoptosis inhibitor) l(2)k06710 36C8-11 U83857 (H)
Aats-ile (isoleucyl-tRNA synthetase) l(3)00827 79E1-2 I59314 (H)
Aats-thr (threonyl-tRNA synthetase) l(2)k04203 33C4-5 M63180 (H)
Aats-gln (glutaminyl-tRNA synthetase) l(3)04561 96C8-9 X76013 (H)
Aats-val (glutaminyl-tRNA synthetase) l(2)k14804 49F7-8 P07806 (S)
AconM (aconitase, mitochondrial) l(2)07054 39B1-2 J05224 (O)
Adk2 (adenylate kinase 2) l(2)k16120 44B5-6 D13061 (R)
Aly (transcriptional coactivator) l(3)02267 84C1-2 U89876 (M)
ATPCL (ATP:citrate lyase) l(2)k09217 52D11-12 U18197 (H)
Btf (transcription factor) l(2)k10712 49D5-6 X74070 (H)
Bub1 (spindle-assembly checkpoint kinase) l(2)k06109 42A1-2 AF002823 (M) AF132565
Cas (CAS/CSE1|segregation protein) l(2)k03902 36B1-2 U33286 (H) AF132562
Cct5 (T-complex Chaperonin) l(2)06444 48E10-11 X75777 (A)
Coprox (coproporphyrinogen oxidase) l(2)k10617 27C6-8 Z28409 (H)
Cops4 (COP9 complex subunit 4) l(2)k08018 44A1-2 AF071314 (M)
Dcap (adenylyl cyclase-associated protein) l(2)k00619 21F1-2 M98474 (H) AF132562
Dhap (aldehyde dehydrogenase type II) l(2)03610 43D1-2 P30838 (H)
Dhh1 (DEAD/DEAH RNA helicase) l(3)rL562 67E1-4 1431254 (H)
DNAprim (DNA primase) l(3)j10B2 77B6-7 D13545 (M)
Dph5 (Diphthamide methyltransferase) l(3)L4910 94B4-5 M83375 (S)
Dmn (dynamitin) l(2)k16109 44F3-4 U50733 (H)
Eb1 (APC-binding protein) l(2)04524 42E1-3 U24166 (H) AF132560
Ef1b (elongation factor 1 beta) n(2)k04810 53E1-2 D13339 (I)
EfTuM (elongation factor Tu mitochondrial) l(3)L4569 89E7-9 X84694 (H)
elF-3 (initiation factor el3 p40 subunit) l(2)k09003 25C1-2 U54559 (H)
Etf (electron transfer flavoprotein) l(2)02516 48C1-2 J04058 (H)
Fatp (long chain fatty acid transport protein) l(2)k10307 31F4-5 P97849 (R)
Fkbp13 (rapamycin-binding protein) l(2)00734 57E3-4 M77831 (M) AF132555
Fpps (farnesyl pyrophosphate synthetase) l(2)k06103 47F1-2 X76026 (L) AF132554
Ft1 (related to fused toes 1 protein) ms(2)05704 46C1-12 S33513 (M)
GlyP (glycogen phosphorylase, brain) l(2)k07918 22C1-2 U47025 (H)
Hmgs (HMG CoA synthase) l(2)06214 53C1-2 X96617 (S)
Hrr25 (casein kinase I related) ms(3)04895 89B1-22 1370424 (S)
hsp60B (heat shock protein 60 related) ms(2)06619 21D1-4 X99341 (E)
Int6 (Int6 homologue) l(3)10547 73D1-2 L35556 (M) AF132551
JadBp (Jun activation domain binding protein) l(3)L4032 89D1-2 U65928 (H) AF132563
Kary&bgr;3 (karyopherin beta 3) l(3)j3A4 82D1-2 U72761 (H) AF132561
KdelR (KDEL receptor) l(2)k00311 31E1-2 X63745 (H) AF132559
lolal (resembles Lola-like D. Hydei protein) l(2)k02512 55B5-10 Y14994 (Y)
MdaPk (myotonic dystrophy associated kinase) l(2)09373 60B10-11 L19268 (H)
MI02 (inhibits mitosis when overexpressed) v(3)03847 100F4-5 Q09329 (P)
Mrp17 (mitochondrial ribosomal protein L5/L17) l(3)10534 66E2-3 X79865 (H)
Msp1 (mitochondrial sorting protein) l(2)08774 31D1-2 1323004 (H)
Neos (neosin) l(3)L2249 65E10-11 X94344 (M)
Nik (Ste20-related kinase) l(3)j1E2 62E5-8 U88984 (M)
Nmt1 (N-myristoyltransferase) l(3)j1C7 66B10-11 U14913 (S) AF132556
Nnp-1 (resembles mouse NNP-1) l(2)k07826 34B6-7 U79773 (M)
Paf-AH&bgr; (platelet-activating factor fl/LIS1) l(2)k11702 52F3-5 AF016049 (R)
Pdsw (ubiquinone oxidoreductase cx) l(2)k10101 23F3-4 X63224 (B)
Phas1 (insulin-stimulated elF-4E binding protein) l(2)k07736 23F5-6 U75530 (M) AF132557
PpsM (mitochondrial proton/phosphate symporter) l(3)00564 70E1-2 X60036 (H)
Pros44.5 (p44.5 proteasome subunit) l(2)k00103 51C1-2 AB003102 (H)
Pros26S (26S proteasome subunit) l(3)04210 89A1-2 Q63569 (R)
Prp19 (Pre-mRNA splicing factor) l(2)07838 55D1-2 H35544 (R)
Rab5 (Rab5 homologue) l(2)k08232 22E1-2 Z27110 (D)
Rfc38 (DNA replication factor, 38k subunit) n(2)k13807 32D4-5 L07541 (H)
RFeSP (Rieske iron-sulfur protein) l(2)k11704 22A3-4 M34336 (B)

(continued)
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TABLE 7

(Continued)

Gene Strain Site Accession cDNA

Rpp30 (RNaseP protein p30) l(2)k01901 21B4-6 U77665 (H)
RRM domain protein l(3)02094 65A7-9 X06347 (H)
sec13 (secretory pathway gene) l(3)01031 94F1-2 L09260 (H)
Sip1 (SRY interacting protein) l(2)06373 54B4-5 U82108 (H)
SrpR&bgr; (signal recognition particle receptor fl) l(3)rK561 66D10-13 U17343 (M)
Srp54 (signal recognition particle 54k) l(3)01418 64C9-10 X86373 (H)
SsR&bgr; (signal sequence receptor fl) l(3)s1939 72D8-9 X53529 (D)
OstStt3 (Oligosaccharyl transferase) l(3)j2D9 96B9-10 P46975 (C) AF132552
Tap&dgr; (translocon-associated protein) l(2)k17005 47F4-9 X90582 (M)
Tbl1 (beta transducin-like 1 protein) l(2)k16213 21C2-3 Y12781 (H)
Tom34 (outer mitochondrial 34 kD translocase) l(3)03692 84E10-11 U58970 (H)
Uch-L3 (ubiquitin C-terminal hydrolase related) l(3)j2B8 67B10-11 M30496 (H) AF132567
VhaD (vacuolar H-ATPase subunit D) l(2)k07207 52A9-11 U11927 (B)
VhaG (vacuolar H-ATPase subunit G) l(3)05113 92A13-14 Q25532 (N)
Vcp (valosin-containing protein) l(2)03775 46D1-2 M30143 (O) AF132553
Xe7 (activated lymphocyte surface protein) l(3)02248 83B6-7 Q02040 (H)
Xbp1 (X box binding protein-1) l(2)k13803 57C1-2 M31627 (H)
Zfrp8 (zinc finger protein RP-8) l(2)k13705 60B11-13 U1090 (M)

New Drosophila genes (Gene) orthologous to previously studied genes (Accession) from the indicated species (A, A. sativa;
B, B. tarus; C, C. elegans; D, C. lupus; E, D. melanogaster; H, H. sapiens; I, B. mori; M, M. musculans; L, K. lactis; N, Manduca; O, S.
scrofa; R, R. norveigicus; S, Saccharomyces cerevisiae; P, S. pombe; Y, D. hydei). In each case, the name of the primary collection strain
that disrupts the gene (Strain) and the cytogenetic location of its P-element insertion (Site) is given. Accession numbers for
genes whose cDNAs have been completely sequenced by BDGP and deposited in GenBank are also listed (cDNA).

possible to make most of the remaining gene-mutant pathways. In addition, disruptions were obtained in 46%
of autosomal posterior group genes, 31% of trithoraxassociations by the time genome and EST sequencing

nears completion. and Polycomb group genes, but only 14% of ribosomal
protein genes. It remains unclear if these differencesP-element selectivity: This study reveals the identity

of most genes that are hotspots for P-element insertion reflect more than the research priorities of the Drosoph-
ila research community.on the autosomes (Tables 4 and 5, “Alleles”). We

searched for common properties that might explain Not all insertion sites were associated within protein-
coding genes. One P element was located within a 5Stheir efficiency as P-element insertional targets. Hotspot

genes are not associated with generally high transcrip- rDNA repeat and four interrupted tRNA clusters. Nine
lines, two of which disrupt the genes Distal-less and fruit-tion levels, because only 30% of the genes in the primary

collection with more than five alleles have an associated less, were found by sequence analysis to contain inser-
tions within the LTR sequence of a Drosophila retro-EST sequence, compared to 36% for the collection as

a whole. Hotspot genes might be those actively tran- transposon related to the yoyo element of the
Mediterranean fruit fly Ceratitis capitata (Zhou andscribed in premeiotic germline cells, where P elements

usually transpose; however, the few genes in the collec- Haymer 1997; see also FBgn0021759). The abundance
of this element was low overall and all the insertionstion whose transcripts are abundant in early germ cells,

including vasa, bam, and hsp83, were each hit only once. clustered in a small part of the LTR, a likely hotspot.
Two other multicopy target sites were the telomere asso-Indeed, our comparisons uncovered no common bio-

logical features such as size, location, or regulation that ciated sequence (TAS) element, with six insertions, and
the hoppel element, with one insertion. Both elementsmight explain why hotspot genes are highly susceptible

to P-element insertion. have been shown previously to be frequent targets of
P-element insertion (Karpen and Spradling 1992;We also considered whether strong preferences exist

for insertion within certain classes of genes among all Zhang and Spradling 1995; D. Stewart and A.
Spradling, personal communication). Because most in-those disrupted in the collection. The primary collec-

tion includes an estimated 30% of readily mutable au- sertions within repetitive sequences would not be ex-
pected to disrupt vital functions, these observationstosomal genes. Genes involved in signal transduction

were usually well represented, because the collection probably reflect which repetitive target sequences are
frequently located within the introns or immediatemutates z50% of all autosomal genes known to be in-

volved in the EGFR, dpp, ras, wg, hh, or N signaling flanks of vital genes in the strains used.
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Modeling mutational saturation: The gene disruption P-element behavior. The third chromosome is predicted
to contain 27 hotspot loci 1 191 warmspot loci 1 1017project provides a much larger and better-characterized

data set than has been previously available for analyzing coldspot loci, while the second chromosome should
house 47 hotspot genes 1 177 warmspot genes 1 1097the site specificity of P-element transposition. This is

an important question for determining the appropriate coldspot genes. Despite accounting for only 17% of all
genes, the 368 warmspot and 74 hotspot genes accountstrategy to expand the collection. The insertional speci-

ficity of P elements must be extremely broad to achieve for z70% of all transposition events. As a result, virtually
all the hotspot loci and 80–90% of the warmspot locicomplete or nearly complete coverage of all Drosophila

genes. In contrast, previous studies inferred that a sig- have already been defined by strains in the primary
collection. On the other hand, only 22–28% of thenificant percentage of Drosophila genes, perhaps as

great as 50%, are refractory to mutation using P ele- coldspot loci have so far been disrupted. However, as-
suming that there are 1400 vital loci per major auto-ments (see Kidwell 1986; Törok et al. 1993). If true,

this would imply that a different method of mutagenesis some (Miklos and Rubin 1996), and considering that
93% of the disruptions in our collection are of vitalis needed to complete the gene disruption project

(Spradling et al. 1995). However, these conclusions genes, then the model predicts that at least 2556 3

0.93/2800 5 85% of vital genes can eventually be mu-remain highly uncertain, because previous studies of
saturation behavior utilized raw collections of unverified tated using P elements. Thus, the existence of the hot-

spot and warmspot genes is the reason that mutationallines that differ in P-element content and did not correct
for locus-specific differences in mutagenesis rates. The saturation proceeds more slowly than expected on the

basis of a single class Poisson analysis, but the finaltotal number of different genes mutagenized clearly
rises more slowly than expected by assuming that nearly level of saturation is higher than previously appreciated.

Indeed, if gene mutabilities actually vary more broadlyall genes are equally susceptible to P-element insertion.
However, this observation alone cannot distinguish be- than three discrete classes, as seems likely, the true level

of saturation will exceed 85%. There is no reason totween the presence of genes refractory to P-element
insertion and the presence of gene classes that differ suspect that P-element insertional preferences differ be-

tween vital and nonvital genes, so the conclusions drawnsignificantly in P-element mutability. Fortunately, the
very information gathered to build the primary collec- here should apply to Drosophila genes generally. These

results suggest that a much larger fraction of Drosophilation also allows one to more accurately deduce the satu-
ration behavior of P elements. genes than previously supposed, at least 85% and possi-

bly 100%, are susceptible to inactivation by P-elementWe focused on the large subset of the P-element lines
from the collections whose insertions lie within the insertion.
boundaries of validated deficiencies. Within this group,
for a known number of total lines (transposition events),

DISCUSSIONthe number of genes mutated and how many times each
was hit has been determined with complete accuracy. Collections of gene disruptions as tools for functional
Because the deficiencies included a majority of chromo- genomics: It is now possible in theory to mutate virtually
some 2 and 3 genes (60.3 and 62.0%, respectively), and any gene that has been molecularly identified in the
should be distributed effectively at random, this sample major multicellular model organisms and to isolate the
should accurately represent all insertions that cause a mutant allele on a standard genetic background free of
phenotype. When we analyzed the distribution of inser- secondary lesions. In practice, obtaining mutants re-
tional mutations among this set of genes, it was clear mains a time-consuming task that constitutes the largest
that the data did not fit a simple Poisson distribution current impediment to progress in understanding gene
(see materials and methods; Table 1). The most obvi- function in vivo. While it has become widely accepted
ous problem was the hotspot loci. On chromosomes 2 that gene sequence and structure can be more effi-
and 3, just 18 or 32 loci account for 38 or 39% of all ciently analyzed on a genome-wide scale, a similar con-
insertions, respectively. However, even after subtracting sensus on the value of whole genome gene disruption
the contribution of these hotspot loci, the distribution has been slow to develop. As a result, linking genes
of gene mutabilities remained skewed (see materials with mutations remains a cottage industry pursued by
and methods; Table 1). Consequently, a class of warm- individual laboratories. The work reported here has
spot genes was inferred whose mutability is intermediate been motivated by the belief that complete gene muta-
between the hotspot loci and the large group of low tion libraries are feasible and have the potential to
mutability coldspot genes. Assuming the existence of greatly accelerate the rate at which gene function can be
three major mutability classes allowed a good fit to the analyzed. We feel that whole genome mutant collections
data. belong together with complete genome and cDNA se-

quences as essential tools for future biological research.This model provides several useful insights into
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The BDGP gene disruption library represents a sig- and excise at multiple sites over several germ cell divi-
sion cycles. However, our results imply that the rate ofnificant step toward the ultimate goal of stockpiling an

identified mutation in every Drosophila transcription transposition and amount of secondary damage are not
always correlated and are not simply a function of theunit. The current collection of single P-element inser-

tions provides a particularly useful type of link between P elements used (Table 2). Both Bier et al. (1989) and
Törok et al. (1993) employed the PlacW and D2-3 Pthe genetic and molecular properties of z1000 different

autosomal genes that can mutate to a readily recogniz- elements but obtained very different frequencies of mul-
tiple insert lines, rates of background mutation, andable phenotype. This is more than the number of genes

that have been characterized at both the genetic and overall screen efficiencies. In contrast, the screen of
Cooley et al. (1988) using PUChsneo and a weak mobi-molecular levels in any of the other widely used model

multicellular eukaryotes, including Arabadopsis, C. ele- lizing P element exhibited a low transposition rate but
still gave an efficiency of only z50%. Consequently, ourgans, zebrafish, or mice, and exceeds the number of

gene-mutation links known in humans. As a reflection results suggest that currently unidentified factors in the
genetic backgrounds used for P-element mutagenesisof its utility, lines from the BDGP collection have been

utilized in publications characterizing more than 250 affect the prevalence of damage at chromosomal sites
that do not retain P-element sequences. Unfortunately,different genes since 1988 (Tables 4 and 5).

Expanding the collection: Because the Drosophila ge- the nature of these factors remains poorly understood.
The number of new lines that needs to be character-nome is believed to house z12,000 genes (Miklos and

Rubin 1996), the current primary collection is still far ized to substantially complete the gene disruption proj-
ect can be estimated from our analysis of saturation.from complete. Two basic approaches can be consid-

ered for expanding its coverage. A targeted strategy The genome contains z3600 vital genes, at least 3100
of which fall into the coldspot class. Statistically, twicewould avoid reisolating new mutations in genes that

have already been disrupted in the existing collection this number of insertions, 6200, must be recovered in
this class of genes to achieve 87% saturation. Becauseor by individual Drosophila researchers. A general strat-

egy for identifying mutations in any gene encoding a only 30% of raw insertions target the coldspot class, and
because the best screens produce only 85% verifiedprotein that can be detected with a specific antiserum

has been developed (Dolph et al. 1992). However, a single insert lines, achieving 87% saturation would re-
quire the isolation and analysis of 6200/(0.3 3 0.85) 5substantial number of genes that express proteins only

at low levels may be refractory to disruption by this 24,300 autosomal insertions associated with phenotypes.
This represents about six times as many lines as wereapproach. Consequently, continuing the insertional

mutagenesis strategy used previously in some form ap- analyzed in the current project.
A molecular strategy for finishing the mutation li-pears to be the most promising approach to completing

the collection. brary: Even a project of this size is feasible, although a
very large effort would be required. However, a continu-Significant improvements are possible in the short

term by incorporating several new collections of inser- ation of the current approach would not address the
estimated two-thirds of all genes that do not mutate totions that have already been constructed since the proj-

ect was initiated (Erdelyi et al. 1995; Deak et al. 1997; a readily detectable phenotype in genetic screens. To
obtain P-element insertions that disrupt such genes, itRørth et al. 1998). The third chromosome collection

described by Deak et al. (1997) is similar in size to the will be necessary to look directly for changes in their
structure. With large amounts of genomic and EST se-collection of Törok et al. (1993) on chromosome 2, but

preliminary estimates by the authors indicate a higher quences becoming available and a strong commitment
to completing the Drosophila genome sequence withinscreen efficiency. Incorporating these lines into the ex-

isting collection should increase the number of third 1–3 years (Collins et al. 1998; Venter et al. 1998), a
strategy based entirely on molecular mapping is becom-chromosome lines to .600 and equalize the saturation

levels of the two major autosomes. ing feasible. A new generation of P-element misexpres-
sion vectors (Rørth 1996) are attractive candidates forIt will also be of value to carry out new mutagenesis

screens. A major variable in the generation of single use with this approach. These insertions not only can
disrupt genes but also are frequently able to programP-element-induced mutations is the wide variation in

screen efficiency that is documented here (Table 2). the controlled misexpression of the affected protein.
This option should accelerate the collection of func-One factor that can affect screen efficiency is the overall

rate of P transposition. High transposition rates like tional information, especially on the many genes whose
loss does not produce an immediately recognizable phe-those in the screen of Törok et al. (1993) produce an

excess of lines with more than one P-element insertion notype.
We propose to inaugurate a phase two gene disrup-(.23% in this case). High transposition rates probably

also cause secondary mutations as elements transpose tion project whose goal would be to disrupt all Drosoph-
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ila genes, regardless of phenotype. Flanking DNA will around the 59 region of genes (Spradling et al. 1995;
data not shown). Previously, insertions located too farbe recovered from a large number of raw insertion lines

and sequenced, much as was done with the primary upstream from transcription start sites, or at nonmuta-
genic sites within large introns, have been edited outcollection lines in the current collection. The short se-

quences obtained will allow most new insertions to be by the requirement for a phenotypic effect. In phase
two, they would be recovered and analyzed, loweringprecisely positioned on the genomic sequence. Con-

sulting EST and cDNA sequences, gene predictions, efficiency.
The relative fraction of unselected insertions that dis-ORF homologies, and other relevant data in the vicinity

of the insertion sites will allow rapid predictions as to rupt genes can be estimated, however. If all insertions
mutated genes, then 33% of new transpositions shouldwhether each new insertion is likely to disrupt or misex-

press an ORF not currently represented in the collec- cause a recognizable phenotype, because about one-
third of genes are thought to mutate in this manner.tion. Lines that do not appear to do so would be quickly

discarded. Recently, this strategy has received a valuable Instead, only z15% of raw insertions recovered on clean
chromosomes cause a recognizable phenotype (see cita-test within the fully sequenced 2.9-Mb Adh region (Ash-

burner et al. 1999). By mapping all available P elements tions in Table 2). Consequently, as many as 77,000/
0.5 5 154,000 insertions might need to be screenedonto the genomic DNA sequence, not just those causing

phenotypes as described here, the number of gene- to obtain 87% saturation across all Drosophila genes.
However, in practice, this may be an overestimate. Pmutation links was increased substantially (see Table 4).

The phase two strategy has several distinct advantages. elements can be excised imprecisely to generate dele-
tions adjacent to the insertion site. Because of the largeFirst, it broadens the project to include all Drosophila

genes. In addition, it greatly simplifies the work required number of mapped insertions that will be available by
the time phase two is only partially complete, a strategyto characterize new candidate lines, compensating in

part for the much larger number of lines that will need in which some genes are disrupted by excising nearby
nonmutagenic insertions might substantially reduce theto be analyzed. Polytene localizations are unnecessary,

because multiinsert lines can be detected through their final number of strains that need to be generated and
analyzed.production of more than one distinct P-element flank-

ing sequence. Balancing most of the newly mutagenized A gene disruption library represents a fundamental
and indispensable resource for analyzing gene functionchromosomes is not required. Genetic complementa-

tion is not necessary, because redundant lines can in- on a genome-wide scale. The BDGP gene disruption
project has already accelerated studies of Drosophilacreasingly be identified on the basis of their location.

However, there are several requirements for success. gene function and is likely to be even more valuable as
coverage increases. A pilot screen for phase two hasFirst, the Drosophila genome sequence must be com-

pleted in a timely manner. Second, semiautomated already been completed in collaboration with several
laboratories (Rørth et al. 1998). A total of 2400 linesmethods for recovering and sequencing flanking DNA

segments must be further improved. Finally, bioinfor- from this project have been mapped and initially ana-
lyzed (BDGP, unpublished results; see http://www.fruitfly.matic tools to assist decision making about line retention
org/bfd/). We believe that researchers using Drosoph-must be developed.
ila (and other model multicellular organisms) are rap-We can calculate the approximate number of lines
idly approaching an era where obtaining mutations, thethat will need to be analyzed during the phase two
basic tools for understanding gene function in vivo, willproject. About 11,000 of the estimated 12,000 Drosoph-
no longer limit the progress of research.ila genes are predicted to fall into the coldspot class,

assuming that the P-element mutability of all genes is BDGP acknowledges all those researchers who participated in con-
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