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ABSTRACT

A single genetically marked P element can be efficiently mobilized to insertionally mutagenize the
Drosophilz genome. We have investigated how the structure of the starting element and its focation
along the X chromosome influenced the rate and location of mutations recovered. The structure of
two Pfrosy®] elements strongly affected mobilization by the autonomous “Jumpstarter-1” element.
Their average transposition rates differed more than 12-fold, while their initial chromesomal location
had « smaller effect. The lethal and sterife mutations induced by mebilizing a Piresy™] element from
position 1F were compared with those identified previously using a P{nes”] element at position 9C.
With one pessible exception, sertion hotspots for oue element were frequently also targets of the
other transposon., These experiments suggested that the genomic location of 2 P element does not
usuaily influence its target sites on nonhomelogous clromosomes. During the course of these
experiments, Y-linked insertions expressing rosy” were recovered, suggesting that marked P elements
can sometimes insert und functon at heterochromaiic sites,

P elements are members of a class of transposable
elements that transpose by DNA-DNA mediated
mechanisms (see review by FINNEGAN 1989). Knowi-
edge of P clement behavior has led to their nse as
transformation vehicles and as insertional mutagens
(reviewed in ENGELS 1988). 'The widespread applica-
tion of P elements as genetic tools provides opportu-
nities to analyze fundamental problems relating to £
element biology that have been difficult to address
previously. In this report, we utilized strains generated
in two large insertional mutagenesis screens to study
two such problems: how the rate and site-specificity
of P element transposition is controlled.

The movement of individual, naturally occurring £
elements is difficult to measure. Transposition rates
averaged over all the elements within a strain have
been estitnated by counting the number of new in situ
hybridization sites that appear i progeny from a
dysgenie cross. 111 several cases about §.25 new inser-
tion sites per donor P element per generation were
observed (BINGHAM, KIDWELL and Rusin 1982; Beny
and ENcELs 1984; EGGLESTON, JOHNSON-SCHIITZ and
ENGELS 1988). However, in situ hybridization may fail
to identify new insertions of very small elements or
those landing in regions that are underrepresented in
polytente chromosomes. Not all the presumed doner
elements may actually be capable of movement. Thus,
average transposition rates provide little insight into
the rate at which individual elements transpose.

Progress n studying the movement of individuai

" Current address: Deparinrent of Geneties, SK-50, Usiversity of Wash.
fiyetons, Semthe, Wishington 98195,

Coreries 127: 515524 {Marce, 1991}

elements has come from scheinies in which a geneti-
cally marked transposon is mobilized to nonhomolo-
gous chromosomes by a single autonomous P ¢lement
(Coorry, KELLEY and SPRADLING 1988; ROBERTSON
et al. 1988, reviewed i1 Coonry, BERG and SPRADLING
1988). Individual transposons moved at highly vari-
able rates, from 3.1 X 107 to 2.1 X 107! insertions
per element per generation {ROBERTSON ef al. 1988).
Chromosomal position effects associated with the
starting location and variations in element size were
suggested to cause these differences {reviewed in En-
GELS 1988). However, size-independent differences in
element structure might aiso have influenced the re-
sults of these experiments; the particular sequences
present in a P element can exert large effects on its
raic of transformation {reviewed by SprABLING 1986},
The extraordinary variation in element mobility
would be particularly significant ¥f it resulted from
properties intrinsic to particular chromosomal sites
rather tluan as a by-product of constructing artificially
large and structurally diverse transposons.

A second area that has been difficult to study is the
target specificity of P clement insertion. Analysis of
the mutations recovered during hybrid dysgenesis
revealed large gene-specific differences in mutation
rates, and suggested that not alf genes are targess for
P clement inactivation {(SiMMons and Liv 1980; Sim.
MONS ef al. 1984, ErREN e al 1985; reviewed in
KipweLE 1986, 1987} Nonrandom target selection
conld be an intrinsic property of the P elemnent trans.
position mechanism. This characteristic is presunably
the explanation for the highly nonrandom site pref-
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erences observed on a local fevel (O'Harg and RuBiN
1983; KELLEY et af. 1987; RoTHA, RUBIN and O'HARE
1988). Since a strong consensus nucleotide sequence
ts not present at sites af (nsertion, the molecudar
explanation for local preferences remains obscure.

The intttal location of an element probably also
wifiuences its chotwce of target sites. Like the maize
transposott Ac (FEDOROFF 1988), P elements transpose
preferentially into nearby sites located on the same
chrawosome (Raysonp and StMMONs 1981, Hawiey
et al. 1988). Whether us starting location affects a P
element’s preferred target sites on heterologous cheo-
mosomes has been difficult to determine. Mutational
hotspots can be strawn-specific during hybrid dysge-
nests (ENGELS 1985). However the many preexisting
P elements tn such strains become hotspots for muta-
tions resulting frou imprecise excision {(ENGELS 1979;
VOELKER ¢f al 1984; Daniers e al. 1985; ROIHA,
Rusin and ('Hare 1988), chromosome re-
arcangement (ENGELS and PRESTON 1981, 1984), sec-
ondary insertion {HAWLEY ef al. 1988; EnGgELs 1988)
and converston-like events (GEYER ¢ al. 1988). Very
few studies carrected for these effects, so the tagni-
tude of true site-dependent insertional prefevences
remains uacertain.

Mobdizing a single genetically marked P element
allows the effects of element structure and location
on ransposition rate and target selection to be directly
measured. We therefore examined the transposition
frequency of two P[ry"] elements located at seven
different sites on the X chromosome. In addiion, we
compared the lethal and sterde mutations induced by
two differeat elements obtlized from differewt io-
cations. A preliminary report of some of these exper-
iments was presesited previously {GOOLEY, BERG and
SPRADLING 1988),

MATERIALS AND METHODS

Genetic strains: All coltures were maintained at 25° on
standard carmieal, agar, wolasses and yeast medivm, The
mutations and chramosemes used in this study ave described
in Lovpstey and Greir {1968 and LiNpSLRY and LovaM
{1985, 1986, 1987, 1600}

Transposable elements: The Plry™ 1] and Plry* 1] muta
tor elements are described 1 SPRADLING #nd Russn (1983),
Rusty aiwd SPRADLAING {1983), and Figure 1. The DNA
sequence of the P element and rosy gene is givest in O'HArz
and Rumn (1983), LEE et ol (1987), and Kewrst ef af. (19873
Jumpstarter-1 (P{fs]) was made by Laskt, Rro and Rusin
(1986} and characterized {urther by FORREST SPENCGER and
1L.ynn Coorzy (CooLxy, KELLY and SPRADLING 1988). The
Jrmpstarter-1 strain was maintained by outcrassing and
tested perivdically Tor the presence of trapspositions by
Southern blatting (Coorry, KELLY and SPRADUNG 1988}

Measurement of transposition frequencies: X, Plry* }; ry'*
fhes containing one of seven different X-lnked Piry'] ele-
ments were crossed fa a strain bearing the complele P
element, Jumpstartes-1: P[Jslry’™/TM3, Sk +™* ¢ (Figure
2). Single males carvying both matator and juinpstarter

elements {(rv* Sb*) were mated in individual vials to ry™*®

virgins., Parents were discavded after seven days. All the
daughters from this cross recetved an X chromosome from
their Tathers and thus were ry™. Sons received an X chro-
mosome from their mathers and therefore were ryv7, nnless
& transposition event occarred in which Plry*] moved to an
autosonte carried in a ¥-bearing sperm. Transposition eveits
were scoted I twe ways, The “transposition frequency” was
calculated as the fraction of progeny chromosomes cantain-
ing & Plry”] insertion. In the pratocol of Figure 2, transpo-
sitiol: events cannat be abserved an average in 3 of the 9
nujor chtremosome arms, Therefore, the fraction ol ry*
males was multiphed by % to correct for the &ilure ta detect
such insertions. This carrection ignaces sinali differaices in
target size between the ehromosomes, insertions on the ¥
chirontasome, and the probable existence of an increased
frequency of "local” insertions near the site of the staring
element.

in addition, we defined the "jumping rate” as the per-
ceneage af vials congaining at least ene cy” male. By counting
only one ry* male per vial uas a transposition event, we
avoided inflated or skewed estimates resulting from pre-
meiotic clusters. I a secand set of experiments {crosses “L°
Tuble 13, X, Plry" 111 eny mah 9" e femules were mated ta
omy PIJs] ry™™/TM3, 35 /™ ¢ males. Single males carrying
both mutator and jumpstarter elements {ry* cn” Sh*) were
mated in individual vials to mwh " o/TM3, Sb 1y ¢
virging, and the jumping rate was detennined as belare.

Mutagenesis: The crosses used o generate and map
single Plry*] insertion mutations are described i Figure 8.
This scheme incorporated three improvements aver our
previaus strategy {COOLRY, KELLEY and SPRADLING 1O88)
First, transpasitions were tecavered on chromasanes bear-
ing recessive markers to facilitate recagnition of homory
goles, Second, a 7Y chromosome was incorporated sa that
sterile X/ males cauld be distimguished from transpasi-
tians. Third, stocks containing the marked chromosames
were established Trom single, 1sogenized first, second and
third ¢lnomosomes, to minhmize the presence of back-
ground vwtations. iy addition, priar to expanding the mu-
tator and jumpstarter stocks far ise in the farge scale screen,
individual snblines were established Jrom pair muatings and
characterized in the following ways. Viability and fertiy ol
stocks were exanined by connting the number of eggs laid
and the subsequent mumber af adults preduced hy cach alf
the pair marings. Salivary gland chramasome preparations
were examined for the presence of mversions or other gross
rearrangements that might affect the fisture nsertion lines.
The presence of a Cy-like inversian in same ol the Mies from
the ry"™ stack (SPRADLING and RuUBIN 1982, Rupv akl
SrravLING 1982, Bovurous and Rucuaros 1985, Cootsy,
KeeLey and Seraptane 1988} prampted this investigation.
Finally, DNA Tram all stocks used at any paint during the
screens was exanmined on a Scuthern blot ta verify that the
only £ elements present were Piry' 11} and Jumpstarter-1.

Fhe crasses were earried aut as follaws (see Fig. 3n X,
Plry* FIKIFY, ey mwh ry™™ e females were mated i bottles
to either oy PUslry’™/TM3, $b »™ ¢ or X/¥'Y; eny P{Js)
"ML, 8B ry™ ¢ males. Sgle nales carrying bath the
mutator il the jumpstarter elements (ry*en 8be™ males)
were selected and mated in visls to three mwh ™ ofTM3,
86 1" & virgin females. Transposition events were identi-
Bed as ry” sans, and a single ¢ ry” male was selected fram
each vial ra establish a stack {e males were chosen 1o c¢limmi-
nate the P[Jskhearing chramosame from the stack) The
chromosamal locatian of the new insertion was mapped hy
subsegnent erosses. {Noter 1y sons cauld be distingnished
from their ry* fathers bevause the fathers were o e”, while
the sons were ¢n® ¢.) When a ¥'F ¢hramoseine was present
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FIGURE 1.—P[ry" ] contains the 8.3-kb Sall fragment from the
rosy locus (COTE ef al., 1986) inserted into the Xbol sie of the P
clement derivative pb.1 (Rusin and Serapring 1982). P11
contains the 7.2-kb Hindll1 fragment of the rosy gene inserted into
the Hindlll site of the transformation vector pCIW4 (Rusin and
SPRADLING [UB3). In both elements, the rosy gene is transcribed
toward the 3" P element end. Restriction sites: S (Sall), H (HindI11),

X (Xhol), R (EcoR1), P/R (Puull in P[ry* 1], EcoRI in P{ry*11]).

in the male parent, transposition events were distinguished
from maternal XX <« O nondisjunction by scoring the dom-
inant hairy wing effect (GARCIA-BELLIDO 1979; CAMPUZANO
et al. 1986) in each e ry* male.

The chromosomal location of each new insertion was
determined by a series of additional crosses (Figure 3). Each
male containing an independent transposition was crossed
to three ry’*/TM3, Sh ry™* ¢ virgins. When possible, we
chose transpositions that contained the T7M3 balancer chro-
mosome, and were therefore Sb, thus allowing us to score
segregation in the progeny of this cross. (Transpositions
recovered as mwh ry’"® e/P[ry*11], mwh ry’" ¢ were crossed
to ry™""/TM3, §b ry"* ¢’ virgins. In the next generation, ry*
Sb males and females were collected to establish a third
chromosome stock, and, ry* Sb males were crossed to Seo/
(0, cn?; ry™" virgins to score segregation. If the cross to
Cy0 indicated that the line carried a third chromosome
insertion (that is, all the Sb progeny were ry), mwh ry’™ e
Plry"11]/TM3, 8b ry"* ¢ virgins and males were collected
from the established stock to eliminate the mwh '™ e
chromosome that did not bear the P[ry*11] insertion.)

We analyzed the results of the cross to the ry/TM3, §b
™ ¢* virgins in the following way. If there were no ry*Sh
e” progeny, and, all the ry progeny were also Sb, then the
mmsert was on the third chromosome and we established a
Imlanccd stock by crossing ry*Sb e ﬁ:millcs and males inter

. If, however, there were any ry’Sb e” progeny, then a
P[r_\' I'1insert cxsslcd that was not on the third chromosome
and it was presumed to be on the second chromosome. In
that case, ry"" r)'”"}’T."lf}. Sh r_'y""“ ¢ males were crossed to
Seo/Cy0,en’; 3™ virgins to set up a second chromosome
balanced line. (By using ry*Sb ¢* males, insertions on both
chromosomes 2 and 3 were recovered as second chromo-
some only lines.) We then crossed ry* Cy female and male
progeny inter se.

In 75 lines, the insertion was not balanced by the previous
crosses. These lines either contained fourth chromosome
insertions, double insertions or remained unstable due to
inheritance of P[Js] through transposition or male recom-
bination. We crossed ry* Cy males to ry""; +/c” virgins,
('»1.\|)||~,hm$ inter se crosses to maintain a stock and outcross-
ing ry males to ry™ virgins to verify the previous
segregation analysis. Thirty-five of the lines were fourth
chromosome insertions, while the remaining 40 contained
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Ficure 2.—Crossing scheme for identifving Pry*] o

and excision events, See lext in MATERIALS AND METHODS and
RESULTS.

1sposition

double, unstable or incorrectly scored insertions.

Mutations not associated with P[ry’] insertions: Al-
though marked, isogenized chromosomes were utilized in
this screen, several anomalous results were obtained. An
unusually high fraction of the third chromosome insertions,
approximately '/, were homozygous lethal. Complementa-
tion analysis between nine randomly selected lethal lines
revealed that three failed to complement each other. We
then crossed virgin females from one of these lines, bi(3)ry-
13, 1o all of the remaining third chromosome lethal stocks.
A total of 106 lines failed to complement bl(3)ry-13. This
lethality was assumed to result from a background mutation
that occurred in the P[ry* I1]; en; mwh ry e strain while it was
being expanded prior to the initiation of the screen.

Three other unexpected results were observed. (1) Eleven
of the 541 second chromosome lines were lethal over the
€yO balancer. The lethal mutation was readily separable
from the rosy” marker in ten such chromosomes. We have
observed this kind of lethality in combination with Cy0 in
two subsequent mutagenesis screens (L. YUE, C. BErG and
A. SPRADLING, unpublished results). Since the presence of a
preexisting Cy inversion was rigorously excluded, these re-
sults suggest that new mutations that are lethal over CyO are
frequently generated independent of a stable P[ry”™ 1 I] trans-
position. (2) Eleven lines carried a mutation at the sparih’ing
locus (4, 102D-F) that did not segr egate with the P[ry" /1]
element (four lines carried P[ry"11] on the second chromo-
some, seven on the third), We never observed any such
phenotype in our starting strains or balancer stocks. These
lines have not been characterized further. (3) An allele of
transformer-2 was recovered that lacked a P element inser-
tion at the tra-2 locus. We speculate that some mutations
result from insertion followed by immediate imprecise ex-
cision of the P element.

Insertions of an internally deleted element might cause
some of the anomalous mutations, if they were recovered in
conjunction with a transposed intact P[ry"11] within the
same Y-bearing sperm. The anomalies cannot result from
transposition of an intact Jumpstarter element, since such
lines are observed to rapidly (qupla\' ry~ phenotypes and
inconsistent wcgwgalmn of the ry* marker. Recently, we
have identified rosy™ derivatives of a Plry"] mutator segre-
gating in some P[ry] single insert lines (G. KARPEN, R.
GLASER and A. SPRADLING, unpublished results). Thus both
a deleted and an intact mutator element can be recovered
simultaneously in some males.

Generation of TM6B, ry“*: In order to obtain a third
chromosome balancer carrying both a dominant larval
marker (Tubby) and a rosy allele, we mutagenized the TM6B
chromosome, a variant of TM6 carrying Hu and Th (CrAY-
MER 1984). Canton-S males carrying the TM6B chromosome
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TABLE 1

Transposition frequencies of mutator elements from various X chromosome sites

_ Y Jumpring ¥’ 5] ‘Fransposiion ry £y Exeision

Sie erasses’ Jumps’ rage’ males? ey’ rate’ females® Temates® e’
Ploy™

403 G4 4 4 7 3724 .42 a 3864 0.23

L G4 3 3 4 3074 9.29 15 3199 .47

aAl HiN 1t b 21 2567 1.83 i4 2716 .51

125 107 7 7 HY 2817 .80 il 2850 .37
Pl 12

IB G6 L1t 51 172 2891 F2.63 7h A7 2.3h

¥ k) G7 36 136 3634 7.87 28 32n2 9.85

184 148 H2 A 154 2841 11.28 63 1060 2.02

1¥ 136/ 113 83

aE 211 143 48

154 14% #h %3

» Nomber of fertile G ¢rosses as shown Figure 2.

* jumips are 1the number of Gy vials wnummg at east one ry” son. {This value dillers silghdy from tha rq}olled m Com ey, BERG und
SPRADLING {1O88) beaimse jumps are defined in than paper vs the number of G; vials containing a1 least one 1v* son thal is fenile and does

1104 Cantinine }1:1]1]75{‘12"{{’1}
znmplng., rale is e p(‘lté‘l'l{ of iumpsffertile Gy crosses,

T ort mamber of ry® sons m all vials Irom these crosses; thal is, 1he number of 1ranspositions disregarding premeiotic chisters.
““Fot] number ofl\, sons; therefare, 1the nmber Of NGNETANSPOSILION £verils.
Y rmsposiion rale is the percent of the ratie of vy males/ry mades X 8/4, since only 4/9 of the ehromosames are recovered, See methods

and 1ex0.

"ot immber of ry d,luz_,hmrs 1hat s, the number of excisions tilsrt'galdlng premeiolic clusters.
“Tokit member of ly imghiers, 1herefore, 1he number t}f AOReXcIsian events.

T Excision vne 1s the pereent of 1the 1ulio of vy femles/ry® females. See merthads und text.

! Number of fertite (g erosses, bug with different, marked chromosomes (see Methods).

were irradiazed with 4300 rud of y-rays, then mated to ry™

virgins. We oblained 3 new rosy alleles on TM6B chromo-
somes among the approximately 27 000 progeny 1hal were
screened. Only one of those alleles was viable and fertile
und, therefore, rerained. Fhat minagion is a $.23-kb deletion
in the 3" end of 1he ry gene {(sec COTE e al. 1986), 1napping
between 1he central EcoRi site and the 8 HindIII siie {data
nol showilh

In situ hybridization: {3} ;{TM 3, $b v ¢ males were
mated to TM2, red »™ Ubx'™ &f TMéB Hu e Th ca
females to estublish stocks usebizl in identifying the Plry™]
chromesemes in karvae, K3yy/TM2, red or {{J}ry/TMé Ts
miles were nuted to three mwh ved virgins in yeasred vials.,
Adults were 1ransferred daily 10 new vials. Wet yeast was
added to the vials three days after egg-laving to ensure
production of well-fed larvae, Late third iustar larvae car-
rying the Plry”] chromosome were identified as either red™
(f the siarting males carried TM2) or 'T'b* (if 1he starting
males carried TAE).

Chromesomes from 1he salivary glands of these larvae
were prepared and lvbridized as deseribed (PARDUR 1986),
with 1he lollowing exceptions. Slides were hybridized with
linearized plasmids carrying 1he rosy* gene labeled by hex-
aner-primed resctions (FRINBERG and VOCELSTEIN 1083}
using biolin-dUTP from ENZQ. Signals were detecred using
an aikaline phosphatase sysieon (BREY according 10 ENGELS
et al. {1986}, except thar 1he fisal siaining period usuaily
required only 10-30 min, rather than 2 b,

RESULTS
‘Transposition frequencies of two Plry'] elements:
To investigate the effects of element locatien and
structure on transposition frequency, we studied two

different P[ry*] elements, P{ry* 1] aud Plry*11], pre-
viously named ry) and ryidl respectively (SPRABLING

and RUBIN 198%). These elements are simtlar in size
(9.3 kb us. 8.2 kb), but differ in the amount of genomic
DNA encoding the rosy” gene and its exact location
within a 1.1-kb defective P element (Figure 1}, Four
lines containing single insertions of Pry’ I} and three
fines containing Pry* 11 each located at diverse posi-
tions along the X chromosome (SPRADLING and RUBIN
1983) were eniployed for our studies.

To mobilize these elements we used Jumpstarter-}
(P{JsD, a compiete P element located at cytological
position S0A. P[s]is a weak source of transposase as
Judged by its ability to mobilize the P elements present
at the sn” locus (sn” reveris to sn™ or sn® in 6% of
progeny) {CooLEy, KELLEY and SPRADLING 1988},
Aliliough P{Js] is capable of moving itself, it does so
only rarely and is easily maintatned by outcrossing
(sece CooLey, KELLEY and SPRADLING 1988}

Transposition frequencies were measured using the
crosses shown in Figure 2 (see also MATERIALS AND
METHODS). Flies containing each X-linked Pry’*] ele-
ment were crossed to the strain bearing the complete
P clement, Jumpstarter-i. Single male G, progeny
carryving both mutator and jumpstarter elements were
then mated in individuat vials to ry virgins, Parents
were discarded after 7 days, Both transposition and
excision frequencies were calculated by scoring the
rosy phenotype of the Gy progeny (Table ). To
elimmate the effects of premeiotic clusters, which
generate multiple rosy® Gy progeny from a single
event, we also calculated a minimum transposition
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frequency or “jumping frequency” as the fraction of
G1 crosses producing at least one transposition. The
mobility of the Piry*11] elements was measured a
second time after isogenizing new, marked chromo-
somes in the mutator and jumpstarter stocks (Table
1, “footnote i),

These experiments revealed several surprising re-
suits. The starting location had some influence on the
transposition rates, particularly in the case of Piry* I}
However, there was a highly significant difference (-
test; P < 0.001) between the transposition rates of the
Plry* 1] and P{ry"11] elements regardless of msertion
site, an average of 0.83 £ 0.70 vs. 10.6 £ 2.45. Piry* ]}
insertions also excised at lower frequencies (f-test; P
< 0.05) than Piry*11] insertions (0.39 £ 0.12 vs. 1.74
* 0,79} Since the two elements are similar in size,
some aspect of element structure is likely to influence
the frequency of both excision and transposition.

Pry*11] transposed at surprisingly high frequency
considering the weak nature of the hunpstarter-1
element. Nearly 13% of progeny chromosomes con-

tained Piry’11)] transpositions, about half the trans-
position rate of an average P element when mobilized
by the 15 complete P elements in a typical P strain
during hybrid dysgenesis. P{ry"11] therefore appears
to transpose more readily than many other previously
described P elements.

Insertional mutagenesis with Piry* 11} The highly
mobile Piry*11] element was used to generate a new
collection of insertional mutations. A protocol simifar
to previous single P element mutagenesis screens was
employed (Figure 3} bt with several technical im-
provements {see¢ MATERIALS AND METHODS}. From
3267 crosses involving males bearing both Plry*11]
and Jumpstarter-1, we established 1019 lines contain-
ing independent transpositions {Table 2}. The chro-
mosomal location of each new insertion was mapped
genetically using dominantly marked balancer chro-
mosomes {Table 3). An equal number of second and
third chromosome insertions is expected, because only
half of the insertions on the two second chromosomes
are recovered in the absence of Jumpstarter, whaie all
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TABLE 2

Results of Piry* 11} mutagenesis screen

TABLE 3

Segregation analysis of P{ry*/1] insertions

Mutagenesis step Neo. Chromosome No. of isertions
Fotal no. of fertile G, crosses 3267 ¥ i
Gy cresses with 1y" sens (Gy) in which Jump- 1201 ¥Y 4
starter | also segregated uway 2 541
Bead/sterile Gy rv* sons 182 3 198
Established lines 19419 4 35
Ilouble, unstable or scoving ervor 40

the insertions on the mwh vy’ ¢ third chromosome
segregate from jumpstarter and are recovered. The
observed excess of insertions linked to the second
chromosome was in part an artifact of the way the
segregation tests were performed. Lines containing
insertions on both the second and third chromosomes
would have failed to score as third chromosome in-
serts, and would have been recovered as second chro-
mosome stocks (see MATERIALS AND METHODS). In
addition, second chromosome insertions occurring as
premeiotic clusters are also recovered more efficiently
than third chromosome clusters, since premeiotic
transposition increases the chance of obtaining a
sperm that does not carry the Jumpstarter chromo-
SO,

Analysis of Ylinked Plry™11] insertions: Five
Plry*11] msertions were linked to the ¥ chromosome
{Table 3). Four of these strains carried a y'V chro-
mosome, so that insertion might have occurred on the
small region of X euchromatin present on this chro-
mosome (MuLLER 1948). The fifth line {(YR) resulted
from insertion on a normal ¥ chromosome. To deter-
mine whether a Y-autosome translocation rather than
an insertion was responsible for the observed linkage,
ry* males from all five ¥ insertion lines were crossed
to 1y /TM3, $b ry™ ¢ virgins and Seo/Cy0, en®; 1y°%°
virgins (Figure 3}, ry* Sb males and ry* Cy males were
then crossed to ry" virgins to determine if mheritance
of ry* required only the ¥ chromosome. In four of
these five lines, Y1, Y2, Y4, and YR, progeny were
recovered in which both Piry* 11 and CyO or Plry 1]
and TM3, 86 were present. These resuits demon-
strated that a large Y-autosome translocation could
not account for tlie observed Y linkage. Line Y3 failed
to produce any ry” Cy sons indicating that second
chromosome material had combined with the ¥ and
both chromesomes must be inherited to prevent aneu-
ploidy.

As described above, one line {(YR) resulted from
insertion on a normal ¥ chromoseme, Aithough inser-
tion of P elements into heterochromatin is rare, PRES-
TON and ENGELS (1989) previously obtaned genetic
evidence that active P elements resided on a ¥ chro-
mosome isolated from a £ strain by outerossing. Con-
sistent with the presumed heterochromatic nature of

the Pfry*11] YR insertion, not all progeny of single
¥R males crossed to ry females expressed the rosy eye
color phenotype {2-80% of male progeny). All sons,
however, transmitted the gene. In contrast, YR males
derived from an attached-X stock were >95% rosy™
This behavior may reflect very low levels of rosy
expression in YR males due to a heterochromatic
position effect on the gene. Eye color variegation is
not expected since rosy is not cell autonomous in the
eye {see RusHLOw and CHOVNICK 1984; RuSHLOW,
BranER and CHOVNICK 1984).

Comparing targets of Piry* 71} and P{neo™] inser-
tion: Complementation analysis was used to compare
in detail the insertion sites derived in these experi-
ments from the P{ry*11] element at locus IF with the
insertion sites derived from a P{reo™] element at locus
9C {(CooLxy, KELLkY and SPRADLING 1988} Only
lines in which a mutant phenotype was associated with
transposon insertion could be studied. Lethal and
male sterile mutations on the third chromosome were
used in these comparisons. To reduce the number of
required crosses, we first localized the insertion sites
of the P[ry"11] elements by in situ hybridization. All
third chromosome lethal und sterile lines were crossed
with those insertions located within the same lettered
cytogenetic unit (or one unit on either side) and the
trans heterozygotes were scored for complementa-
tion, The results of these studies are compiled in
‘Table 4 and are plotted in Figure 4. Following local-
ization by in situ hybridization, several insertions were
recognized as alleles of known mutations following
appropriate complementation crosses. ‘Tlie known
mutations mutated by P[neo®] and P[ry* 11} are sum-
miarized in Table 5.

The complementation tests revealed that most
genes were hit only once. Since a large number of
genes are targets for P element insertion, this result
is not surprising. However, those cases where genes
were mittated more than once in the two screens were
informative. One previcusly nndescribed gene mu-
tated to mule sterility in five independent lines, three
with P{neo®™] and two with P[ry*11]. Another probable
hotspot was the celi cycle gene string, which was
mutated twice by both elements, String mutations have
been reported in other single P element mutagenesis
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TABLE 4

Third chromosome sterile and lethal lines

Site Murant Site Munant

A, Third chiromosome Flry” 1] lethals

81A ry }22 B4ALT ry l6
61D vy P11 BAD/E  ry 60
65A ry 50 84F 78
6600 9, 6l vy B4F ry &7
148: hairy
80A ry 15
G8B/C ry 116 94C ry 151
G380 ry 98 9GE ry 114
68D/ ry 40, neo 17: g1¢ ry 133
cyelin A
G927 ry J41
700 ry 99 QABL2 ry 136
70¥F and 750 vy 125 438 vy 84
73A ry 8% 93134 6
74C ry 59 Y8FB.6 ry 93
75034 ry 104): all discs 94C/D  ry 107
smadl
94F ry 146
76D 119 94F 1y 69
TRC/D ry 3 468 ry 73
T4DE ry 102 97F ry 160
75884 vy 127 9GA ry 8¢, ry 129,
neo G, neo
62: string
TaF ry 85
R2B/C, B2 1y 103, 1y 147
82F ry 74 98¢ vy 46, nee 63
83C1.2 ry 82 100A vy 103
B. Third chromssome Pry*] 1} and Plnes” ] male steriles
610 new [ 8B nide 6
628 nee 4 88D neol, 3, 6 and
ry}, 3
87DE w3
83D nee 5 968 ry 2
8H5A4,5 neo 30 96D ry 4

experiments as well (Ebcar and OFFargeil 1989
BIER et ol 1989). Two genes were hit once by both
elements {cyclin 4, 68D/E; ¥(2}99F). Four genes were
hit more than once by a single element (hairy, 66D10;
I(3yry B2CL; K Dneo HM4D/E, and {I)mes 82E) As
discussed below, these resuits indicated that the tar-
gets sites of the two elements overlapped.

BISCUSSION

Transposition frequencies: Measurement of trans.
position rates of seven specific P insertions revealed
that chromosome position does influence mobility, at
least in the case of the P[ry* 1] elements. This element
transposed six times more frequently when located at
7D than at 9AR sites. This difference could not be
ascribed to premeitotic clusters because the jumping
rates also differed significantly (x% P < 0.05). In
contrast, oniy weak position effects were observed
among the three Piry* 11} insertions. The insertion at

s} 880
L]

*
ma(3) estr string

FiGURE 4.—Comparison of the insertion sites of third chremo-
some lethals and male steriles generated by insertion of Plnee®]
{ubove the line}and Piry" 1 {} (below the Bine). Thinarrows represent
single hits, thick arrows represent multiple hits, Starred arrows
represent Joci targeted by hoth elements. Insertion sites for the
lethal P{nec”] alleles were obtained from Table 2in CooLey, KELLEY
aind SPRADLING (1988}, Insertion sites Vor all the male steriles and
for the lethal Plry” 1 1] alleles are listed in Table 4, this paper.

9F was mobilized slightly less frequently than the same
element located at 1F or 18A in two separate experi-
ments, The excision rate at the 9F site was also lower,
however, these differences were not statistically sig-
nificant.

Differences in the structure of the P[ry"1] and the
P[ry*11] elements had a large effect on transposition
frequency. Averaged over the different starting sites,
P{ry"11| elements transposed greater than 12-fold
more frequently than Piry”™ I] elements. Differences in
element structure rather than position effects prob-
ably also account for most previously reported differ-
ences in P element transposition rates (ROBERTSON et
al. 1988). Although the diverse elements tested trans-
posed in 0.03-20% of progeny, a nearly 10°-fold
difference, no single element varied more than 9-foid
at different chromosomal sites.

The greater efficiency of the P[ry"11] element may
resule from the location in the parent P element where
the rosy gene is inserted. Position 882, the insertion
site in Plry" 11}, lies just 12 nucleotides 5’ to the site
of the internal deletion in the defective P element. In
the P{ry"1] elements, however, rosy is inserted at po-
sition 733, 149 bp farther 53'. Although the region
between these two insertion sites is not essential for
transposition (RUBIN and SPRADLING 1983, MuLLINs,
Ri10 and RuniN 1989), maintenance of the first 882
bp might facilitate higher levels of transposition.

Target site specificity: There are several ways in
which the initial site or strictizre of a transposon might
affect its target sites. The distance between the initial
site and individual targets is likely to vary within germ
cell nuclel where transpositions occur. If transposi-
tions usually take place within a small radius of the
starting site, then nonrandom, three-dimensional or-
ganization of chromosomes in these cells would gen-
erate site-specific differences in observed target sites.
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TABLE &

Genes independently mutated by elements originating from
different sites

independently
Gene” Functicn Ref® matated?

aft discs small” Disc development 1,7 Yes

bag of marbles Female fertility 2 No

big brain Neurogenesis 2 ?
chickadee Female fertikity 2,5 4 Yes
eyelin A Cell eycle 1,2,5 Yes
dorsal dfv polarity 3,4 Yes
Jasciclin 1HE Nervous sysiem 4,6 Yes
fipper Growth i, 4 Yes
hairy Segmensation i, 7 Yes
kelch” Femule fertility 2 Ne
ms{ 880" Mule ferlity 1.2 Yes
rotated abdomen  Morphogenesis 2,4 Yes
staufen a/p polarity } No
string Cell oycle 1,25 Yes
vase Cerm line 3, 4,5 Yes

* Al genes are described in Livpseey and Zivu {1086, 1990}

unless otherwise noted,

* References: {1} this paper; (2} COOLEY, KELLEY and SPRADLING
{1988} 43) L. Yuz, €, BERG und A. SeRADLING (unpublished); (4}
A. C. SPRADLING, unpublished; {5} Biew of ol {1989); {6) BRLLEN of
al. {1989 (7} INGHAM ¢f ol (1985}

"A third chromosome disc nmtation recovered in the screen
described in DEAROLF, HERSPERGER and Sinary (1988)

I MoREARIN and SPranLING {$900).

' Secorsd chormosome female stenie mutations recovered in the
screen described in SeHUPBAGH and WiESCHAUS (1989}

T LarNER and €F FARRELL { 19RG).

F Patel, Snow and GoopMan {1987).

" *T'his paper, Table 4B.

Alternatively, the local DNA sequence near the start-
ing site or of the element itself might influence target
selection. For example, following cleavage at a poten-
tial target site, a sequence-dependent interaction with
the initial site might be required to bring the target
close enough for transposition to occur.

The amount of overlap between the target sites of
the P[ry*11] {1F) and Pinec”| (9C) insertions can be
estimated using the Poisson distribution. A minimum
of 582 third chromosome target sites for lethal mu-
tation by the P[neo”| (9C) element must exist, based
on three coincident mutations among 63 lines tested
{CooLky, KrrLEY and SeraplLING [988). ¥ the
Piry* 11} (1F) insertions are selected from the same
pool of target sites, then about 2 internal concidences
wonld be expected arnong the 45 lethal Plry*71] in-
sertions. Three additional lethal insertions would be
expected to correspond to sites mutated in the P[neo”™)
collection. ¥ the elements select different genes as
targets, then a lower level of overlap should exist
between genes mutated by Piry"11]and Plneo”}.

About the predicted degree of overlap between the
two distributions was observed. Two genes were mu-
tated twice by Piry"11] and one gene three tines
(Table 4A). Three genes were mutated by both
P{ry* 117 and P|neo™) elements. However the existence

of insertional hotspots complicated the comparison.
The string locus was mutated twice in both samples,
indicating that it represents a mutational hotspot.
Turgets mutable to male sterility also overlapped, and
corresponded to hotspots. One locus in region 88D
mutated in 3 of 7 P[neo”}insertions. Complementation
analysis revealed that this same gene was disrupted in
2 of B Plry*11] lines. Additional evidence of overlap
among hotspots exists for the eyclin A as well as string
loci. Two string alleles and two ¢yclin A alleles were
recovered among mutations induced following trans-
position of another X-linked but different mutator P
element (BreR of af. 1989). The existence of hotspots
means that the total number of third chromosome
loci mutable to lethality is actually much greater than
the 582 derived from the Polsson distribution. There-
fore we could conclude that the Pineo™} and Plry*11]
elements target an overlapping set of sites for inser-
tion; however, whether only insertional hotspots over-
lap or if all sites are identical cannot be determined
from our data. Evidence that many genes can be
mutated from different starting sites is summarized in
Table 5.

Cne locus in our experiments appeared to be a
preferred target of the Piry 11} clement. The hairy
gene was mutated by three P[ry*11] (1F) insertions
but was not mitated by P[nes™1{9C). 1t is unlikely that
mutation to lethality at kgiry requires a seguence
present only within the P[ry™ 111 element, since P
elements lacking any heterologous sequences can
cause lethal hairy mutations (INGHAM et al. 1985} Our
experiments do not completely exclude the probabil-
ity on statistical grounds that the hairy gene is equally
mutable with both the Piry*17] {1¥) and Pineo™] (9C)
transposons. Given a hotspot that receives three wu-
taticns, the clunce that all three will fuli within the
Piry*11] set would be (1/2) = 0.125 if the screens
had been of equal size, or, (45/(45 + 63))° = 0.072,
when the actual number of lethals in each group is
considered. Nonetheless, these observations argue
that starting location or structure may influence target
site selection in certain cases.

Much higher nutation rates have been observed
for several genes in single element screens than during
hybrid dysgenesis (KibwrLL 1987). For example, two
alleles of big brain were recovered among 725 second
chromosomes examined in the Pinee”] screen coni-
pared to 0/6000 in the dysgenic screen carried out by
YEDVOBNIK ¢f al. (1985, 1988). Likewise, three of 398
P|ry* 11} insertions produced hairy mutations, com-
pared to only seven of 20,000 chromosomes mutagen-
ized during hybrid dysgenesis (INGHAM ¢t al., 1985).
Simifarly, mutations at staufen and ell dises small were
obtained at higher frequency by mobilizing a specific
element compared to liybrid dysgenesis. Target site
preferences resulting from differencesin the structure
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and starting sites of the mutagenic elements might
explain some of these observations. Greater mutability
could be due to the larger size of the specific elements:
insertion of a 15-kb element carrying lac-Z, plasmid
sequences and a ry* marker might have a more dele-
terious effect on a gene than insertinga 1 kb P element
deletion-derivative. Rate discrepancies could be more
apparent than real, however, since the number of
elements actually mobilized during hybrid dysgenesis
has rarely been monitored. Clearly more studies com-
paring the target sites of specific elements will be
necessary to resolve these issues.

We are indebted to Denngs MeKearm for help with the inser-
tionat mutagenesis screen. This work was supported by American
Cancer Society grant PF-288% to C.A.B. and National Institutes of
Heulth grast GM27875 10 AC.S.
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