Copyright © 2003 by the Genetics Society of America

Genetics of PElement Transposition Into Drosophila melanogaster
Centric Heterochromatin

Alexander Y. Konev,"? Christopher M. Yan,'? David Acevedo,* Cameron Kennedy,*
Elaina Ward, Arlene Lim, Sanjay Tickoo® and Gary H. Karpen®

Molecular and Cell Biology Laboratory, The Salk Institute for Biological Studies, San Diego, CA 92037

Manuscript received May 1, 2003
Accepted for publication September 9, 2003

ABSTRACT

Heterochromatin is a major component of higher eukaryotic genomes, but progress in understanding
the molecular structure and composition of heterochromatin has lagged behind the production of relatively
complete euchromatic genome sequences. The introduction of single-copy molecular-genetic entry points
can greatly facilitate structure and sequence analysis of heterochromatic regions that are rich in repeated
DNA. In this study, we report the isolation of 502 new P-element insertions into Drosophila melanogaster
centric heterochromatin, generated in nine different genetic screens that relied on mosaic silencing
(position-effect variegation, or PEV) of the yellow gene present in the transposon. The highest frequencies
of recovery of variegating insertions were observed when centric insertions were used as the source for
mobilization. We propose that the increased recovery of variegating insertions from heterochromatic
starting sites may result from the physical proximity of different heterochromatic regions in germline
nuclei or from the association of mobilizing elements with heterochromatin proteins. High frequencies
of variegating insertions were also recovered when a potent suppressor of PEV (an extra Y chromosome)
was present in both the mobilization and selection generations, presumably due to the effects of chromatin
structure on P-element mobilization, insertion, and phenotypic selection. Finally, fewer variegating inser-
tions were recovered after mobilization in females, in comparison to males, which may reflect differences
in heterochromatin structure in the female and male germlines. FISH localization of a subset of the
insertions confirmed that 98% of the variegating lines contain heterochromatic insertions and that these
schemes produce a broader distribution of insertion sites. The results of these schemes have identified
the most efficient methods for generating centric heterochromatin P insertions. In addition, the large
collection of insertions produced by these screens provides molecular-genetic entry points for mapping,

sequencing, and functional analysis of Drosophila heterochromatin.

HE division of chromosomes into euchromatic and

heterochromatic regions is perhaps the most strik-
ing and enigmatic aspect of genome organization in
multicellular eukaryotes. Heterochromatin was originally
defined as differentially staining regions of chromo-
somes, which retained a compact appearance through-
out the cell cycle (Herrz 1928). Other unusual charac-
teristics include late replication, regular nucleosome
spacing, relatively inaccessible chromatin, the ability to
silence euchromatic genes, and positioning in a distinct
subnuclear domain at the periphery of interphase nu-
clei (reviewed in JoHN 1988; ZHiMULEV 1998; HENNIG
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1999; Gasser and CockiLL 2001; GREwAL and ELGIN
2002). Heterochromatin is a major component of higher
eukaryotic genomes, comprising ~30% of both the fly
and human genomes. It is concentrated in large blocks
in the centric and subtelomeric regions of all chromo-
somes and is composed of highly repeated short se-
quences (satellite DNAs), middle-repetitive elements
(predominantly transposable elements), and some sin-
gle-copy DNA and genes. Despite an abundance of re-
petitive DNAs, heterochromatin is not functionally in-
ert. It harbors the ribosomal RNA genes as well as genes
required for viability and fertility (GATTI and PIMPINELLI
1992). Regions necessary for essential chromosomal in-
heritance functions, including kinetochore formation,
sister-chromatid cohesion, disjunction of achiasmate chro-
mosomes, and meiotic pairing of the X and Y chromo-
somes, are present in heterochromatin (McKeE and KARr-
PEN 1990; HAWLEY et al. 1993; DERNBURG et al. 1996b;
KARPEN ¢f al. 1996; LEE and ORR-WEAVER 2001; SULLI-
VAN et al. 2001). Without an in-depth understanding of
heterochromatin structure, a truly complete understand-
ing of genome function and evolution will remain elusive.

The nucleotide sequence of most of the euchromatic



2040 A.Y. Konev et al.

portion of the Drosophila melanogaster genome has been
determined (Apawms el al. 2000), yet progress in under-
standing the molecular structure and composition of
heterochromatin has lagged behind. Approximately one-
third of the D. melanogaster genome is heterochromatic,
yet only a few regions of heterochromatin have been
sequenced or mapped molecularly (DEVLIN et al. 1990;
TrAPITZ et al. 1992; HOCHSTENBACH et al. 1994; LE et
al. 1995; LosaDA et al. 1997; SUN et al. 1997). The pre-
ponderance of repetitive sequences in the heterochro-
matin creates challenges to cloning and sequence analy-
sis, which are difficult to overcome using standard
molecular methodologies. The introduction of single-
copy molecular-genetic entry points can greatly facilitate
structure and sequence analysis of regions rich in re-
peated DNA. For example, studies of the minichromo-
some Dp(1,f)1187 (Dp1187) utilized rearrangements be-
tween heterochromatin and euchromatin to dissect the
structure and inheritance functions of centric hetero-
chromatin (KARPEN and SPRADLING 1990; LE ef al. 1995;
MurrHY and KARPEN 1995; SUN et al. 1997).

Transposition of marked transposable elements pro-
vides another method for introducing single-copy entry
points into regions of repeated DNA. Indeed, P-element
transposon insertions were instrumental in assembling
a 10-kb sequence of repeated DNA in the Dp1187subtel-
omeric heterochromatin (KARPEN and SPRADLING 1992).
The Drosophila Pelement is particularly useful because
transposition can be controlled (SPRADLING and RUBIN
1982; ENGELS 1984; CoOLEY et al. 1989) and modified
elements can be constructed in vitro and introduced
into the genome (RUBIN and SPRADLING 1982). A large
collection of euchromatic P insertions has been gener-
ated and has been invaluable for analysis of euchromatic
gene structure and function (SPRADLING et al. 1995, 1999;
RoRTH et al. 1998; Liao et al. 2000; OH et al. 2003). Our
goal is to generate a large collection of heterochromatic
P insertions that will serve as molecular-genetic entry
points for mapping, sequencing, and functional analysis
of Drosophila heterochromatin. This approach requires
the development of an effective and robust method for
isolating heterochromatic insertions.

P elements have a marked tendency to be recovered
in euchromatic rather than in heterochromatic sites
(BERG and SPRADLING 1991). Nevertheless, previous in-
vestigations demonstrated that P-element insertions can
be recovered in heterochromatin by selecting for posi-
tion-effect variegation (PEV) or by silencing of marker
genes contained in the transposon construct. PEV is the
clonal inactivation of a euchromatic gene that has been
positioned close to or within heterochromatin due to
chromosome rearrangement or transposition (reviewed
in KARPEN 1994; WEILER and WAKIMOTO 1995; ZHIMU-
LEV 1998). In Drosophila, reporter genes exhibit sup-
pressed and variegated expression when inserted into
centric and telomeric regions but rarely after insertion
in euchromatic sites. Heterochromatic insertions have

been recovered using silencing of constructs carrying
rosy” (ry"), white" (w") eye color genes, or yellow" (y")
body color and w* genes (ZHANG and SPRADLING 1994;
ROSEMAN et al. 1995; WALLRATH and ELGIN 1995; CRYD-
ERMAN et al. 1998; ZHANG and STANKIEWICZ 1998). How-
ever, these insertions were isolated at a severely reduced
rate relative to euchromatic insertions, 2- to 15-fold less
than expected on the basis of the physical proportion
of heterochromatin in the genome. Furthermore, many
of the variegating insertions were recovered in telomeric
rather than in centric regions.

In a previous study we showed that screening for varie-
gation of y is a very efficient method for recovering
centric insertions (YAN et al. 2002). Nearly all (97%) of
the 73 variegating insertions analyzed in the YAN et al.
(2002) screen were located in centric heterochromatin.
High-resolution fluorescent in situ hybridization (FISH)
mapping showed that insertions were recovered in 23
of the 61 cytogenetic bands of Drosophila centric het-
erochromatin. Thus, these results demonstrated proof
that high-efficiency recovery of centric heterochromatin
P elements can be achieved by choosing a marker gene
with a strong promoter, to partially ameliorate gene
repression (YAN et al. 2002). The distribution of inser-
tions within heterochromatin was wide, but nonrandom.
For example, insertions in X and fourth chromosome
heterochromatin, and in much of the third chromo-
some heterochromatin, were not recovered.

Here we report the results of large-scale screens for
P-element insertions into Drosophila heterochromatin
using y* as a marker gene. Different genetic schemes were
used to increase the yield and spectrum of insertion sites.
Transposition and selection of variegating insertions were
performed under conditions of suppressed and unsup-
pressed variegation. In addition, transpositions were
performed in male and female germlines, and P ele-
ments were mobilized from both euchromatic and het-
erochromatic starting positions. All of these schemes
produced high frequencies of variegating insertions,
especially when the starting site was in heterochromatin.
In total, 502 variegating insertions have been produced
in these screens; this collection will serve as a key reagent
for future studies of heterochromatin structure, se-
quence, and function.

MATERIALS AND METHODS

Drosophila stocks and culture: Flies were grown on standard
cornmeal/molasses/agar media (ASHBURNER 1990) at 22°.
Unless stated otherwise, the mutations and chromosomes used
in this study are described in FLyBask (2003). The following
standard laboratory stocks were used: (1)y’; n’%, (2) y'; Sp/
CyO, [SUPor-PJ; vy°%, (3) y'; TMS, P[ry*A2-3] " /ry’%, (4) Y3
X.Y", In(1)EN, y'/Y: vy’%, (5) YSX.Y", In(1)ENI, y'/0; TMS,
Plry*A2-3] w'%/ny%" (6) YSX.YL, In(1)ENI, y'/Y: TMS,
Plry*A2-3] ry’%/ry’, and (7) C(1)RM, y' v'/Y; ry’”. With the
exception of dominantly marked or rearranged chromo-
somes, all these stocks shared the same y’; r)°” genetic back-
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ground. The Y*X.Y", In(1)ENI, y attached X-Y chromosome is
further designated as XY and is used to introduce an extra
Y chromosome for PEV suppression. C(1)RM, y' v'is composed
of two X chromosomes attached to a single centromere. The
strain containing the SUPor-P (suppressor-P) element at poly-
tene chromosome position 60F on the CyO balancer chromo-
some is described by ROSEMAN et al. (1995). The SUPor-Pelement
carries two reporter genes, y* and w", as well as two suppressor
of hairy wing [su(Hw)] binding regions (chromatin insulator
elements from the gypsy transposon) flanking the w" gene
(ROSEMAN et al. 1995). We consider the 60F insertion to be
located in euchromatin; the insertion is subterminal, and the
yellow and white marker genes are fully expressed and exhibit
none of the variegation observed for telomeric insertions. In
addition, we used six stocks carrying variegating Y chromo-
some SUPor-Pinsertions, as described in YAN et al. (2002): B783.2
(insertion in h17-18), B840.1 (h10), J632.2 (h10-13), B296
(h16), K13.1 (h11-13), and C151(h3). All P elements were
mobilized using the P/ry*A2-3](99B) transposase present on
the TMS balancer chromosome (ROBERTSON and ENGELS
1989).

Definition of the y variegation phenotype: In a previous
study we demonstrated that insertions could display two types
of aberrant expression of y (YAN et al. 2002). The first type,
referred to as “y misexpression” insertions, displayed either a
general lightening of the pigmentation in the wings and/or
the abdomen compared to wild-type or specific patterns of
pigmentation (for example, y wings/wild-type abdomen or
the opposite, gradients in pigmentation level, patches of
lighter, but not y cuticle). The second type, the “yvariegators,”
exhibited predominantly yabdomens with y* spots or predom-
inantly y© abdomens with patches of y pigmentation. In this
study we isolated only “y variegating” insertions with clear
all-or-none mosaic y expression, since previous FISH analysis
demonstrated that “y misexpression” insertions all localized
to euchromatin or telomeres (YAN et al. 2002). Note that non-
variegating, primarily euchromatic insertions were saved and
incorporated into the Drosophila Gene Disruption Project
(“KG” lines, http:/flypush.imgen.bcm.tmc.edu/pscreen/).

Genetic screens to isolate heterochromatic insertions: Nine
different mating schemes were used to isolate yellow-variegat-
ing insertions (Figure 1). For the sake of simplicity, the experi-
ments involving particular genetic schemes are referred to
hereafter as “scheme” with the corresponding number. For
all experiments, F; progeny used to activate transposition were
produced by crosses en masse in bottles. The mobilization-
generating crosses were performed in vials as a precaution
against recovering multiple lines from the same insertion
event. Unless stated otherwise, F, transposition generations
involved crossing four virgin females with three to four males.
Such experimental conditions are optimal for producing a
high yield of insertions, without generating too many events
in one vial (DOBIE et al. 2001).

In genetic schemes 1-6, the SUPor-P element inserted on
the CyO chromosome at cytological location 60F was used as
a starting point for transposition. In all these schemes new
mobilizations were identified in the F, generation as straight-
winged flies (Cy™) with pigmented wings and/or abdomens.
Variegating flies, presumably arising as a result of simultane-
ous excision of the element and insertion into heterochroma-
tin, could also be detected among Cy progeny. Therefore,
flies with y variegation were selected regardless of the wing
phenotype. However, variegators recovered from Cy flies were
excluded from all calculations of transposition frequency, be-
cause corresponding nonvariegating transpositions could not
be distinguished from the flies bearing the original insertion
in the CyO chromosome.

Summaries of the genotypes used in the mobilization and

selection generations are shown in Figure 1. The rationale
and crosses used for each scheme are detailed as follows.

Schemes 1-6 utilized the SUPor-Pin 60F as the starting point
for transposition:

Scheme 1. This is the same scheme used in the original (YAN
et al. 2002) study, involving mobilization in males, and no
extra Y chromosome in either the transposition or the scor-
ing generations. SUPor-P was activated by a transposase
source (A2-3) in the male germlines. These males were
produced by crossing y'; Sp/CyO, P{SUPor-P}; rp’" females
either to y'; TMS, P[ry"A2-3] 1y°"/ry’” males or, in some
experiments, to Y*X.Y%, In(1)EN, y'/Y, TMS, Plry"A2-3]
1’ /ry’* males. Males carrying both the SUPor-P element
and TMS, A2-3 chromosomes were mated to y’; ry°”* females
and progeny were screened for new insertions.

Scheme 2. Transpositions from 60F were induced in regular
X/ X females to compare frequencies of recovery from fe-
males vs. males. Virgin y%; +/Cy0, P{SUPor-P}; TMS,
Plry*A2-3] ry’"/ry’* F, females were crossed to y'; %
males. F, females were generated by crossing y’; TMS,
Plry*A2-3]1y°" /ry** females to y'; Sp/CyO, P{SUPor-P}; ry’"/
1°” males.

Scheme 3. Mobilization occurred in males with no extra Y,
and new mobilization events were screened in flies carrying
an additional Y chromosome. y’; +/CyO, P{SUPor-P}; TMS,
Plry*A2-3] 1p°"/ry’* F, males were crossed to Y*X.Y’,
In(1)EN, y'; 1y’ females.

Scheme 4. Mobilization occurred in normal genotype females,
and new events were scored in females with additional het-
erochromatin and in males with a normal sex-chromosome
constitution. Virgin F; females of genotype y% +/Cy0,
P{SUPor-P}; TMS, Plry*A2-3] ry’*/ry’® were crossed to
YSX.YE, In(1)EN, y'/Y; ry°” males.

Scheme 5. Females of the genotype YSX.Y, In(1)EN, y'; TMS,
Plry*A2-3] 17" /ry*" were crossed to y'; Sp/Cy0O, P{SUPor-
P} males to generate males bearing SUPor-P, A2-3, and an
additional Y chromosome. These males were crossed to
VSX.Y", In(1)EN, y'; 1°" to select for mobilization events
in the presence of an additional Y chromosome.

Scheme 6. To produce mobilization-generating females with
an additional Y chromosome, y’; Sp/CyO, P{SUPor-P} females
were crossed to Y*X.Y*, In(1)EN1, y'/ 0, TMS, P[ry*A2-3] ry’%/
1°” males. Males generated in these crosses were sterile due
to lack of a Y chromosome, which facilitated virgin selection.
VSX.YY, In(1)EN, y'/y"; +/CyO, P{SUPor-P}; TMS, P[ry*A2-3]
1’/ 19" females were mated to Y*X. Y%, In(1)EN, y'/Y; ry’®
males to select for new mobilizations in the presence of an
extra Y chromosome.

Schemes 7-9 utilized heterochromatic insertions as starting
points for remobilization:

Scheme 7. Y*X.Y%, In(1)EN, y'/Y, P{SUPor-P}; TMS, Plry*A2-3]
19°”/ry°® mobilization males with an extra ¥ chromosome
were obtained by crossing Y*X.Y:, In(1)EN, y'; TMS,
Pry*A2-3] 1p°" /ry’" females to y'/Y, P{SUPor-P}; ry’” males.
Six lines carrying Y chromosome variegating SUPor-P inser-
tions in different locations were used in these experiments.
X7Y/Ymales carrying variegating ¥ chromosome insertions
and transposase were mated to C(1)RM, y' v'/Y; ry’* females.
Half of the progeny died as result of aneuploidy; therefore,
five to seven virgin females instead of four were used to
increase the yield of progeny. New insertions were identified
as y "-expressing males in the presence of an extra Y chromo-
some.

Scheme 8. In this scheme Y chromosome SUPor-P insertions
were mobilized in males with a regular sex-chromosome
constitution. F; males of genotype y'/Y, P{SUPor-P}; TMS,
Plry*A2-3] ry’%/ry’" were selected after crossing y'; TMS,
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Plry"A2-3] ry’% /ry’" females to y'/Y, P{SUPor-P}; ry’" males
bearing the K13.1 or B783.2 Y chromosome insertions. Mo-
bilization events were recovered as pigmented males pro-
duced in the crosses of C(1)RM, y' v'/Y; 1y°” females to y'/
Y, P{SUPor-P}; TMS, P[ry"A2-3] r’"/ry’® males. Crosses
were performed using the same conditions as described for
scheme 7.

Scheme 9. Two y variegating SUPor-P insertions in the hetero-
chromatin of the CyO chromosome, for simplicity referred
to as CyO, y, were used as the source for mobilization.
Three or four F; YSX.Y", In(1)EN, y'/Y; +/CyO, y™ ; TMS,
Plry*A2-3] ry’*/ry’* males were mated to four YSX.Y%
In(1)ENI1, y'; p°" virgin females. New transpositions were
identified in the F, as straight-winged pigmented flies in
the presence of an extra Y chromosome.

Stock establishment and determination of genetic linkage:
Since variegating insertions are relatively rare events, we se-
lected all variegating flies, males and females, with and without
the TMS balancer (Sb and Sb"). Stocks were established by
backcrossing to either y'; n’* or YSX.Y%, In(1)EN, y'; ",
depending on the mating scheme. If insertions were recovered
as females, male F; progeny from variegating females were
used to establish the stocks. For variegators recovered as fe-
males in scheme 3, backcrosses to YSX.Y", In(1)EN, y'; ry’®
females were repeated twice to ensure uniform sex-chromo-
some constitution of the stocks. Variegating insertions into
the TMS balancer were discarded. For non-TMS insertions
recovered as Sb flies, the TMS chromosome was removed by
crosses with either y’; 19" or X*Y, y; rp’". To avoid remobiliza-
tion or rearrangement of insertions, 5-10 substocks were estab-
lished from individual Sb* variegating males derived from
these crosses. When the level of variegation among substocks
was identical, one substock was kept as representing the origi-
nal insertion. Occasionally we observed the appearance of
flies with a different variegation phenotype from the majority
or with a different genetic linkage of the insertion; such flies
were used to make independent stocks of likely secondary
transpositions. These stocks are not included in Tables 1-3,
but are reported in the text and are included in the total
number of insertions generated. All stocks carrying variegating
insertions were maintained by crosses of variegating flies inter
se. Genetic linkage of insertions with Y, X, XY, or autosomes
was determined by analysis of marker inheritance.

Statistical analysis: Considering that the yield of flies and
ratios of flies of different genotypes varied among the schemes,
we calculated the frequency of transpositions relative to the
total number of flies screened (Figure 1, Table 3). Since
P-element mobilization often occurs premeiotically (DANIELS
and CHOVNICK 1993), multiple flies with new transpositions
recovered from the same vial were counted as a single transpo-
sition event. Thus, the transposition rate may be underesti-
mated, since three to four males and female parents were
used in transposition-generation crosses. This should have
very little impact on the frequency of variegating insertions,
because the recovery of variegators per vial was low. Chi-square
tests for independence were used to estimate the statistical
significance of differences in the frequency of transpositions
and the proportion of variegating insertions.

FISH localization: Insertions were localized with respect to
the 61 heterochromatic bands in mitotic chromosomes from
larval neuroblasts, using SUPor-P as the probe. Methods used
for FISH and qualitative and quantitative assignments to bands
are described in YAN et al. (2002).

RESULTS

Design of the screens: In a previous study we deter-
mined that screening for yvariegation among insertions

of SUPor-Pis a very efficient method for recovering cen-
tric insertions (YAN et al. 2002). In this study we con-
ducted large-scale screens for yvariegating SUPor-P in-
sertions to produce multiple, unique entry points into
Drosophila centric heterochromatin. The relatively low
frequency of heterochromatic insertions compared to
insertions into euchromatin observed in previous screens
could be caused by a reduced probability of insertion
in heterochromatin due to the condensed nature of the
chromatin or the absence of insertion sites preferred
by Pelements. Alternatively, the recovery of heterochro-
matic insertions could be reduced due to complete si-
lencing of the marker genes. Nine different genetic
schemes (see MATERIALS AND METHODS and Figure 1)
were carried out to determine if modification of geno-
types during mobilization and selection of insertions
would alter the yield of variegators and the spectrum
of insertion sites. Some schemes used a strong suppres-
sor of PEV (an extra Y chromosome) in the scoring
generation to recover insertions that would otherwise be
phenotypically silenced (ZHANG and SPRADLING 1994).
Other schemes included an extra Yin the mobilization
generation to test the hypothesis that “opening” the
chromatin would cause heterochromatin to be a better
target for insertion. The starting site could also affect
the integration or recovery of heterochromatic P 5. For
example, heterochromatic regions associate with each
other in the nucleus (DERNBURG et al. 1996a), and trans-
position from a heterochromatic position may increase
the probability of integration into heterochromatin.
Therefore, we compared mobilization of SUPor-P from
a euchromatic site (60F) and heterochromatic sites (Y
or second chromosome). Finally, mobilization was car-
ried out in males and females to determine if there
were gender-specific differences in the mobilization or
recovery of variegating insertions. The specific crosses
used are described in MATERIALS AND METHODS and
Figure 1.

Mobilization of SUPor-P from a euchromatic position
(CyO chromosome, position 60F): Mobilization and selec-
tion in males and females with regular sex-chromosome constitu-
tion (schemes 1 and 2): Scheme 1 involved mobilization
in regular X/ Y males and selection of variegating inser-
tions among flies with a normal sex-chromosome consti-
tution. Fourteen percent of the insertions recovered in
scheme 1 displayed y variegation. This proportion is
nearly fourfold higher than that observed in the pilot
study (3.1%; YAN et al. 2002), most likely due to experi-
ence gained in the pilotscreen that facilitated the identi-
fication of variegators. For individual established lines,
variegation was usually much stronger in females wvs.
males; in some cases there appeared to be no y* expres-
sion in females, whereas their male siblings displayed
visible y variegation. This observation can account for
the large difference in the recovery of variegating fe-
males (14% of variegators) vs. variegating males (86%;
P <0.01, expecta 1:1 ratio, Table 1). Sex-specific differ-
ences in y expression could also explain why we failed
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SELECTION HOPS | VARIEGATORS
scHeme | source | Transposmon| @ O  |#scresnen| # % # %
X X X :
i) 2 ot 12
1 |60F £ @ | % y | 186517| 618 0.57| 74
2 60F 1 Q i 1 29249| 109 0.66 4 F1GURE 1.—Description of the screens
X X Y and results. Genotypes of animals used dur-
% % X Y ing the transposition and selection stages
3 60F 2 Q| = — | 201296| 778 0.61|115 15 are shown for the different schemes. The
Y XY Y results for each scheme are reported in the
right-hand columns, including the total
4 60F % Q %Y % 39014 | 126 0.50 3 2 number of flies screened, the total number
of transpositions (hops), the percentage of
X Y XY XY animals with hops, the total number of vari-
5 | 60F v (o XY v 200898 | 985 0.74(176 18  egating insertions, and the percentage of
all insertions that were variegators. See MA-
X Y X X TERIALS AND METHODS for exact genotypes
6 60F 'a 9 X 4 Y x:v| 15340| 682 0.68| 35 and screening methods. Note that the data
A7Y Y presented here do not include insertions
Xy Xy ey recovered in phenotypically Cy animals, be-
7 |Yhet Y g = 37149 | 1720.46| 64 37 cause the corresponding fully y+ new inser-
tions in Cy animals could not be identified.
X X ) These lines are included in the totals re-
8 |Yhetf £ O 2 | 49275| 111 0.22| 28 25 .
Y Y ported in Tables 1-3.
XY XYy XY ¥
9 |2het| =~ @ |7y 5 | 56996| 191 0.34| 50 26
TOTALS | 9547343772 0.40| 549 16

to isolate X chromosome centric insertions in the YAN et
al. (2002) pilot study and why only 2 of the 90 variegating
insertions identified in scheme 1 were X linked (2%,
Table 1). Any insertions into the Xin scheme 1 would
have to be recovered in female progeny, where the yel-
low phenotype is less visible. Scheme 1 resulted in the
establishment of 67 stocks with variegating insertions
(Table 1).

We mobilized the P element in females (scheme 2)
to assess potential sex-specific differences in the mobili-
zation of P elements into heterochromatic sites. We
were also interested in determining if more X centric
insertions would be selected when mobilization events
to the X chromosome were recovered in males. The
overall insertion frequencies were similar in schemes 1
and 2 (0.57 vs. 0.66%, respectively, Figure 1). However,
asignificantly lower percentage of variegating insertions
(4%) was observed when SUPor-P was mobilized in fe-
males compared to its mobilization in males (12%; P <
0.01; Figure 1). Interestingly, one of four variegating
insertions recovered in scheme 2 was Xlinked (vs. only
2% from X/Y males, Table 1); although the numbers
are low, this result suggests that mobilization in females
may enhance recovery of insertions in X centric hetero-
chromatin. We conclude that recovery of variegators is
significantly higher when mobilization occurs in males
vs. females with normal sex-chromosome constitutions.

Mobilization in males and females with regular sex-chromo-
some constitution and selection in the presence of an additional
Y chromosome (schemes 3 and 4): The Y chromosome acts

as a potent suppressor of PEV in trans, presumably by
diluting heterochromatic proteins and increasing acces-
sibility of transcription factors (DimrTrI and PisaNo
1989). Does selection of insertions in the presence of
an additional Ychromosome affect the recovery of varie-
gating insertions? Selection under PEV-suppressed con-
ditions of variegating insertions produced by mobiliza-
tion of the 60F SUPor-P element in males with a regular
sex-chromosome constitution (scheme 3) resulted in
slightly higher recovery of variegators in comparison to
scheme 1 (15 vs. 12%, respectively, Figure 1), but the
difference is not statistically significant (P > 0.1). In
total, 99 stocks with variegating insertions were estab-
lished from scheme 3 (Table 1). As in scheme 1, a
significantly higher proportion of variegators were re-
covered in males vs. females (74 vs. 26%, Table 1).
Interestingly, we observed an approximately twofold in-
crease in the recovery of variegating females in compari-
son to scheme 1 (26 vs. 12%), Table 1); however, a larger
sample would be required to prove that this difference
was significant.

Recovery of variegating insertions was very low (2% of
total insertions) when mobilization occurred in normal
sex-chromosome constitution females, and females were
scored in the presence of an extra Y (scheme 4); only
two variegating males were recovered. This result con-
firmed that mobilization of the 60F SUPor-P element in
females produces a significantly lower proportion of
variegating insertions than mobilization in males pro-
duces (see above).
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TABLE 1

Genetic characterization of variegating insertions

Location (% of total)

No. of No. of Recovery sex (% of total) Autosomes
variegating  established
Scheme  insertions stocks* M F X Y XY Xor X Y GO TMS  Other
1 90 67 86 14 2 10 NA NA 8 18 62
2 4 4 75 25 25 NA NA NA 0 0 75
3 139 99 74 26 0 25 NA NA 12 13 50
4 3 3 100 0 0 NA NA NA 0 33 66
5 203 175 72 28 NA 12 8 NA 8 8 63
6 41 38 66 34 NA NA NA 12 2 12 73
7 55 50 100 NA NA NA 44 NA NA 9 47
8 21 17 100 NA 10 NA NA NA NA 29 62
9 57 49 70 30 NA 26 2 NA NA 12 59
Total 613 502 77 23 1 13 6 1 6 12 59

All genetically characterized insertions are shown, including those that were not included in established stocks because they
were subsequently lost or were not kept because they were inserted on the TMS or CyO balancers. Also included are variegating
insertions selected as Cy flies, which were omitted from Figure 1 (see its legend); most of these were new insertions in the CyO
chromosome, which were discarded, but some were demonstrated to be on other chromosomes during subsequent outcrosses

and thus were included in the established stocks.

“ Established stocks do not include variegating insertions on the CyO and TMS balancer chromosomes or any that were lost
or sterile. Although new insertions on CyO were kept, we have not included them in the totals because they are likely to be less

useful in future analysis.

Insertions are linked with either the X or the XY chromosomes.

Mobilization of P elements in the presence of an additional
Y chromosome (schemes 5 and 6): We were interested in
determining if the presence of an extra Yin the mobili-
zation generation would increase the probability of in-
sertion into heterochromatin and thus the recovery of
variegating insertions. Scheme 5 involved mobilization
in males with an extra Y chromosome and selection
under conditions of PEV suppression (Figure 1). The
proportion of variegating males of the same X"Y/Y ge-
notype recovered from schemes 3 and 5 did not differ
significantly (22 vs. 24%, Table 2, P> 0.05). The propor-
tion of variegating flies among X"Y/X"Y females also
did not differ significantly from the proportion of varie-
gators recovered among X"Y/X females (10 vs. 7%,
Table 2).

However, the frequency of variegating insertions was
increased significantly when an additional ¥ chromosome
was present during both mobilization and recovery. The
proportion of variegating insertions among XY/ Y males
and XY/ X"Y females recovered in scheme 5 was signifi-
cantly higher than the proportions of variegating inser-
tions among flies with regular sex-chromosome constitu-
tion selected in scheme 1 (24 vs. 19% for males, P < 0.05,
and 10 vs. 4% for females, P < 0.01, respectively, Table
2). Interestingly, the frequency of all transposition events
(variegating and nonvariegating insertions) was signifi-
cantly higher when transposition occurred in X"Y/Y
males (0.74% in scheme 5 vs. 0.57% in scheme 1 and
0.61% in scheme 3, P < 0.01, Figure 1). Scheme 5
produced the highest yield of variegating insertions:

175 stocks with variegating insertions were established,
including 16 insertions on the X"Y chromosome (Table
1; 8% of variegating insertions).

By contrast, mobilization of SUPor-P in females with
extra heterochromatin and selection under conditions
where PEV is suppressed in half of the progeny (scheme
6, Figure 1) did not significantly increase recovery of
variegating insertions (5%) in comparison to schemes 2
(4%) and 4 (2%; P> 0.05, Figure 1). Scheme 6 females
produced a lower frequency of variegating insertions
than that observed in any scheme where SUPor-P trans-
posed in males. Nevertheless, 38 variegating stocks were
established from scheme 6.

Mobilization of SUPor-P’s located in different regions
of heterochromatin: Mobilization of Y chromosome SUPor-P
insertions (schemes 7 and 8): Pelements mobilize preferen-
tially to nearby regions of the homologous chromosome
(Tower and KurapraTi 1994). We reasoned that this
might result from a compartmentalization within the
nucleus; previous investigators showed that different
regions of heterochromatin associate in the nucleus
(DERNBURG et al. 1996a). Therefore, we determined
whether mobilization from heterochromatic locations
mightincrease the proportion of heterochromatic inser-
tions among total transposition events.

Transpositions of six Yinsertions (see MATERIALS AND
METHODS and YAN ¢t al. 2002) were generated in males
carrying an extra Y chromosome (scheme 7, Figure 1,
and MATERIALS AND METHODS). We observed up to a
sixfold difference between starting Y insertions in the
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TABLE 2

Effects of an extra Y chromosome during mobilization and recovery

Chromosome Chromosome

Variegating insertions [total no. of insertions (%)"]

constitution at
recovery:

constitution at

Scheme mobilization

X/Y XNY/Y

X Y/Y or
X/Y

XY/ XNY or

X/X XrY/X XNY/XNY XrY/X

X/Y, CyO, y© 60F
X/Y: GO, y* 6OF
X/X; CGyo, y* 60F 6
X/X GyO, y* 60F 4
XAY/Y: GyO, y* 60F
X Y/ X Gyo, y* 60F
X/\Y/K y\ar

X/Y, y

XrY/Y; Gyo, y™

19

25

© 00 3O Ok N o —

22

24

37

33

10

18

“The percentage of variegating insertions recovered in each genotype is normalized to the total number of
insertions recovered in the relevant sex. For example, for the X/ Y column, the number of variegating insertions
recovered in X/ Ymales was divided by the total number of insertions (variegating and nonvariegating) recovered
in all males and multiplied by 100 to produce the percentage. Blank spaces indicate that the genotype was

not present in the scheme.

overall frequency of transpositions (range 0.11-0.69%;
average 0.46%; Table 3). Some Y insertions, especially
J632.2, showed significantly reduced rates of transposi-
tion compared to the 60F starting site (Figure 1 and
Table 3). In contrast, KI13.1 generated a similar fre-
quency of transpositions to that observed in scheme 5.
Most importantly, the overall proportion of variegating
insertions was twofold higher for mobilization of SUPor-
P from starting sites in the ¥ chromosome (scheme 7,
37%, Figure 1 and Table 3) compared to mobilization
from 60F in males with the same sex-chromosome con-
stitution (scheme 5, 18%, Figure 1; P < 0.01). The
proportion of variegating insertions differed among the
Y chromosome starting insertions (range 29-54%, Ta-
ble 3), but all six produced a significantly higher propor-
tion of variegators than that observed for the 60F start-
ing site in scheme 5 or in any other scheme (Figure 1).

Interestingly, the six Yinsertions also produced differ-
ent distributions of new insertion sites. For example, 10
of 14 insertions recovered from line B840.1 were located
in the XY chromosome (2 insertions were recovered
in sterile males and therefore were not localized), while
only 3 X"Y insertions were recovered in 20 genetically
characterized insertions from line K13.1 (Table 3, P <
0.01). Thus, the heterochromatic starting site appears
to affect both overall transposition frequency and new
insertion-site preference.

Overall, we established 64 variegating lines from
scheme 7; 24 (44%) were insertions in the XY chromo-
some. In addition to insertions recovered in this scheme
as y*-expressing males, we recovered 17 lines from fe-
males with increased or decreased variegation, com-
pared to the original insertion. These changes were
heritable and Y linked (Table 3). Such changes in the
level of variegation might result from remobilization of

the insertions into the same chromosome, from local
duplications of the P, or from changes (e.g., deletions)
in the vicinity of the insertion. Further analysis is neces-
sary to determine if these lines contain useful new het-
erochromatic insertions; thus, these lines are not in-
cluded in our estimates of new centric insertions
produced by these schemes.

We also mobilized two different ¥ chromosome SUPor-P
insertions in males with a regular sex-chromosome con-
stitution (scheme 8; see Figure 1 and MATERIALS AND
METHODS). For both insertions (K13.1 and B783.2), the
overall frequency of transpositions was nearly twofold
lower than that in scheme 7, where mobilization oc-
curred in the presence of an extra Y chromosome (Ta-
ble 3, P< 0.01). The relative difference in transposition
rate between K13.1 and B783.2 remained the same in
the presence and absence of an additional Y chromo-
some. Interestingly, the proportion of variegating inser-
tions recovered in X/Y males was significantly higher
for the B783.2 line than that observed for the euchro-
matic 60F starting site (41%, B783.2, scheme 8 vs. 19%),
60F, scheme 1, P < 0.01, Tables 2 and 3), but did
not differ for K13.1 (17 vs. 19%). K13.1 produced a
significantly higher proportion of variegating insertions
in the presence of an additional Y chromosome during
mobilization (31%, scheme 7 vs. 17%, scheme 8; P <
0.05, Table 3). Therefore, the frequency of transposi-
tion from heterochromatic starting sites appears to be
determined by the location of the insertion and is in-
creased significantly when an extra ¥ chromosome is pres-
ent during mobilization, regardless of the initial starting
site. Seventeen variegating lines were established from
scheme 8 (9 from B783.2 and 12 from K13.1).

Remobilization of variegating insertions in the CyO chromo-
some: To test whether increased recovery of variegators
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TABLE 3

Mobilization of SUPor-P from heterochromatic positions

Variegating
Starting insertion Hops insertions Chromosome location’

Line Location Scheme No. of flies” No. %" No. %°  Autosomes XY (CyO* Y*
B783.2 Y'h17-18 7 4,995 13 0.26 7 b4 2 4 NA 4
B783.2 8 26,862 39  0.15 16 41 9 NA NA 1
K13.1 Yhl11-13 7 10,295 71 0.69 22 31 17 3 NA 3
K13.1 8 22,413 72 0.35 12 17 12 NA NA 0
B840.1 Y hl10 7 6,246 41 0.66 16 39 4 10  NA 0
J632.2 Y h10-13 7 5,928 7 011 2 29 1 1 NA 1
B296 Y h16 7 3,740 15 0.40 6 40 3 1 NA 1
C151 Yh3 7 5,945 25 0.42 11 44 4 5 NA 13
Subtotal 7 37,149 172 0.46 64 37 31 24 NA 22

8 49,275 111 0.22 28 25 21 0 NA 1
Total 86,424 283  0.33 92 33 52 24 NA 23
1A 2 het 9 16,232 83  0.51 20 24 17 0 14 5
111B 2 het 9 40,764 108 0.27 30 28 18 1 86 11
Subtotal 56,996 191 0.34 50 26 35 1 100 16
Total 143,420 474 033 142 30 87 18 100 39

“ Total number of males (schemes 7 and 8) and Cy" flies (scheme 9) screened (see MATERIALS AND METHODS).
"Percentage of flies that contained new identifiable insertions.

‘Percentage of all hops that variegated.

¢ Chromosome location for some new insertions could not be determined because selected variegating flies

were sterile.

‘For the cases where the starting insertion was on the Y (schemes 7 and 8) or on the CyO chromosome
(scheme 9), these new Y and CyO insertions were selected due to changes in the level of variegation.

is a general property of heterochromatic starting inser-
tions, we remobilized two variegating insertions in the
CyO chromosome. Insertions IIIA and IIIB were recovered
in experiments using genetic schemes 1 and 5, respec-
tively, presumably resulting from excision of SUPorP from
60F and reinsertion in the CyO heterochromatin. Trans-
position and recovery of variegators were performed
under conditions of suppressed PEV (scheme 9; Fig-
ure 1 and MATERIALS AND METHODS). The two insertions
showed an approximately twofold difference in the
transposition rate, but the proportion of variegating
insertions was similar (24 and 28%, Table 3). As for
the Y chromosome insertions, we observed a significant
increase (26%) in the overall proportion of variegating
insertions compared to mobilization of the euchromatic
60F insertion in the same background (26 wvs. 18%,
scheme 5; P < 0.01, Figure 1, Table 3). Interestingly,
only 2% of variegating insertions were located in the
X"Y compound chromosome, which comprises ~35%
of all the heterochromatin in X*Y/Y males. In compari-
son, 44% of the variegating insertions generated from
Y starting sites (scheme 7) were located in the XY, and
8% were generated from the 60F euchromatic starting
site in the CyO chromosome (scheme 5, P < 0.05; see
Tables 1 and 3). However, the proportion of Y chromo-

some insertions was significantly increased compared to
scheme 5 (15% of all insertions in scheme 9 wvs. 5%
in scheme 5, P < 0.01). In total, 49 stocks carrying
variegating insertion chromosomes were established
from scheme 9.

We also frequently recovered Cy flies with a consistent
and heritable change in the level of variegation in com-
parison to the original insertions. Progeny of 107 inde-
pendently recovered CyO flies with increased variega-
tion were studied. Most of these insertions were linked
to the CyO chromosome, but 7 represented insertions
in another chromosome. We propose that Cy(-inked
events represent simultaneous excisions and intrachro-
mosomal transpositions to sites of stronger repression
or rearrangements of the sequences surrounding the
original insertion. The frequency of these events dif-
fered between the two insertions and reached 1/198
CyO chromosomes for insertion IIIB.

We conclude that mobilization from eight different
heterochromatic insertions leads to a significantly ele-
vated recovery of variegating insertions. It is remarkable
that the proportion of variegators relative to all mobiliza-
tion events is close to or higher than the proportion of
the genome that is considered heterochromatic (see pIs-
CUSSION).
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TABLE 4

Chromosomal distribution of FISH-localized insertions

X Y

Scheme Obs’  Exp® Obs  Exp  Obs

Exp Obs Exp Obs Exp N! %°

P+ 1° 0 19 22 40 44
3 0 19 50 40 17
) 0 0 12 49 43
6 0 32 0 0 79
7 0 0 0 0 50
8 33 24 0 0 67
9 0 0 46 49 27
Total 1 14 20 26 44

18 34 17 0 6 77 54
18 17 17 17 6 12 10
22 45 21 0 8 60 34
30 21 28 0 10 14 40
61 50 29 0 10 6 9
46 0 22 0 8 6 21
22 18 21 9 8 22 44
31 33 22 2 8 197 33

“The results of scheme 1 and the pilot screen (YAN et al. 2002) were combined to summarize the results

for all KV lines that have been localized.

" Percentage of variegating insertions recovered that localized to the heterochromatin in each chromosome.
All data reported do not include seven insertions that localized to chromosomes that should not have been
recoverable targets in schemes 5 (X) and 6-8 (Y). It is likely that these insertions were recovered due to

meiotic nondisjunction or recombination.

“Percentage of insertions expected on the basis of the amount of heterochromatin in each chromosome
(Hoskins et al. 2002) and the number of each chromosome that could be recovered with an insertion in each

scheme.
?Total number of insertions localized.

‘Percentage of variegating insertions recovered in each scheme that have been localized.

FISH localization of variegating insertions: We deter-
mined the locations of a subset of the variegating inser-
tions with respect to individual chromosomes and the
cytogenetic banding maps using the FISH protocol de-
scribed in YAN et al. (2002). In the pilot screen, we
observed that 71 of 73 variegating insertions (97%) were
located in the centric heterochromatin and that the
remaining 2 insertions were telomeric (YAN ef al. 2002).
We have localized 131 variegating insertions generated
by the schemes reported here: 128 were centric (98%),
1 was telomeric, and 2 were in the euchromatic arms.

The distributions of insertions with respect to individ-
ual chromosomes and cytogenetic bands provide in-
sights into the effects of the different starting sites and
the mobilization and scoring genotypes used in the dif-
ferentschemes. Table 4 compares the observed chromo-
somal distributions of FISH-localized heterochromatic
insertions to the distributions that would be expected
if insertions were recovered proportional to the amount
of heterochromatin in each target chromosome. In the
pilot scheme 1 and scheme 5, second and third chromo-
some insertions were overrepresented, whereas Y and
fourth chromosome insertions were underrepresented.
In comparison, scheme 9 produced a distribution that
was proportional to the total amount of heterochroma-
tin in each chromosome. In addition, our first X and
fourth chromosome SUPor-P insertions were recovered
from schemes 8 and 3 and 9, respectively.

We conclude that mobilization from a heterochro-
matic location, perhaps in combination with the pres-
ence of an extra Y chromosome in the scoring genera-
tion, results in a more uniform gross distribution of

insertions in the heterochromatin, in addition to an
increased recovery (see DISCUSSION). The number of
insertions localized for screens 3, 7, and 8 was too small
to make definitive conclusions, butin general was consis-
tent with this hypothesis, as were the genetic mapping
results (Tables 1 and 2).

The analysis of insertion sites relative to the hetero-
chromatic bands demonstrates that schemes 2-9 pro-
duced a distribution that was significantly broader than
that observed for the pilot screen (YAN et al. 2002) and
scheme 1 (Figure 2). The distribution of insertions from
the pilot screen included regions that contained many
insertions (e.g., 47-48) and regions with no or very few
insertions (e.g., 53-56, X and fourth chromosomes).
Many of the previous gaps in coverage now contain
insertions such that 48 of 61 bands have at least one
insertion, compared to 23 of 61 in the pilot screen. In
the new schemes, regions 47 and 48 continued to be a
hot spot, but insertions were recovered in 53-56, and
a new concentration of insertions near the centromere
of chromosome 2 (38-41) was observed, which was not
present in the pilot screen results. Scheme 5, in which
a euchromatic insertion was mobilized and variegators
were selected in the presence of an extra Y, produced
a more even distribution across the second and third
chromosome heterochromatic bands, in comparison to
the pilot scheme 1 (Figure 2).

DISCUSSION

Here we describe the results of different genetic schemes
designed to examine the effects of genetic background
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F1GURE 2.—Distribution of variegating P insertions in centric heterochromatin. The FISH localization results for schemes 1-9
are presented in combination with the results from the pilot screen (including the seven X and Y insertions excluded from
Table 4; YAN et al. 2002). Blocks represent the 61 cytogenetic bands of heterochromatin, h1-h61 (GATTI ef al. 1994). Bars above
each chromosome represent the number of Pinsertions localized to that region (xaxis). C, centromere. Some Pinsertions could
be localized to only two to four adjacent regions, depending on the resolution of the FISH signal and the 4',6-diamidino-
2-phenylindole banding pattern. Assigning a value of 1 to each band in these cases would overstate the number of insertions
that were localized specifically to each band. Therefore, localizations were divided among the relevant bands; e.g., for an insertion
that localized to two bands, each band was assigned a value of 0.5.

and gender on the recovery of yvariegating insertions.
In summary, from schemes 1-9 we have established 502
yvariegating insertion lines. In addition, we recovered
41 and 75 variegating insertions on the CyO and TMS
balancer chromosomes, respectively, which are not in-
cluded in our totals or in established stocks because
these chromosomes are highly rearranged and would
not be as useful in future analysis of the structure and
function of centric heterochromatin. We were able to
substantially increase the yield of variegating insertions
in schemes that utilized different genetic backgrounds.
Most notably, the proportion of total insertions that
variegated was 17-54% when SUPor-P was mobilized
from heterochromatic locations (Table 3).

Results of FISH localization to mitotic chromosomes
for 131 lines generated in schemes 1-9 have shown that
98% of them are centric, which is nearly identical to
the results of our previous pilot screen (YAN et al. 2002).
A total of 204 variegating insertions have been localized
to date, of which 199 are centric (97.5%). FISH localiza-
tions demonstrated that the different schemes pro-
duced a broader distribution of insertion sites than the
pilotscreen did (YAN et al. 2002). For example, we recov-
ered insertions in the Xand fourth chromosome centric
heterochromatin using these schemes, which were not
recovered in our previous study.

Interestingly, the proportion of variegating insertions
that are located in centric heterochromatin is much

higher than that reported by ROSEMAN et al. (1995; 46%
centric insertions among variegating lines; the remain-
der were telomeric), using the same 60F SUPor-P inser-
tion in CyO as the starting site and a genetic scheme
similar to our scheme 1. We previously demonstrated
that one reason for the increased recovery of centric
insertions in our screens is the use of the more robustly
expressed y gene as the marker, rather than the w gene
(YAN et al. 2002). In addition, we selected only insertions
with a clear all-or-none variegation, which probably ac-
counts for the very high proportion of centric insertions.
Insertions displaying altered but not variegated expres-
sion (“misexpression” lines) most often mapped to eu-
chromatic sites (YAN el al. 2002; this study).
Confirmation of the enrichment for heterochromatic
insertions among variegating lines comes from flanking
sequences that have been generated for a subset of
variegating insertions by inverse PCR and compared to
the Release 3 genomic sequence (R. Hoskins, G. M.
RusBiIN, R. LEVIs and A. SPRADLING, personal communi-
cation, and data not shown). Preliminary analysis con-
firms that the majority (86%) of variegating insertion
flanks with one significant hit to sequences in the ge-
nome (N = 210) are located in unmapped heterochro-
matic scaffolds or in heterochromatic regions at the
bases of the euchromatic arms (Hoskins et al. 2002).
Many lines that have not been localized by FISH were
confirmed as heterochromatic by this analysis. These
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preliminary results also validated the specific FISH local-
izations; different insertions located in the same se-
quence scaffolds mapped by FISH to the same or adja-
cent cytogenetic bands, with very few exceptions (data
not shown). Another 371 lines still need to be localized
by FISH, and more flanking sequences need to be deter-
mined, but by extrapolation we expect that our collec-
tion contains a total of ~560 centric insertions, includ-
ing the pilot screen lines, and excluding insertions in
the balancers. In summary, we conclude that our strat-
egy of isolating heterochromatic insertions by selection
for yvariegation using different mobilization and recov-
ery genotypes has produced a large collection of inser-
tions that will be useful for future studies of heterochro-
matin structure and function.

Influence of an extra Y, a suppressor of PEV, on the
transposition of SUPor-P into heterochromatin and on
the selection of variegating insertions: ZHANG and
SPRADLING (1994) have previously shown that selection
of P-element insertions under conditions where 7y si-
lencing is suppressed increases the recovery of inser-
tions within centric heterochromatin. We hypothesized
that suppression of y PEV in the selection generation
might similarly increase the yield of variegating inser-
tions by allowing for the recovery of insertions that
would otherwise be missed due to the complete silenc-
ing of y. We also tested whether suppression of PEV
during the transposition stage would increase the recov-
ery of variegating insertions, perhaps by making the
heterochromatin more accessible to insertion. The re-
sults of these experiments are summarized in Figure 1
and Table 1.

Genetic analysis demonstrated that the frequency of
variegating insertions increased significantly when an
extra Y chromosome was present during both the mobi-
lization generation and the selection of transpositions.
For the 60F starting site, a 50% increase was seen when
both mobilization and recovery occurred in the pres-
ence of extra heterochromatin (scheme 5, 18%, Figure
1), in comparison to mobilization and recovery in a nor-
mal chromosome constitution (scheme 1, 12%). We also
recovered a higher proportion of variegating insertions
in X"Y/X"Y females in comparison to regular X/X fe-
males (10% scheme 5 vs. 4% scheme 1; Table 2, P <
0.01). Similarly, the proportion of recovered variegating
insertions was higher in XY/ Y males than in X/ Y males
(scheme 5, 25% wvs. scheme 1, 19%; P < 0.05, Table 2).
Recovery of variegating insertions was also significantly
higher for the Y chromosome starting insertions K13.1
and B783.2 when transpositions were generated and
screened in the presence of an extra Y chromosome
(compare schemes 7 and 8, Figure 1, Tables 2 and 3).
A similar but weaker trend in the yield of variegators
was observed between schemes 1 and 3 (no extra hetero-
chromatin vs. recovery with extra heterochromatin) and
schemes 3 and 5 (recovery with extra heterochromatin
vs. mobilization and recovery with extra heterochroma-
tin; Figure 1, Table 2).

We conclude that an additional ¥ chromosome has
amoderate but significant effect on recovery of variegat-
ing insertions when present during selection. Most
likely, an additional Y chromosome also has a weak
effect at the mobilization stage, which becomes statisti-
cally significant when combined with selection in the
presence of an extra Y. We propose that the increased
recovery in the presence of an extra Y results from
partial suppression of strong variegating phenotypes
that would otherwise be missed (see below). Similarly,
the presence of an extra Y during mobilization is likely
to make other regions of heterochromatin more accessi-
ble to insertion.

The effect of additional heterochromatin in the scor-
ing generation in our study appears to be less than
that in the studies reported by ZHANG and SPRADLING
(1994), which utilized the marker gene 1y*. The signifi-
cantly higher recovery of variegators in our study, ap-
proximately sevenfold over that observed in the ryvarie-
gation screen, was observed even in the absence of PEV
suppression during scoring. Interestingly, we observed
a relatively stronger effect of the Y chromosome on the
recovery of variegators in females (schemes 1 and 5: 4
vs. 10%, Table 2). Since y variegation in females for
individual insertions is more severe than that in sibling
males, it is likely that adding a PEV suppressor in this
case had a stronger effect on selection of variegators
that otherwise would be missed. Thus, it is likely that
the level of y* gene expression in males is high enough
to detect variegation without a suppressor of PEV. We
propose that the increased recovery of variegators ob-
served in our studies and the weaker impact of PEV
suppression during selection in males are the result of
a stronger expression of y under silencing conditions,
compared to markers such as ry.

Gender affects the mobilization of SUPor-P into het-
erochromatin: The proportion of variegating insertions
was very low when SUPor-P was mobilized in females
(compare schemes 1, 3, 5 and 2, 4, 6). ZHANG and
SPRADLING (1994) observed the same proportion of vari-
egating insertions when their ry" P element transposed
in males and females (~3%, excluding local transposi-
tions in the Y chromosome). However, in their experi-
ments the P element was mobilized from a heterochro-
matic position in females with an extra ¥ chromosome
and in males with a regular sex-chromosome constitu-
tion. In the results reported here, mobilization from a
heterochromatic position in males in the presence of
an extra Y chromosome substantially increased the yield
of variegating insertions. Therefore, it is possible that
in the ZHANG and SPRADLING (1994) study transposition
in males under similar conditions would have yielded
the increased recovery of variegators in males that we
observed with SUPor-P. Several dominant modifiers of
PEV have been shown to be female sterile, while not
affecting the male germline (DORN et al. 1986; REUTER
et al. 1986). We propose that the gender-specific differ-
ences in SUPor-P insertions into heterochromatic re-
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gions reflect a different chromatin organization or nu-
clear organization of heterochromatin (see below) in
the female and male germlines.

Transposition into the heterochromatin is signifi-
cantly increased if SUPor-P transposes from heterochro-
matic locations: The frequency of transposition depends
on the structure of the starting element, but the geno-
mic location of a P element does not usually influence
the distribution of target sites on nonhomologous chro-
mosomes (BERG and SprRaDLING 1991). ZHANG and
SPRADLING (1994) described increased recovery of sup-
pressible 1" insertions after mobilization of a silent Y
chromosome insertion in comparison to a euchromatic
starting site. However, only one silent Y chromosome
insertion was used, and intrachromosomal reinsertions
into the Y chromosome accounted for over half of the
recovered centric insertions.

We tested the generality of the hypothesis that P ele-
ments located in centric heterochromatin display a pref-
erence for remobilization into other heterochromatic
sites, using the y* marker and eight different SUPor-P
heterochromatic insertions. Our results suggest that the
heterochromatic starting sites significantly influenced
the overall transposition rate for both variegators and
nonvariegators. Different heterochromatic insertion
lines displayed up to sixfold differences in the overall
transposition frequency (Table 3). In addition, the pres-
ence of an extra Y chromosome resulted in a twofold
increase in transposition rate for two different ¥ chro-
mosome insertions (Table 3). P elements transpose by
a “cut-and-paste” mechanism; the process starts with
P-element transposase-mediated excision of the transpo-
son from the original location (ENGELS et al. 1990; R1o
1990). We propose that differences in mobilization of
heterochromatic insertions are associated with different
chromatin accessibility of insertion sites for transposase
and that accessibility is increased when mobilization
occurs in the presence of a strong suppressor of PEV
(scheme 7 vs. 8, Figure 1 and Table 3).

We also observed a substantial increase in the propor-
tion of variegating insertions recovered in all schemes
where centric insertions in the Y or CyO were used as
a source for mobilization (schemes 7, 8, and 9), in
comparison to transposition from the 60F euchromatic
site (Figure 1). It is remarkable that 25-37% of all inser-
tions recovered after mobilization from heterochro-
matic sites were variegators, which is very close to the
proportion of the genome that is considered to be het-
erochromatic (HOSKINS et al. 2002).

The distribution of heterochromatic SUPor-P inser-
tions is broad but nonrandom: FISH analysis of 131/
502 established variegating lines demonstrated that the
insertions recovered in schemes 1-9 significantly ex-
tended the coverage of heterochromatic regions in com-
parison to the 71 centric insertions mapped in the pilot
screen (YAN et al. 2002). It is possible that the broader
distribution resulted from increasing coverage of the
61 heterochromatic bands from approximately one- to

approximately threefold. However, some data suggest
that different schemes produced different insertion dis-
tributions. Although X and fourth chromosome inser-
tions are still severely underrepresented in our collec-
tion (Tables 1 and 4, Figure 2), we did localize three
variegating insertions to the X heterochromatin. Inter-
estingly, scheme 8 involved recovery of X centric inser-
tions in males and did produce a significantly higher
proportion of X insertions (Table 4). We hypothesize
that the deficit of X chromosome centric insertions in
most of these schemes could be caused by the greater
difficulty of selecting variegating insertions in females,
which would carry X insertions generated in males. It is
possible that this problem was counteracted when mobili-
zation occurred from a Y chromosome site (scheme 8)
due to physical associations with the X chromosome in
the germline (see below). In addition, three insertions
were localized to the fourth chromosome, and the per-
centage of fourth chromosome insertions that were re-
covered in scheme 9 was nearly identical to the propor-
tion of total heterochromatin present in the target
chromosomes (Table 4).

The FISH localization and genetic mapping studies
also provided information about the impact of different
mobilization and selection genotypes and starting sites
on the gross- and fine-scale distributions of heterochro-
matic insertions. First, comparison of mobilization from
a second chromosome heterochromatic site (scheme 9)
resulted in a distribution of insertions that was propor-
tional to the total amount of heterochromatin in each
target chromosome, whereas mobilization from a eu-
chromatic site (scheme 5) in the identical background
genotype did not. Second, different heterochromatic
starting sites also affected the distribution of new inser-
tions. Mobilizations from Yheterochromatin were more
likely to insert in the X*Y, whereas mobilization from
second chromosome heterochromatin produced a more
even chromosomal distribution (scheme 7 vs. 9, Tables
1 and 4). Third, the presence of an extra Y during
scoring, and perhaps during mobilization, may act syn-
ergistically with the use of a heterochromatic insertion
to affect distribution. The nonrandom chromosomal
distributions seen in schemes 5 and 1 suggest that the
presence of an extra Y during mobilization and scoring,
which clearly increases the overall frequency of variegat-
ing insertions (see above), has little effect on the chro-
mosomal distribution for a euchromatic starting site.
However, the relatively even distribution among the het-
erochromatic bands observed for scheme 5 (compare
to the pilot scheme 1, Figure 2) suggests that the fine-
scale distribution of insertions is improved by the pres-
ence of an extra Y for a euchromatic starting site. In
addition, the presence of an extra Y during selection
appears to have an effect specifically on the distribution
among the autosomes (scheme 3 vs. 1). Selection in the
presence of an extra Yis likely to “equalize” the ability
of insertions in different regions to be selected as yellow
variegators due to the recovery of insertions that would
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otherwise be missed due to low expression. We propose
that use of a heterochromatic starting site may further
enhance this effect and increase the frequency of X,
Y, and fourth chromosome insertions, as suggested by
scheme 9 localizations and the preliminary results from
scheme 8 (Table 4). The high number of X insertions
in scheme 8, despite low numbers of localizations, could
reflect an association between the X and Y, which pair
during meiosis (see below).

Models for the effects of genotype and starting site
on the recovery and distribution of heterochromatic
insertions: Why would mobilization from a heterochro-
matic site increase centric insertion recovery? In euchro-
matin or subtelomeric heterochromatin, Pelements fre-
quently transpose locally in ¢is and to homologous
regions of homologous chromosomes in trans (KARPEN
and SPRADLING 1992; ToOwER et al. 1993; ZHANG and
SPRADLING 1993; TowreR and KurapraTi 1994). This
preferential transposition is likely to result from physical
proximity of chromosomal regions in germ-cell nuclei
(Tower and KUuraPATI 1994). ZHANG and SPRADLING
(1994) have shown that the tendency of P elements to
transpose locally in cis also operates in centric hetero-
chromatin. In our experiments, remobilization of het-
erochromatic insertions produced a very high frequency
of intrachromosomal events leading to a change in the
variegation level (up to three times higher than the
number of new centric interchromosomal transposi-
tions). We propose that many of these highly frequent
events represent local transpositions within heterochro-
matin that lead to changes in variegation levels.

However, all of the increased recovery of insertions
from heterochromatic starting sites reported in Tables
1 and 3 involve interchromosomal events. We propose
that the increased recovery of interchromosomal centric
insertions from heterochromatic starting sites may be
caused by “local” transposition of P elements to hetero-
chromatic regions that are closely associated in trans.
Indeed, we observed a higher proportion of X"Y inser-
tions in scheme 7, where SUPor-P was mobilized from Y
chromosome donor sites (44% of variegating insertions,
Table 1), compared to scheme 5 (28% of variegating
insertions selected among females), where the SUPor-P
element transposed from 60F. One of the strongest ar-
guments that chromosome associations are involved in
the increased frequency of variegating insertions, as op-
posed to simply mobilization from a heterochromatic
site, comes from the observation that only 2% of varie-
gating insertions were in the XY chromosome after
mobilization from second chromosome heterochroma-
tin (scheme 9, Table 1) in comparison to the 44% ob-
served for a Y chromosome starting site (scheme 7).
Finally, although only six insertions have been FISH
localized for scheme 8, two are in the X heterochroma-
tin, which in all other schemes has been an extremely
inefficient target (Table 4). It is possible that preferen-
tial transposition to homologous regions in trans, in this
case due to pairing of Yand X chromosomes in the male

germline (McKEE and KARPEN 1990), might operate in
heterochromatin.

Several lines of evidence suggest that local transposi-
tion to homologs is not the only mechanism leading to
the increased frequency of transposition from hetero-
chromatic starting sites to another position in hetero-
chromatin. First, not all ¥ chromosome insertions showed
preferential transposition into the XY chromosome
(see Table 3). Second, Y insertion B783.3 still showed
increased recovery of variegators in scheme 8, despite
the absence of the X"Y chromosome during mobiliza-
tion. Third, mobilization of variegating insertions from
the second chromosome (scheme 9) resulted in a sig-
nificant increase in the proportion of ¥ chromosome
insertions and a more even distribution among the four
target chromosomes, in comparison to scheme 5 (see
RESULTS). Finally, the proportion of insertions in the
TMS chromosome is similar in schemes 5 and 9 (see
Table 1), suggesting that there is no bias toward second
chromosome insertions produced by transposition from
second chromosome heterochromatin vs. euchromatin.
Thus, even if transposition to the homolog might ac-
count for a very high proportion of variegating inser-
tions observed for some Y chromosome insertions, mo-
bilizations from a heterochromatic donor site cause a
general increase in transpositions to heterochromatin
and are not restricted predominantly to the homolog.
One possibility is that the increased recovery of variegat-
ing insertions in schemes 7-9 is caused by the physical
proximity of heterochromatic starting sites and target
sites in the three-dimensional organization of germline
nuclei (DERNBURG et al. 1996a). Different insertion pref-
erences observed for the Y and second chromosome
heterochromatic insertions could be explained by pref-
erential associations of different heterochromatic re-
gions between both homologs and nonhomologs.

It is also possible that excised P elements are still
associated with heterochromatic proteins and prefer to
reinsert into centric regions that contain the same pro-
teins, which could be favored due to protein-protein
interactions such as homodimerization (BRASHER et al.
2000; CowIesoN et al. 2000). Support for this model
comes from reports that P elements with specific regula-
tory sequences (e.g., Polycomb responsive elements, or
PREs) from the engrailed gene and from the Bithorax
and Antennapedia homeotic complexes display a prefer-
ence for insertion near the chromosomal locus of the
gene, a phenomenon known as the “homing” effect
(HaMa et al. 1990; Kassis et al. 1992). These transposons,
along with transposons that contain regulatory sequences
from the polyhomeotic gene, also preferentially insert into
chromosomal locations containing binding sites for
some Polycomb group (Pc-G) proteins (Kassis et al. 1992;
FAUVARQUE and DURA 1993; CHIANG et al. 1995). These
observations suggest that the insertional specificity of P
elements involves interactions between transgenic and
resident PREs, mediated by PG proteins (FAUVARQUE
and DuUrA 1993; Kassis 1994). Considering that both
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PcG proteins and heterochromatin-specific proteins
form repressive chromatin complexes via protein-pro-
tein interactions (PIRROTTA 1997), it seems reasonable
to propose that the homing effect might work in hetero-
chromatin. However, homing due to the presence of
general heterochromatic proteins on mobilizing ele-
ments cannot account for the strong preference for
insertion in the XY homolog observed in scheme 7.
We propose that similar types and patterns of hetero-
chromatin proteins in source and target regions mediate
both the increased frequency and the homolog prefer-
ences either by mediating specific physical associations
or by homing during mobilization. Associations with
homologous chromosomes and specific regions are
likely to be preferred, but the general distributions of
proteins such as HP1 would also result in a general in-
crease in heterochromatin insertions. We also propose
that incorporation of an extra Y chromosome in the
recovery generation, and perhaps during mobilization,
acts to further increase the frequency of recovery of
heterochromatic insertions and to broaden the distribu-
tion of insertions within the heterochromatin (see be-
low) by acting in trans to make heterochromatin chro-
matin structure more “open” to insertion and expression.
The results of these screens have identified factors
that affect the recovery frequencies and distributions of
heterochromatic P insertions and have created a sig-
nificant resource for molecular and genetic analysis of
Drosophila heterochromatin structure and function.
These screens have produced the largest collection of
variegating insertions to date, providing approximately
ninefold coverage of heterochromatic cytogenetic bands
(h1-61). FISH localization of the remaining 371 lines
should produce more complete saturation of Drosophila
centric heterochromatin, including the Xand fourth chro-
mosomes, and should help to further define how differ-
ent mobilization and selection genotypes and mobiliza-
tion starting sites affect insert distributions. Broader
distribution of insertions can also be accomplished by
generating more lines using schemes 8 and 9 and by
capitalizing on the high frequency of local transposition
events, described here and in ZHANG and SPRADLING
(1994). This method can be used to saturate any particu-
lar heterochromatic region with P-element insertions.
In addition, flanking DNA sequences are being deter-
mined by inverse PCR or cloning (R. Hoskins, G. M.
RusBiN, R. LEvIs and A. SPRADLING, personal communi-
cation), and restriction maps can be constructed using
single-copy P elements as probes (KARPEN and
SPRADLING 1992). Information about flanking se-
quences is being used to create a molecular map of the
heterochromatin and to localize unmapped heterochro-
matic sequence scaffolds (HoskiINs et al. 2002) to spe-
cific cytogenetic regions. These P insertions can also be
used to identify and characterize heterochromatic genes
(DEVLIN et al. 1990; TULIN ef al. 2002); to examine the
behavior of different regions of heterochromatin with

respect to inducing PEV, the cell cycle, and replication;
and to elucidate the role of heterochromatin in the
organization of the interphase nucleus. Currentinforma-
tion about individual heterochromatic insertions, includ-
ing FISH and genomic sequence localizations, can be ac-
cessed at http://taputea.lbl.gov/research/het/hetps/.
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