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ABSTRACT
In this study we provide a cytological and genetic characterization of the JIL-1 locus in Drosophila. JIL-1

is an essential chromosomal tandem kinase and in JIL-1 null animals chromatin structure is severely
perturbed. Using a range of JIL-1 hypomorphic mutations, we show that they form an allelic series. JIL-1
has a strong maternal effect and JIL-1 activity is required at all stages of development, including embryonic,
larval, and pupal stages. Furthermore, we identified a new allele of JIL-1, JIL-1h9, that encodes a truncated
protein missing COOH-terminal sequences. Remarkably, the truncated JIL-1 protein can partially restore
viability without rescuing the defects in polytene chromosome organization. This suggests that sequences
within this region of JIL-1 play an important role in establishing and/or maintaining normal chromatin
structure. By analyzing the effects of JIL-1 mutations we provide evidence that JIL-1 function is necessary
for the normal progression of several developmental processes at different developmental stages such as
oogenesis and segment specification. We propose that JIL-1 may exert such effects by a general regulation
of chromatin structure affecting gene expression.

RECENTLY we identified a tandem kinase, JIL-1, that male X chromosome is the most severely perturbed
mediates histone H3 phosphorylation on serine (Wang et al. 2001). Thus, JIL-1 plays an important role

10 (H3 Ser10) and is required for normal chromosome in the establishment or maintenance of chromatin struc-
morphology in both males and females in Drosophila ture of both autosomes and sex chromosomes.
(Jin et al. 1999; Wang et al. 2001). The JIL-1 kinase is an Furthermore, we have recently demonstrated that

JIL-1 interacts with a novel isoform, LOLA zf5, from theessential protein that associates with all chromosomes
lola locus of zinc-finger-containing transcription factorsthroughout the cell cycle (Jin et al. 1999). However,
(Zhang et al. 2003). The expression of LOLA zf5 isJIL-1 is found at twofold higher levels on the male X
restricted to early embryogenesis (Zhang et al. 2003)chromosome and associates with the male-specific lethal
and consequently JIL-1’s interaction with LOLA zf5 is(MSL) dosage compensation complex (Jin et al. 2000).
developmentally regulated. It is therefore likely thatThe MSL complex is required for the necessary hyper-
JIL-1 plays a role in several different molecular com-transcription of genes on the male X chromosome for
plexes regulating chromatin structure and gene expres-dosage compensation in flies (reviewed in Meller and
sion at different times in development. However, theKuroda 2002). This enhanced transcription is thought
requirement for JIL-1 function during development hasto arise from MSL-complex-induced histone H4 acetyla-
not been thoroughly characterized and it is not cleartion generating a more open chromatin structure
at what stages JIL-1 is needed. In this study we have taken(Smith et al. 2000). The increased histone H3 Ser10
a genetic approach to characterize the requirement forphosphorylation levels that JIL-1 promotes on the male
JIL-1 at different stages by assessing the effects of anX may also play a role in maintaining its more open
allelic series of hypomorphic and null alleles on viabilityand active chromatin structure (Jin et al. 2000; Wang
and development. We molecularly define the lesionset al. 2001). In mutant animals carrying JIL-1 null or
present in previously reported JIL-1 alleles and we char-hypomorphic alleles leading to decreased levels of JIL-1
acterize a new allele that reveals an important functionalprotein, the euchromatic regions of all larval salivary
requirement for JIL-1 COOH-terminal sequences. Thesegland polytene chromosomes are severely reduced and
results show that JIL-1 has a strong maternal effect and isthe chromosome arms are condensed, although the
necessary for viability throughout development. In addi-
tion, homeotic transformation phenotypes observed in
JIL-1 mutant animals suggest that JIL-1 may influence
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MATERIALS AND METHODS methylsulfonyl fluoride (Sigma, St. Louis). Homozygous mu-
tant larvae were identified by absence of the Tubby marker.

Drosophila stocks: Fly stocks were maintained according to Proteins were boiled in SDS-PAGE buffer, separated on 10%
standard protocols (Roberts 1998). Oregon-R was used for SDS-PAGE gels, transferred to nitrocellulose, blocked in 5%
wild-type preparations. Balancer chromosomes and mutant Blotto containing 0.2% Tween-20, and incubated with anti-
alleles are described in Lindsley and Zimm (1992). Strains JIL-1 or anti-�-tubulin antibody overnight. Blots were then
used for deletion mapping experiments contained deficien- washed three times for 10 min in TBST (0.9% NaCl, 100 mm
cies uncovering the 68A–C region and included Df(3L)vin2/ Tris-HCl, pH 7.5, 0.2% Tween-20), incubated with horseradish
TM3, Df(3L)vin3 e1/TM3 ry*, Df(3L)vin4 e1/TM3 ry*, Df(3L)vin5 peroxidase-conjugated goat anti-rabbit or anti-mouse second-
e1/TM3 Sb1 Ser1, and y1; Df(3L)lxd6/TM3 y� Sb1 e1 Ser1 (from ary antibody (1:3000; Bio-Rad, Richmond, CA) for 1 hr at
the Bloomington Stock Center), Df(3L)lxd8 cur/TM3 Sb and room temperature, washed in TBST, and the antibody signal
Df(3L)h9/TM3 (gift from V. Finnerty), and Df(3L)h76 red/TM3 was detected with the enhanced chemiluminescence kit ac-
(kindly provided by A. Hilliker). Five lethal mutants previously cording to the manufacturer’s instructions (Amersham Phar-
mapped to the 68A4–5 region were used in rescue experi- macia). For quantification of immunolabeling, exposures of
ments: l(3)l-58 es sr ca/TM3 Sb Ser, l(3)EMSl-1 sr es ca/TM3 Sb immunoblots on Biomax ML film (Kodak) were scanned with
Ser, and l(3)l-55 sr es ca/TM3 Sb Ser were from A. Hilliker; an Arcus II (AGFA) flatbed scanner and the digital images
mre l(3)517/TM1 Me (� l(3)68Ag) was from A. Shearn; and were analyzed using the NIH-Image software. In these images
P{ry�t7.2 � PZ}l(3)01239 01239 ry506/TM3, ryRKSb1 Ser1 was from the the grayscale was adjusted such that only a few pixels in the
Bloomington Stock Center where we also obtained the brm2 wild-type lanes were saturated. The area of each band was
trxE2 ca1/TM6B, Tb1 ca1 line. Genetic interaction assays were traced using the outline tool and the average pixel value was
performed using y,w ; �/�; �/� and brm2 trxE2 ca1/TM3 Tb determined. Levels in JIL-1 mutant larvae were determined

as a percentage relative to the level determined for wild-typeHu e. JIL-1z2, JIL-1z60, and JIL-1EP(3)3657 are described in Wang et
control larvae.al. (2001). JIL-1z28 is a less severe, hypomorphic JIL-1 imprecise

Staining of polytene chromosomes: Polytene chromosomeexcision allele generated during that study but not previously
preparation and staining was essentially as in Wang et al.described. JIL-1Scim is described in Dobie et al. (2001) and was
(2001). Polytene chromosomes from late third instar larvathe generous gift of K. Dobie and G. Karpen.
were first fixed in 3.7% paraformaldehyde for 30 sec, refixedPolytene chromosome in situ hybridization: In situ hybridiza-
in a solution of 50% glacial acetic acid and 3.7% paraformalde-tion was performed essentially as described in Roberts
hyde for 2–5 min, and squashed. Preparations with good(1998). Salivary glands from late third instar larvae were dis-
spreads were stained with 0.2 �g/ml Hoechst 33258 (Molecu-sected in 0.7% saline solution, fixed in 45% acetic acid, and
lar Probes, Eugene, OR) for 5 min. After a final brief rinsesquashed on clean slides in 20 �l lactic and acetic acid solution
with distilled water, the preparations were mounted in 90%(1:2:3 parts lactic acid:H2O:acetic acid). Slides with good chro-
glycerol containing 0.5% n-propyl gallate. The chromosomesmosome spreads were then immersed in liquid nitrogen, cov-
were examined under epifluorescence optics using a Zeisserslips were removed, and chromosomes were denatured in
Axioskop microscope and the images were captured and digi-0.2 n NaOH. Preparations were hybridized with digoxigenin-
tized with a high-resolution Spot CCD camera (Diagnosticlabeled JIL-1 cDNA prepared using the DNA labeling kit from
Instruments). Subsequent image processing was carried outBoehringer Mannheim (Indianapolis) according to the manu-
using Adobe Photoshop, version 7.0.facturer’s instructions. After hybridization overnight at 42�,

Ovary dissection and staining: Wild-type or JIL-1 mutantpolytene chromosomes were washed sequentially with 2� SSC,
females were aged for 3–4 days before dissection. For compari-PBS, and AP buffer (100 mm Tris, 100 mm NaCl, 5 mm MgCl2,
son of ovary sizes, dissected ovaries were placed in a drop ofpH 9.5) at room temperature and incubated with alkaline
PBS (0.9% NaCl, 14 mm Na2HPO4, 6 mm NaH2PO4, pH 7.3)phosphatase-conjugated antidigoxigenin antibody in Blotto
under an Olympus dissection microscope, and images were(5% dry milk in PBS) for 2 hr. The hybridization signal was
taken with a Paultek cooled CCD camera and analyzed usingdetected by incubating slides in color reaction buffer (57 �l
NIH-Image software. The area of each ovary was traced usingnitrotetrazolium blue, 52 �l 5-bromo-4-chloro-3-indolyl phos-
the outline tool and determined in square millimeters. Fixedphate in 15 ml AP buffer) for 1–2 hr and observed by phase-
ovaries were stained with Hoechst 33258 (Molecular Probes)contrast microscopy on a Zeiss Axioskop.
for 10 min followed by PBS wash for 10 min to visualize DNAMolecular mapping of JIL-1 imprecise excision mutants:
(Sullivan et al. 2000). Manually separated ovarioles wereThe JIL-1z2, JIL-1z60, and JIL-1z28 alleles were generated by mobi-
mounted in 90% glycerol containing 0.5% n-propyl gallate.lizing the Enhancer P (EP) transposon (Rørth et al. 1998)
Confocal microscopy was performed with a Leica confocalinserted in the JIL-1 locus in the JIL-1EP(3)3657 line (Wang et
TCS NT microscope system equipped with an Argon-UV laseral. 2001). Likewise, Df(3L)h9 was generated by imprecise P-
and appropriate filter set.element excision (Campbell et al. 1986). DNA was isolated

Adult cuticle preparation: Preparation of adult cuticles wasfrom single homozygous mutant larvae or embryos and PCR
performed as previously described (Girton and Jeon 1994).reactions were performed as previously described (Preston
Briefly, adult males or females were preserved in 70% ethanol.and Engels 1996; Wang et al. 2001). PCR-based chromosome
Individuals were heated at 92� in 1 n KOH for 5–10 min towalking was used to narrow down the Df(3L)h9 deficiency
remove internal tissues and then dehydrated in ethanol. Adultbreakpoints into a small region followed by PCR and direct
abdomens were cut along their dorsal midline with a razor bladesequencing. PCR primers were designed in such a way that
and mounted in a drop of euparol. After mounting, each speci-each round of PCR located the breakpoints in a chromosome
men was dried and flattened on a slide-warming tray underregion that was half the length of that in the previous round.
weights for 24 hr. Brightfield images of the preparations werePrimer sequences used in mutant mapping are available upon
obtained using a Zeiss Axioskop and a digital Spot camera.request.

Immunoblot analysis: Protein extracts were prepared from
staged wild-type embryos, larvae, pupae, or adults that were
homogenized in immunoprecipitation buffer (20 mm Tris- RESULTS
HCl, 150 mm NaCl, 10 mm EDTA, 1 mm EGTA, 0.2% Triton

Cytological and genetic characterization of the 68AX-100, 0.2% NP-40, 2 mm Na3VO4, pH 8.0) with the added
protease inhibitors 1.5 �g/ml aprotinin and 1 mm phenyl- region containing the JIL-1 locus: By hybridizing digoxi-
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genin-labeled JIL-1 cDNA to Oregon-R polytene chro-
mosomes we mapped the JIL-1 locus to the 68A region
of the third chromosome of Drosophila (Figure 1A).
To further refine its localization, cDNA probes were
generated containing the 5� end, the middle, or the 3�
end of the JIL-1 cDNA sequence. These were hybridized
to salivary gland chromosomes from eight different de-
ficiency lines containing deletion-removing portions of
the 68A–C region. As shown in Figure 1, A and B, JIL-1
probes hybridized to chromosomes containing Df(3L)vin3,
Df(3L)vin4, Df(3L)lxd8, and Df(3L)h76, but not to chromo-
somes containing Df(3L)vin2, Df(3L)vin5, and Df(3L)lxd6.
These results indicate that the JIL-1 locus is in region
68A4–5 between the proximal and distal deletion break-
points of Df(3L)lxd8 and Df(3L)h76, respectively. One
of the deletions, Df(3L)h9, removes the 3� but not the
5� end of the JIL-1 gene (Figure 1A), thus localizing the
proximal breakpoint of this deletion within the JIL-1
locus (Figure 1C). By PCR and DNA sequencing we de-
termined that Df(3L)h9 removes JIL-1 sequences beyond
nucleotide 3398 of the JIL-1 cDNA sequence, completely
removes the two distal genes CG7839 and CG6302, and
removes sequences encoding CG7858 sequences beyond
nucleotide 1012 of the three predicted transcripts now de-
signated as CG33048-RA, CG33048-RB, and CG33048-RC.
These putative transcript alterations are the consequenceof
genomic sequence deletion-removing nucleotides 183,457–
193,722 of genomic scaffold AE003546 (GI:23093654;
Berkeley Drosophila Genome Project release 3.0; Figure
2A). The juxtaposition of Df(3L)h9 deficiency break-
points results in an immediate in-frame stop codon in

Figure 1.—Cytological and genetic mapping of the JIL-1 the JIL-1 coding sequence in kinase domain II (KDII)
locus. (A) In situ hybridization using digoxigenin-labeled JIL-1 after amino acid 795, thus encoding a truncated JIL-1cDNA probes was used to map the JIL-1 locus to region 68A

protein consisting of the NH2-terminal domain (NTD),on wild-type (wt) polytene chromosomes. Hybridization was
also performed on deficiency chromosomes mapping in the KDI, and most of KDII with no novel sequences present
68A region that were heterozygous with a wild-type third chro- (Figure 2B).
mosome. These results show that JIL-1 is not removed in The 68A–C region has been the target of several previ-Df(3L)lxd8 (lxd8) or Df(3L)vin3 (vin3) but is removed in

ous mutagenesis studies (Campbell et al. 1986; CrosbyDf(3L)vin2 (vin2) since hybridization is observed only to the
wild-type chromosome but not to the deficiency chromosome. and Meyerowitz 1986; Staveley et al. 1991) identi-
A 5�-JIL-1 probe hybridizes to Df(3L)h9 (h9 5�) whereas a 3�- fying multiple lethal complementation groups as shown
JIL-1 probe does not (h9 3�). Arrows depict JIL-1 hybridiza- in Figure 1C. To test whether any of these groups mighttion signal. (B) Physical map (modified from Crosby and

represent additional alleles of JIL-1, we used a full-lengthMeyerowitz 1986) showing regions removed by different
deficiency chromosomes (depicted by solid bars) relative to JIL-1-expressing transgenic line previously shown capa-
the polytene chromosome in region 67F–69A. Distal is to the ble of rescuing JIL-1 null and hypomorphic alleles
left and proximal is to the right. Whether or not the JIL-1 (Wang et al. 2001) for rescue experiments. We foundprobe was able to hybridize to these deficiency chromosomes

that none of the lethal complementation groups map-is indicated by a “�” or a “�” to the left of the bar. “�/�”
for Df(3L)h9 (h9) indicates that only 5�-JIL-1 but not 3�-JIL-1 ping in the 68A4–5 region (Figure 1C) could be rescued
sequences can hybridize to this deficiency chromosome. The by this approach. That these alleles do not correspond
JIL-1 locus maps within the region depicted by vertical dashed to JIL-1 mutations was further confirmed by their abilitylines, defined by in situ hybridization as being proximal to

to complement JIL-1 null and hypomorphic alleles andDf(3L)lxd8 (lxd8) and distal to Df(3L)h76 (h76). In addition,
the location of the following deficiencies is depicted:
Df(3L)vin4 (vin4), Df(3L)vin5 (vin5), and Df(3L)lxd6 (lxd6).

groups of Campbell et al. (1986) correspond to l(3)68Ad,(C) Physical and genetic map showing position of the JIL-1
l(3)68Ae, and l(3)68Ag as shown. l(3)517 (Shearn et al. 1971)locus relative to the physical regions removed by deficiency
corresponds to l(3)68Ag. The map position for these alleles ischromosomes Df(3L)lxd8, Df(3L)h9, and Df(3L)h76. Genetic
supported by failure to complement with the indicated over-complementation groups previously mapped to this region
lapping deficiency chromosome(s) but ability to complementare uncovered by the indicated deficiency chromosomes (lines
with JIL-1 mutant alleles.below solid bar). The “D,” “J,” and “E” complementation
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Figure 2.—Characterization and
mapping of JIL-1 alleles. (A) Dia-
grams of lesions in JIL-1 alleles.
Known and predicted genes in the
68A4-5 region are depicted as boxes.
The Celera Genomics annotation
numbers and direction of transcrip-
tion are shown at the top. Shaded
boxes indicate the region deleted in
Df(3L)h9 (h9) and those sequences
removed in the imprecise excision
lines JIL-1z2 (z2) and JIL-1z60 (z60) gen-
erated from the EP element insertion
line JIL-1EP(3)3657 (Wang et al. 2001). In
Df(3L)h9, three genes distal to JIL-1
(CG7839, CG6302, and CG7858) are
also fully or partially deleted as indi-
cated, whereas for JIL-1z60 the proxi-
mal gene (CG6279) has been com-
pletely removed. The JIL-1z2 deletion
removes the start codon of the JIL-1
open reading frame, giving rise to a
true null, whereas the JIL-1z60 deletion
removes upstream sequences but
leaves the EP promoter intact. The
JIL-1z28 deletion removes only EP ele-

ment sequences but leaves the EP promoter region intact. The triangle depicts the insertion site of the EP element in JIL-1EP(3)3657.
(B) Schematic of protein products generated by the JIL-1 alleles. The JIL-1EP(3)3657, JIL-1z60, and JIL-1z28 alleles give rise to a full-
length JIL-1 protein composed of an NTD, COOH-terminal domain (CTD), and two kinase domains (KDI and KDII), albeit at
lower levels than those of wild type. The JIL-1h9 allele gives rise to a truncated protein (JIL-1h9-truncation) composed of NTD,
KDI, and most of KDII, but completely lacking the CTD. Because of the presence of an in-frame stop codon generated precisely
at the deficiency breakpoint, there are no novel sequences in the truncated JIL-1 product.

by their localization to chromosomal regions removed In our previous study, we used imprecise excision from
JIL-1EP(3)3657 to generate a hypomorphic series of JIL-1in either Df(3L)lxd8 or Df(3L)h76 (Figure 1C). More-

over, chromosomes with Df(3L)lxd8 or Df(3L)h76 com- alleles (Wang et al. 2001). To further molecularly char-
acterize the nature of these excisions, we performed PCRplement the null allele JIL-1z2, indicating that these defi-

ciencies do not remove essential regulatory regions of mapping and DNA sequence analysis. Figure 2A depicts
the JIL-1 genomic region and those sequences that areJIL-1, which would not have been detected in our cDNA

hybridization analysis. Two of the lethal complementa- missing for each of the JIL-1 alleles (shaded boxes).
The JIL-1z2 null allele removes nucleotide 204,172 totion groups [l(3)68Ad and l(3)01239] were also removed

in Df(3L)h9, thus causing homozygous lethality for this sequences within the region between nucleotides 198,609
and 197,546 in the genomic scaffold AE003546, thusdeficiency. However, the truncated JIL-1 allele encoded

by this chromosome (Figures 1C and 2B) was able to removing the JIL-1 starting ATG codon along with se-
quences extending into the second intron, as well as delet-partially rescue lethal null JIL-1 animals to adulthood

when heterozygous, although surviving adults were ster- ing the EP element’s promoter sequences. We could not
assign the precise nucleotide of the breakpoints due toile (Table 1), suggesting that the truncated JIL-1 protein

has a partial function. limits of resolution in our PCR mapping approach. The
severe hypomorph JIL-1z60 removes the entire JIL-1 pro-Genomic characterization of JIL-1 null and hypomor-

phic alleles: By screening GenBank with the JIL-1 cDNA moter region in addition to the 5� untranslated region
but retains the EP promoter element, thus accountingsequence, we previously identified a P-element insertion

line ( JIL-1EP(3)3657) in which the inducible overexpression for the low level of JIL-1 protein observed. However,
proximal genomic sequences upstream of JIL-1, extend-EP element (Rørth et al. 1998) had inserted into JIL-1’s

first exon �700 bp upstream of the putative start codon, ing to a region localized between nucleotides 207,742
and 269,371 of the AE003546 genomic scaffold, are alsoresulting in a decrease in JIL-1 protein expression levels

to only �10% that of wild type (Wang et al. 2001). This removed, resulting in the loss of the entire CG6279
coding sequence as well (Figure 2A). Another and pre-low-level expression was sufficient to permit �80% (as

compared to wild type) of homozygous animals from het- viously unreported imprecise excision line from the ex-
cision performed by Wang et al. (2001), JIL-1z28, doeserozygous (JIL-1EP(3)3657/�) parents to eclose, although sub-

sequent generations showed further decreased viability, not remove the JIL-1 sequence but is an imprecise exci-
sion of the EP(3)3657 element that leaves �3.6 kb ofprobably due to decreased levels of maternal product.
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TABLE 1

Viability of JIL-1 mutants

Male genotype

Female genotype z2/TM3 h9/TM3 z60/TM3 EP3/TM3 z28/TM3 Scim/TM3

z2/TM3 0.00 0.13 0.18 0.44 0.95 0.88
(0/538) (59/451) (118/647) (208/477) (537/568) (170/193)

h9/TM3 0.44 0.00 ND 0.80 0.81 0.86
(170/386) (0/239) (362/454) (229/283) (211/246)

z60/TM3 0.40 0.33 0.17 0.59 0.85 1.00
(164/456) (80/240) (127/761) (399/674) (469/551) (249/249)

EP3/TM3 0.54 0.76 0.60 0.79 0.79 1.06
(182/340) (130/183) (307/514) (449/570) (420/534) (164/154)

z28/TM3 0.89 0.80 0.88 0.86 0.66 0.88
(415/465) (176/221) (319/361) (438/512) (428/652) (229/261)

Scim/TM3 0.86 0.82 ND 0.81 0.82 1.01
(449/525) (164/199) (321/396) (306/374) (135/134)

Viability is calculated as the number of observed non-Tb Hu e flies/number of the expected Mendelian class
of non-Tb Hu e JIL-1/JIL-1 mutant flies (predicted to be one-half of the number of observed Tb Hu e flies).
ND, not determined.

the original EP element. Both JIL-1z60 and JIL-1z28 retain were analyzed by Western blotting using an antibody
probe directed against the JIL-1 COOH-terminal do-the EP GAL4-binding sites and minimal heat-shock pro-

moter. main (Jin et al. 1999). Figure 3 shows the results of such
an experiment. JIL-1 protein levels as compared to wildReduction in the level of JIL-1 protein is correlated

with reduced viability at multiple stages of development: type (defined as 100%) were 0% for JIL-1z2, 0.3% for
JIL-1z60, 5% for JIL-1EP(3)3657, 45% for JIL-1z28, and 58% forTo compare the relative phenotypic effects of the JIL-1

alleles described above as well as the previously de- JIL-1Scim. This comparison of protein levels allows the JIL-1
alleles to be arranged in an allelic series, JIL-1z2 	 JIL-1z60 	scribed JIL-1Scim allele (Dobie et al. 2001), each was exam-

ined in a series of diallelic crosses. Individuals with dif- JIL-1EP(3)3657 	 JIL-1z28 	 JIL-1Scim, which is identical to
that obtained from examining viability. Thus a directferent homozygous or heterozygous JIL-1 genotypes

were generated by crossing males and females con- correlation was observed between the level of JIL-1 pro-
tein and the severity of mutant effect on adult viability.taining different JIL-1 alleles and the strength of each

mutant genotype was measured by its effect on survival The JIL-1h9 allele was not included in the Western blot
analysis since the loss of JIL-1 COOH-terminal sequencesto adulthood (defined here as “viability”). The loss of
precludes its detection using this antibody. However,other genes in the JIL-1h9/JIL-1h9 and JIL-1z60/JIL-1z60 ho-
by Northern blotting we found that the JIL-1h9 allelemozygotes (see Figure 2A) precludes a direct compari-
produces a shorter JIL-1 transcript present at levelsson of the JIL-1 effects of these alleles on viability in
equivalent to full-length JIL-1 transcript from the TM3homozygotes. However, viability of each JIL-1 allele can

be assayed when heterozygous with the null JIL-1z2 allele.
This analysis revealed a general trend from least to most
viable of JIL-1z2 	 JIL-1h9 	 JIL-1z60 	 JIL-1EP(3)3657 	 JIL-1z28

�JIL-1Scim (Table 1). This order of severity is preserved
in most of the possible allelic combinations with the
exception of the JIL-1z28/JIL-1z28 homozygote, which is
less viable than expected, given its mild decrease in
viability in all other combinations. This result may indi-
cate an as-yet-undefined second site aberration on this
chromosome. In the cases of JIL-1z28 and JIL-1Scim, JIL-1
levels appear to be sufficient to mask differences be- Figure 3.—JIL-1 protein expression in JIL-1 hypomorphic
tween levels of the other alleles as measured by the rate and null alleles. Immunoblots were performed on extracts

from homozygous JIL-1Scim (Scim), JIL-1z28 (z28), JIL-1EP(3)3657of adult eclosion.
(EP3), JIL-1z60 (z60), and JIL-1z2 (z2) larvae and compared toTo determine whether the degree of viability in the
wild type (wt). The immunoblots were labeled with affinity-allelic series corresponded to levels of JIL-1 protein pro- purified JIL-1 antiserum and with antitubulin antibody. The

duced in different mutant backgrounds, protein ex- relative level of JIL-1 expression in the mutant larvae as a
percentage of JIL-1 expression in wild type is shown below.tracts from homozygous JIL-1 mutant third instar larvae
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balancer chromosome (data not shown). This—in con- 3) we made use of a TM6 balancer chromosome that
contains Sb and Tb alleles. Sb is homozygous lethal withjunction with the ability of JIL-1h9 to partially rescue

the null JIL-1z2 allele to yield JIL-1h9/JIL-1z2 viable, albeit an early embryonic lethal period, and no TM6/TM6
individuals hatch from the egg. The Tb allele markssterile, adults (see below)—suggests that the truncated

protein can provide partial JIL-1 function. larvae and pupae, allowing us to track the survival of
the JIL-1z2/JIL-1z2 individuals during the larval and pupalA second trend apparent from the results shown in

Table 1 is that the genotype of the female parent has periods. The percentage of eggs that did not hatch was
29%, which is close to the percentage expected duea more significant effect on viability than that of the

male parent. When females heterozygous for the null to lethality of the homozygous TM6/TM6 individuals
(25%). This suggests that most JIL-1z2/JIL-1z2 embryosJIL-1z2 allele are crossed with males containing other

alleles, fewer progeny are produced than in the recipro- produced by a heterozygous mother complete embry-
onic development. Since all or most of the JIL-1z2/JIL-1z2cal crosses. In crosses with the weaker JIL-1z28 and JIL-1Scim

alleles, these alleles’ levels of JIL-1 protein appear suffi- embryos hatch, one-third of the collected larvae would
be expected to be of the JIL-1z2/JIL-1z2 genotype. Onlycient to mask the maternal effect of JIL-1z2. These results

suggest that JIL-1 alleles have a maternal effect. To fur- 251 JIL-1z2/JIL-1z2 (Tb�) larvae pupariated compared with
1325 JIL-1z2/TM6 Tb larvae. This suggests that a signifi-ther test for a JIL-1 maternal effect, we performed a

series of reciprocal crosses. The first was a set of crosses cant fraction of the JIL-1z2/JIL-1z2 individuals die during
the larval period. None of the JIL-1z2/JIL-1z2 individualsbetween individuals with JIL-1z2/JIL-1EP(3)3657 and wild-type

genotypes, the second was a set of crosses between indi- that pupariate survive to adult eclosion. In contrast,
almost all of the JIL-1z2/TM6 individuals (96%) whoviduals with JIL-1z2/JIL-1EP(3)3657 and JIL-1z2/TM3 geno-

types, and the third was a cross between JIL-1z2/TM6 pupariate survive to adult eclosion.
To determine whether the observed maternal effectsmales and females (Table 2). For each cross, three sets

of data were obtained. First, embryonic viability was correlated with the JIL-1 allelic series (Table 1), we per-
formed crosses testing for maternal effects using differ-determined by measuring the hatch rate of fertilized

eggs. Second, larval viability was determined by collect- ent JIL-1 alleles (Table 3). In these crosses females with
JIL-1z2/JIL-1h9, JIL-1z2/JIL-1EP(3)3657, JIL-1z2/JIL-1z28, or JIL-1z2/ing newly hatched first instar larvae and measuring their

rate of survival to pupariation. Third, adult viability was JIL-1Scim genotypes were mated to males with a �/�
genotype. For each cross, the rates of hatching, pupar-determined by measuring the frequency of adult eclo-

sion from pupae. The results are shown in Table 2. In iation, and adult eclosion were determined (Table 3).
Despite the contribution of a wild-type JIL-1 allele fromcross 1, only 8% of the fertilized eggs laid by the JIL-1z2/

JIL-1EP(3)3657 females hatched, compared with 94% of the the father to the fertilized embryo, the reduction in
maternal JIL-1 due to the mother’s genotype resultedeggs laid by wild-type females. Even though the offspring

are of the same genotypes (50% JIL-1z2/� and 50% in decreased hatch rates, ranging from 0% for JIL-1z2/
JIL-1h9 females to 8% for JIL-1z2/JIL-1EP(3)3657 females toJIL-1EP(3)3657/�), more larvae with wild-type female par-

ents survived to pupation (95 vs. 58%). Of the individu- 41% for JIL-1z2/JIL-1z28 females to 60% for JIL-1z2/JIL-1Scim

females. This decrease in maternal effect for JIL-1 hypo-als who pupariated, about the same fraction survived to
eclosion (94% from JIL-1z2/JIL-1EP(3)3657 females and 96% morphic alleles correlates well with the allelic series of

JIL-1h9 	 JIL-1EP(3)3657 	 JIL-1z28 �JIL-1Scim determined infrom wild-type females), indicating that after pupar-
iation this maternal effect is negligible. Thus, these re- Table 1. The JIL-1z2 allele is not included in this assay

since JIL-1z2/JIL-1z2 adult females cannot be generatedsults confirm that JIL-1 has a maternal effect and suggest
that this effect persists throughout the larval period. for this cross due to JIL-1z2 being homozygous lethal.

The effect on egg production due to loss of maternalThese results were further confirmed by the second
set of crosses (Table 2, cross 2). In these crosses, as JIL-1 in the JIL-1z2/JIL-1h9 females was remarkable. For

all of the other JIL-1 alleles, a total of 25 females werepreviously observed, the JIL-1z2/JIL-1EP(3)3657 females show
a low rate of hatching of fertilized eggs (2%). However, used in each cross and each female laid between 12 and

20 eggs per day. For the JIL-1z2/JIL-1h9 cross a total ofthe hatch rate of fertilized eggs laid by the JIL-1z2/TM3
females (87%) is higher than that of the expected JIL-1/ 125 females were used, and even so, very few eggs were

laid and none hatched.TM3 Mendelian class (50%), suggesting that many em-
bryos with a JIL-1z2/JIL-1z2 or JIL-1z2/JIL-1EP(3)3657 genotype The above crosses illustrate the requirement for JIL-1

during larval development as evidenced by decreasedcan complete embryonic development if provided with
normal maternal JIL-1 product. No JIL-1z2/JIL-1z2 prog- pupariation rates of JIL-1 heterozygous mutant larvae.

The percentage of the collected larvae that pupariatedeny survive to eclosion and the number of surviving
JIL-1z2/JIL-1EP(3)3657 adults is about half that of comparable was 58, 71, and 80% for JIL-1EP(3)3657/JIL-1z2, JIL-1z28/JIL-1z2,

and JIL-1Scim/JIL-1z2, respectively. Thus, the decrease insibling genotypic classes. The reduced rate of survival
to pupariation (59%) suggests that some JIL-1z2/JIL-1z2 pupariation observed with the hypomorphic alleles cor-

related with their level of reduction of JIL-1 proteinand JIL-1z2/JIL-1EP(3)3657 individuals fail to survive the larval
period. Therefore, in the third cross (Table 2, cross (Figure 3), namely JIL-1EP(3)3657 	 JIL-1z28 	 JIL-1Scim. To



1347Genetic Analysis of JIL-1 Alleles

T
A

B
L

E
2

R
ec

ip
ro

ca
l

cr
os

se
s

of
m

al
e

an
d

fe
m

al
e

JI
L-

1
m

ut
an

t
al

le
le

s

H
at

ch
ra

te
Pu

pa
ri

at
io

n
ra

te
E

cl
os

io
n

ra
te

Fe
m

al
e

ge
n

ot
yp

e
M

al
e

ge
n

ot
yp

e
(l

ar
va

e/
to

ta
l

eg
gs

)
(p

up
ae

/t
ot

al
la

rv
ae

)
(a

du
lt

/t
ot

al
pu

pa
e)

C
ro

ss
1

z2
/E

P3
�

/�
0.

08
(1

70
/2

19
5)

0.
58

(7
7/

13
3)

0.
94

(7
3/

77
)

�
/�

z2
/E

P3
0.

94
(2

34
3/

24
84

)
0.

95
(1

49
2/

15
59

)
0.

96
(1

43
3/

14
92

)

G
en

ot
yp

e
an

d
n

o.
of

ec
lo

se
d

fl
ie

s
H

at
ch

ra
te

Pu
pa

ri
at

io
n

ra
te

Fe
m

al
e

ge
n

ot
yp

e
M

al
e

ge
n

ot
yp

e
(l

ar
va

e/
to

ta
l

eg
gs

)
(p

up
ae

/t
ot

al
la

rv
ae

)
z2

/z
2

z2
/E

P3
z2

/T
M

3
EP

3/
T

M
3

C
ro

ss
2

z2
/E

P3
z2

/T
M

3
0.

02
(3

6/
24

13
)

0.
76

(1
9/

25
)

0
0

0
15

z2
/T

M
3

z2
/E

P3
0.

87
(2

13
9/

24
52

)
0.

59
(8

23
/1

40
6)

0
15

4
31

1
30

1

Pu
pa

ri
at

io
n

ra
te

of
F 1

la
rv

al
ge

n
ot

yp
es

E
cl

os
io

n
ra

te
of

F 1
pu

pa
lg

en
ot

yp
es

H
at

ch
ra

te
Fe

m
al

e
ge

n
ot

yp
e

M
al

e
ge

n
ot

yp
e

(l
ar

va
e/

to
ta

l
eg

gs
)

z2
/z

2
z2

/T
M

6
z2

/z
2

z2
/T

M
3

C
ro

ss
3

z2
/T

M
6

z2
/T

M
6

0.
71

(2
24

2/
31

70
)

0.
35

a
(2

51
/7

22
)

0.
92

b
(1

32
5/

14
43

)
0

(0
/2

51
)

0.
96

(1
26

8/
13

25
)

a
N

um
be

r
of

ex
pe

ct
ed

pu
pa

e
is

on
e-

th
ir

d
of

th
e

to
ta

l
n

um
be

r
of

la
rv

ae
ex

am
in

ed
.

b
N

um
be

r
of

ex
pe

ct
ed

pu
pa

e
is

tw
o-

th
ir

ds
of

th
e

to
ta

l
n

um
be

r
of

la
rv

ae
ex

am
in

ed
.



1348 W. Zhang et al.

TABLE 3

Maternal effect of different JIL-1 genotypes

Hatch rate Pupariation rate Eclosion rate
Female genotype Male genotype (larvae/total eggs) (pupae/total larvae) (adult/pupae)

z2/h9 �/� 0.00 (0/86) NA NA
z2/EP3 �/� 0.08 (170/2195) 0.58 (77/133) 0.95 (73/77)
z2/z28 �/� 0.41 (785/1907) 0.71 (469/665) 0.94 (440/469)
z2/Scim �/� 0.60 (1274/2119) 0.80 (869/1084) 0.94 (818/869)
�/� �/� 0.91 (1431/1579) 0.95 (996/1052) 0.98 (975/996)

NA, not applicable.

test whether the genetic requirement for JIL-1 function with that of homozygous JIL-1 null animals (Figure 5).
However, since the JIL-1h9 deficiency also removes se-at different developmental stages correlated with the pres-
quences from three other genes (Figure 2), we neededence of JIL-1 protein, we performed a developmental
to assess whether any chromosomal phenotype was asso-Western blot analysis. Protein extracts from staged em-
ciated with the resulting hemizygosity of these genes.bryos, larvae, pupae, and adults were fractionated on
Polytene chromosomes from animals with a Df(3L)h9/�SDS-PAGE, transferred to nitrocellulose, and probed
genotype were squashed and stained with Hoechst. Bothwith antibody directed against the JIL-1 COOH-terminal
male and female polytene chromosomes exhibited nor-domain (Jin et al. 1999). Figure 4 shows the results of
mal morphology with clearly defined Hoechst-stainedsuch an experiment. JIL-1 protein is detected at signifi-
bands of heterochromatic-like regions interspersed withcant levels throughout development, including appre-
less intensely stained euchromatic interbands (Figureciable levels of JIL-1 in 0- to 2-hr embryos as would be
5, A and B). This staining pattern was indistinguishableexpected given JIL-1’s maternal effect.
from that of wild type (data not shown). However, whenJIL-1 is required for normal larval polytene chromo-

some structure: We have previously shown that severe
loss-of-function JIL-1 mutations result in aberrant larval
polytene chromosome structure (Wang et al. 2001), but
because few or none of these mutant animals survive to
adulthood, it is possible that the chromosomal aberra-
tions are an indirect consequence of impending loss
of viability. Since JIL-1h9/JIL-1z2 animals can survive to
adulthood, they afforded an opportunity to compare
the polytene chromosome morphology of these animals

Figure 5.—The JIL-1h9 allele has a severe effect on the
structure and morphology of male and female larval polytene
chromosomes. Polytene chromosome preparations from thirdFigure 4.—Developmental Western blot analysis of JIL-1

protein. Protein extracts from selected stages of Drosophila instar larvae were labeled with Hoechst to visualize the chroma-
tin. The male X chromosome is indicated with an X. Prepara-development were fractionated by SDS-PAGE, immunoblot-

ted, and labeled with JIL-1-specific antibody (JIL-1) or with tions are shown from male and female JIL-1h9/� (h9/�) het-
erozygous larvae (A and B), from JIL-1h9/JIL-1z2 (h9/z2)tubulin antibody as a control (tubulin). The JIL-1 protein is

present throughout development. The migration of molecular heterozygous larvae (C and D), and from JIL-1z2/JIL-1z2 (z2/z2)
homozygous larvae (E and F).mass markers in kilodaltons is indicated to the left.
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the Df(3L)h9 chromosome was paired with a chromo-
some containing the JIL-1z2 mutant allele, a severe per-
turbation of chromosome structure was observed (Fig-
ure 5, C and D). The autosomes appear highly coiled
and compact, and the interband regions, which are nor-
mally distinguished by lower levels of Hoechst staining,
are lost. In males, the X chromosome is even shorter
and in addition exhibits a “puffy” morphology (Figure
5C). This phenotype is highly penetrant and was ob-
served in all animals analyzed (n 
 10). Although many
of these larvae go on to develop into adults, this pheno-
type is very similar to the homozygous null JIL-1z2/JIL-1z2

phenotype (Figure 5, E and F), although the “puffing”
of the X chromosome in males in the homozygous null
JIL-1 background tends to be more extreme (Figure 5E).

JIL-1 is required for normal oogenesis: Since JIL-1
shows a strong maternal effect, we expected that muta-
tions in JIL-1 might also affect the process of oogenesis.
For this reason we examined ovaries and egg chambers
in JIL-1h9/JIL-1z2 and JIL-1EP(3)3657/JIL-1EP(3)3657 mutant back-
grounds. JIL-1h9/JIL-1z2 animals eclose at a reduced rate
but those animals that survive to adulthood are sterile
and females produce eggs at a significantly lower level.
Even though we used five times more females in the Figure 6.—Effect of JIL-1 mutations on ovary size. Ovaries
JIL-1h9/JIL-1z2 crosses to produce eggs to generate the dissected from wild-type (wt) and JIL-1 mutant females. Mutant

ovaries from JIL-1EP(3)3657/JIL-1(EP(3)3657 (EP3/EP3) homozygousdata for Table 3, we obtained 	4% of the total number
females were consistently smaller in size (C and D) than thoseof eggs that we obtained when JIL-1z2 was in combination
from wild-type flies (A and B). Ovaries from JIL-1h9/JIL-1z2

with any other JIL-1 allele. None of the eggs were able heterozygous flies (h9/z2) show only minimal development
to hatch (Table 3). Homozygous JIL-1EP(3)3657/JIL-1EP(3)3657

(E) and in many cases fail to develop at all (F). Animals that
mothers lay eggs at a significantly higher rate than are heterozygous for the Df(3L)h9 chromosome with a wild-

type chromosome (h9/�) are indistinguishable from wild typeJIL-1h9/JIL-1z2 mothers but the hatch rate of those eggs
(G and H).is 	10% (Wang et al. 2001; Zhang et al. 2003; this

study). To compare the effect of JIL-1 mutations in egg
production, ovaries were dissected from wild-type,
JIL-1EP(3)3657/JIL-1EP(3)3657, JIL-1h9/JIL-1z2, or JIL-1h9/� fe-

mutant backgrounds were clearly defective in size andmales. Images of dissected ovaries were obtained on a
overall morphology.stereomicroscope using a digital camera and the relative

Consequently, the low level of egg laying from JIL-1h9/size of each ovary determined in square millimeters. A
JIL-1z2 females likely reflects how few of these animalsmoderate decrease in size was observed for the
appear to have differentiated germline tissue. However,JIL-1EP(3)3657/JIL-1EP(3)3657 mutant ovaries (average size 0.25
from those ovaries that do show some degree of tissue� 0.10 mm2, n � 23) as compared with wild type (aver-
development, fixation and Hoechst staining reveal aage size 0.40 � 0.08 mm2, n � 19). The JIL-1h9/JIL-1z2

number of severe anatomical defects as compared tomutant ovaries, however, showed a significant (P 	 0.05,
wild type. In normal egg-chamber development, 15 ofStudent’s t-test) decrease in size, averaging 0.05 � 0.07
the 16 interconnected germline cells undergo multiplemm2 (n � 23). Ovaries from JIL-1h9/� females (average
rounds of DNA replication in the absence of divisionsize 0.42 � 0.08 mm2, n � 19) were indistinguishable
(reviewed in Mahowald and Kambysellis 1980), giv-from those of wild type (P 
 0.90, Student’s t-test),
ing rise to large, polyploid nurse cell nuclei (Figuresuggesting that the JIL-1h9/JIL-1z2 phenotype is caused
7A). A layer of somatically derived follicle cells surroundby a defect in the JIL-1 locus and not by any of the other
the developing egg chamber, and the diploid germline-genes removed by the Df(3L)h9 deficiency. Examples of
derived oocyte cell gradually enlarges during matura-the range of phenotypes observed are shown in Figure
tion with its nucleus localizing posteriorly (reviewed in6. In most cases, JIL-1h9/JIL-1z2 ovaries consisted primarily
Spradling et al. 1997). In the JIL-1h9/JIL-1z2 females, weof connective tissue with little or no apparent ovariole
observed a range of phenotypes with the most commondevelopment (Figure 6F). However, in a smaller num-
defect consisting of egg chambers with a reduction inber of cases JIL-1h9/JIL-1z2 ovary tissue developed to some
numbers of nurse cells and no apparent oocyte nucleusdegree. An example of such an ovary pair is shown in

Figure 6E. However, all ovaries examined in these JIL-1 (Figure 7D). In other cases cell nuclei appear to either
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Figure 7.—Egg-chamber development in JIL-1h9/JIL-1z2 ova-
ries. Ovaries from either wild-type or mutant JIL-1h9/JIL-1z2

females were dissected, fixed, and stained with Hoechst to
analyze egg-chamber development within individual ovarioles.
(A) Wild-type egg chambers (wt) show a regular array of large
polyploid nurse cell nuclei developing within each follicle.
JIL-1h9/JIL-1z2 (h9/z2) mutant egg chambers show a range of
defects, including too many nurse cell nuclei encapsulated
within an egg chamber (B), fragmentation of nuclei and/or
smaller nuclei (C), and too few nurse cell nuclei encapsulated
within an individual egg chamber (D). Note the occurrence
of apparently “empty” ovarioles and egg chambers in the dif-
ferent classes of phenotypes (B and D).

Figure 8.—JIL-1 mutants exhibit posterior-to-anterior ho-
meotic transformations. Abdominal cuticle preparations from
adult male flies. Dorsal is to the left and anterior is to the
top. (A) In wild-type (wt) male flies the unpigmented ventralfragment or fail to undergo DNA amplification prop-
A6 sternite is broad and contains no bristles (arrow) whereas

erly, resulting in obvious defects in egg-chamber devel- more anterior sternites are covered by large bristles. (B) In
opment (Figure 7C). In a smaller number of cases, in- JIL-1EP(3)3657/JIL-1EP(3)3657 (EP3/EP3) mutant animals, bristles are

found on the A6 sternite (arrow), indicating a transformationcreased numbers of nurse cells were observed, which
toward A5. (C) In JIL-1z2/JIL-1EP(3)3657 (z2/EP3) mutant animals,may reflect fused egg chambers (Figure 7B). In all such
the transformation of A6 toward A5 is indicated by ventralphenotypic classes, other ovarioles within the same ovary
sternite bristles (arrows).

often appeared empty with no egg chambers formed
(Figure 7, B and D). This observation is consistent with
the consistently smaller-sized ovaries found in JIL-1h9/
JIL-1z2 females (Figure 6). sternites of more anterior segments are. However, in

JIL-1 mutants exhibit posterior-to-anterior homeotic 88% (n � 58) of JIL-1EP(3)3657 homozygous males the A6
transformations: In Drosophila, segment identity is de- sternite is covered by one or more large bristles, sug-
termined by the proper expression of homeotic genes gesting a transformation of A6 to the more anterior A5
in each segment. Segment identity is initially established segment (Figure 8B). Of JIL-1z2/JIL-1EP(3)3657 heterozygous
at early embryonic stages by gap and pair-rule genes males, 93% (n � 40) displayed the same phenotype
(Simon et al. 1990; Qian et al. 1991; Muller and Bienz (Figure 8C). Furthermore, we observed frequent ec-
1992; Shimell et al. 1994). However, their expression topic trichomes on the A6 tergite in JIL-1 mutant fe-
is only transient and the maintenance of proper expres- males but not in wild-type females (data not shown).
sion of homeotic genes has been attributed to trithorax These phenotypes are comparable to those characteris-
group (trxG) and polycomb group (PcG) proteins dur- tic of trxG mutations (Ingham and Whittle 1980;
ing the remaining life stages. trxG proteins have been Shearn 1989) and suggest that JIL-1 might play a similar
shown to be involved in the maintenance of transcrip- role as other previously described trxG proteins in main-
tionally active chromatin while PcG proteins help to taining an open chromatin structure at the BX-C locus.
maintain an inactive chromatin structure (reviewed in To test whether JIL-1 may have regulatory functions
Orlando and Paro 1995; Simon 1995). Since JIL-1 is in BX-C expression analogous to those previously identi-
also involved in control of chromatin structure (Wang fied for trxG genes (reviewed in Orlando and Paro
et al. 2001), we examined whether alleles of JIL-1 also 1995; Simon 1995), we probed for genetic interactions
could give rise to homeotic transformation phenotypes. between JIL-1 and the known trxG genes brahma and tri-
As shown in Figure 8 in wild-type males, the unpigmented thorax. The Drosophila brahma gene encodes an ATPase
ventral cuticular plate (sternite) of the abdominal sixth that is a catalytic component of a complex similar to

the yeast SWI/SNF chromatin remodeling complexsegment (A6) is not covered by large bristles, while
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TABLE 4 somal kinase JIL-1 on development in Drosophila. We
show that the mutations form an allelic series and thatGenetic interaction between JIL-1Z2 and brm2 trxE2 alleles
viability is directly correlated with JIL-1 protein levels.
Furthermore, we provide evidence that JIL-1 functionMale genotype
is required at all stages of development, including oo-

Female genotype � JIL-1z2 brm2 trxE2
genesis and during embryonic, larval, and pupal stages.
However, relatively low levels (5–10%) of JIL-1 protein� 0.00a 0.02 0.17

(0/200) (4/181) (17/98) are sufficient to sustain development into adults and
JIL-1z2 0.02 NA 0.65 JIL-1EP(3)3657 flies can be maintained as a homozygous

(5/182) (89/137) stock for at least a few generations (Wang et al. 2001).
brm2 trxE2 0.09 0.75 NA JIL-1 has a strong maternal effect and some JIL-1 null(10/110) (54/72)

offspring produced by heterozygous females can survive
NA, not applicable. on maternally produced JIL-1 until pupariation al-
a Fraction of male flies exhibiting an A6-to-A5 transforma- though they are unable to eclose. In contrast, we de-

tion phenotype. tected only a minor effect on embryonic hatch rates by
paternally contributed JIL-1.

Using in situ hybridization we mapped the JIL-1 locus
(Tamkun et al. 1992; Papoulas et al. 1998). to the 68A4–5 region of the larval polytene chromo-
TRITHORAX is a SET domain-containing protein that some. By combining in situ hybridization and genetic
has been recently found to interact with the catalytic complementation analysis, we further determined that
subunit of the serine/threonine protein phosphatase the JIL-1 locus lies between the distal breakpoint of
PP1c (Rudenko et al. 2003). Since JIL-1 regulates his- Df(3L)h76 and the proximal breakpoint of Df(3L)lxd8
tone H3 phosphorylation in Drosophila and likely has with neither deficiency removing essential elements of
other substrates, it was of interest to test whether JIL-1, the JIL-1 locus. The proximal breakpoint of Df(3L)h9,
brahma, and trithorax have synergistic effects in determin- however, falls within JIL-1 coding sequence and the de-
ing segment identity. To explore this possibility, JIL-1z2

ficiency removes JIL-1 COOH-terminal sequences as
mutants and brahma2 (brm2) and trithoraxE2 (trxE2) double well as all or part of the coding sequences from three
mutants were crossed with a standard y,w strain and a distal genes. In agreement with our deficiency mapping
wild-type third chromosome, respectively, to serve as results, we found that the JIL-1 locus did not correspond
controls. As shown in Table 4, in JIL-1 heterozygotes only to previously identified lethal complementation groups
2% of the animals exhibited an A6-to-A5 transformation that map to the 68A region and are uncovered by
regardless of whether the JIL-1Z2 allele had been intro- Df(3L)lxd8 or Df(3L)h76 (Campbell et al. 1986; Crosby
duced by the male or the female. This suggests that and Meyerowitz 1986; Staveley et al. 1991). Our data
there is no maternal effect of JIL-1 on the transformation confirm the results obtained in mapping studies for
phenotype. Similarly, brm2 and trxE2 double heterozy- another gene in the region, Su(UR) (Makunin et al.
gotes exhibited only moderate ratios (9 and 17% when 2002), with the exception that we find that the break-
introduced by the female or male, respectively) of the points of Df(3L)h76 and Df(3L)lxd8 fall proximal and
same A6-to-A5 transformation in reciprocal crosses. In distal to the JIL-1 locus, respectively, instead of within
contrast, triple male heterozygotes carrying JIL-1z2, brm2, the JIL-1 locus.
and trxE2 alleles showed a much higher percentage of We molecularly characterized the lesions associated
transformation with 65% exhibiting the transformation with the various JIL-1 alleles used in this study, which
phenotype when JIL-1z2 was contributed by the female were mostly generated from imprecise P-element exci-
and brm2 trxE2 was contributed by the male and a 75% sions (Wang et al. 2001). In most cases, these alleles are
transformation rate in the reciprocal cross. This ob- hypomorphic or null, resulting in a reduction or loss

of wild-type JIL-1 protein. In one case, however, theserved frequency was significantly higher (P 	 0.005, �2

chromosomal aberration associated with Df(3L)h9 re-test) than would be expected for a simple additive effect
sults in the deletion of JIL-1 COOH-terminal sequences,contributed by the mutant alleles from each parent.
thus encoding a truncated protein that lacks the COOH-Thus, this synergistic genetic interaction between JIL-1z2,
terminal domain and conserved subdomains IX–XI ofbrm2, and trxE2 suggests that JIL-1 participates with other
the second kinase domain (Figure 2). Since these subdo-trxG members in the regulation of gene expression at
mains are implicated in stabilizing the kinase’s largethe BX-C locus and raises the possibility that similar
lobe and catalytic loop (reviewed in Hardie and Hanksinteractions may also occur on other target genes.
1996), this truncation would be expected to cause loss
of kinase activity in KDII. In the related tandem kinase
p90 RSK (Johansen et al. 1999), the second kinase do-

DISCUSSION
main has been shown to be one of the kinases that

In this study we have undertaken a genetic approach activate the amino-terminal kinase domain (Dalby et
al. 1998; Frodin and Gammeltoft 1999). Thus, regula-to characterize the effect of mutations in the chromo-
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tion of JIL-1 kinase activity may be compromised in the may play a role in the normal progression of early oogen-
esis and be involved in regulating some of these genesJIL-1h9 truncation. In addition, the Df(3L)h9 deficiency

removes three additional genes. However, the fact that either directly by participating in signal transduction
pathways essential for oocyte differentiation or indi-JIL-1h9/� heterozygotes are indistinguishable from wild

type suggests that the observed phenotypes are caused rectly by affecting chromatin structure and gene expres-
sion.by the truncation of JIL-1. Interestingly, this truncated

product exhibits partial function. When the JIL-1h9 allele In a similar way, JIL-1 may be involved in the develop-
ment of segment identity since JIL-1 mutations can giveis heterozygous with the null JIL-1z2 allele, the eclosion

rate is 44% when JIL-1h9 is provided by the mother but rise to transformation phenotypes resembling those of
alleles of the trithorax-group genes. The appropriateonly 13% when provided by the father. This shows that

JIL-1h9 exerts a positive effect on maternal rescue of expression of homeotic genes requires coordination of
trxG and PcG proteins that form multi-component com-viability. However, it is noteworthy that even though

viability is at least partially restored, the abnormal poly- plexes at regulatory regions of homeotic loci (Shearn
1989; Paro 1990; Pirrotta and Rastelli 1994; Simontene chromosome phenotype characteristic of JIL-1z2/

JIL-1z2 animals is still observed. These results suggest that 1995). Recent studies have shown that trxG and PcG com-
plexes contain proteins that, similar to JIL-1, are involvedthe COOH-terminal domain and/or the second kinase

domain of JIL-1 plays an essential role in establishing in histone covalent modifications or chromatin remodel-
ing (Dingwall et al. 1995; Beisel et al. 2002; Czermin etor maintaining normal chromatin structure. It is inter-

esting that these animals are able to survive to adulthood al. 2002; Muller et al. 2002). The Abdominal-B (Abd-B)
gene is one of the three homeotic genes in the Bithorax-despite the significant chromosomal defects observed.

The fact that these animals are sterile and exhibit gross Complex and controls development of abdominal seg-
ments. Mutations in trxG genes affecting Abd-B expres-ovarian defects and chromosomal abnormalities in the

developing oocytes suggests that this region of JIL-1 is sion display posterior-to-anterior segment transforma-
tion due to transition of an active chromatinessential not only for chromatin structure but also for

viability at early stages. The reason that JIL-1h9/JIL-1z2 conformation to an inactive one (reviewed in Orlando
and Paro 1995). In JIL-1 mutants, the cells in the A6animals survive past critical earlier imprinting stages

when chromatin domains and expression patterns are abdominal epidermis take the cell fate of the more
anterior A5 segment. That JIL-1 mutants can give risebeing specified is likely to be JIL-1’s strong maternal

effect. Mothers heterozygous for wild-type JIL-1 are able to phenotypes analogous to those of trxG genes and that
JIL-1 acts synergistically with trxG genes suggest that JIL-1to provide enough maternal product to allow most of

their homozygous JIL-1z2/JIL-1z2 offspring to develop to may also participate in maintaining an active chromatin
structure at these loci.larval stages and a smaller percentage even to pupate.

This “maternal rescue” presumably allows early develop- In addition, JIL-1 recently was found to interact with
the developmentally regulated LOLA isoform zf5 (Zhangment of JIL-1h9/JIL-1z2 animals as well.

The importance of the JIL-1 COOH-terminal region et al. 2003). The lola locus is complex and codes for at
least 15 different isoforms containing different tandemis emphasized by the sterility of the JIL-1h9/JIL-1z2 hetero-

zygotes and we show that the size of ovaries as well as zinc-finger domains in conjunction with a common BTB
dimerization domain (Giniger et al. 1994; Zhang et al.oogenesis is strongly affected by this mutation. Oogen-

esis is a coordinated and complex developmental pro- 2003). Although the physiological role of LOLA zf5 has
not been determined, the lola locus has been implicated incess involving signals exchanged between nurse and

follicle cells (Spradling et al. 1997). We found that transcriptional regulation (Giniger et al. 1994; Cavarec et
al. 1997; Crowner et al. 2002). An attractive model thatJIL-1h9/JIL-1z2 females are defective in oogenesis whereas

female Df(3L)h9/� heterozygotes are phenotypically has recently been proposed (Ishii and Laemmli 2003)
postulates that some transcription factors can regulatewild type. Many mutant egg chambers in JIL-1h9/JIL-1z2

females have aberrant nurse cell numbers. In most of gene expression levels by influencing chromatin archi-
tecture by serving as boundary elements or desilencingthese mutant egg chambers there are fewer nurse cells,

but less frequently many more than the normal number elements. By assembling complexes that can promote
silencing or desilencing activities, the expression poten-of 15 nurse cells can been found in one egg chamber.

Similar phenotypes have been previously described in tial of a chromosomal region can be regulated. By inter-
acting with LOLA isoforms JIL-1 may be involved ina study identifying mutants in oogenesis that could be

categorized into various classes, including reduced such modulation of gene activity.
In summary, our findings suggest that JIL-1 activity isnurse cell number and supernumerary nurse cell num-

ber (Bellotto et al. 2002). Other genes that are known necessary for the normal progression of several develop-
mental processes at different developmental stages. Weto cause abnormal numbers of nurse cells include shut

down (shu), stand still (stil), and stall (stl) (Schüpbach propose that JIL-1 can exert such pleiotrophic effects
either by directly participating in signal transductionand Wieschaus 1991). These findings suggest that JIL-1
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