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SUMMARY

The bric a brac (bab) locus acts as a homeotic and synergistic, distinct and redundant functions during
morphogenetic regulator in the development of ovaries, imaginal development. Interestingly, several reproduction-
appendages and the abdomen. It consists of two related traits that are sexually dimorphic or show diversity
structurally and functionally related genes,babland bab2 amongDrosophilaspecies are highly sensitive to changes in
each of which encodes a single nuclear protein. Babl and the babgene dose, suggesting that alterations babactivity
Bab2 have two conserved domains in common, a BTB/POZ may contribute to evolutionary modification of sex-related
domain and a Psq domain, a motif that characterizes a morphology.

subfamily of BTB/POZ domain proteins inDrosophila The

tissue distribution of Babl and Bab2 overlaps, with Babl Key words:bric a brag Ovaries, Legs, Abdomen, Secondary sexual
being expressed in a subpattern of Bab2. Analysis of a traits, Anteroposterior and proximodistal patterning, BTB/POZ
series of mutations indicates that the twdab genes have domain, Psq domailrosophila

INTRODUCTION darkly pigmented throughout. Sexually dimorphic abdominal
pigmentation is not characteristic for &ltosophila species,
As every newcomer to a fly laboratory learns, the easiest wdyowever (Kopp et al., 2000), and a large diversity in abdominal
to distinguish betweeDrosophila melanogastgbm) females  pigmentation is seen within the gerid®sophila(Ashburner,
and males is to look for the sex-specific pigmentation patterh989; Hollocher et al., 2000; Eisses and Santos, 1997). Even
of the posterior abdomen, the male-specific sex combs on téthin the Dm species subgroup, in which the abdominal
forelegs and/or the genital structures. These morphologicpigmentation pattern is rather homogeneous, a newly
features not only constitute sexually dimorphic traits but showliscovered speciesD. santomealacks any abdominal
considerable interspecific variation among members ddthe pigmentation (Lachaise et al., 2000). In addition, considerable
species group and subgroup, and some of these features dl#naspecific variation in the pigmentation of posterior tergites
show intraspecific variation. Concerning sex combs, variatiom females has been described for different wild-type
is observed in the number of tarsal segments that display sprpulations oDm (Robertson et al., 1977; Eisses and Santos,
combs, their number per segment, and the number of sex corh®97). Together, these findings indicate a rapid phylogenetic
bristles (Bock and Wheeler, 1972; True et al., 1997; Nuzhdidivergence of sex comb and abdominal pigmentation patterns.
and Reiwitch, 2000; Macdonald and Goldstein, 1999Prim The genetic and developmental mechanisms that allow for
males, a sex comb is only found on the most proximal or firdast evolutionary modifications of characteristics that are
tarsal segment (TS1), and consists of a single row afonnected to reproduction/mating (secondary sexual traits) and
approximately ten sex comb bristles. may be involved in speciation are largely unknown. A strong
Another sexually dimorphic trait ibmis the pigmentation modifier locus of abdominal pigmentation in wild-type
of the tergites of the posterior abdomen. Whereas an alternatipgpulations oDm was mapped to the distal arm of the third
dark-light stripe pattern is characteristic of all abdominakchromosome, and is callgdp (female abdominal pattern)
tergites in females, the posterior-most two tergites in males afRobertson and Riviera, 1972; Robertson et al., 19@p)is
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very likely to correspond to tHeblocus that maps to the same Hoyer’'s medium (Ashburner, 1989). Flies were raised at 25°C if not
chromosomal position, and was recently shown to be involveiddicated otherwise.

in the regulation of abdominal pigmentation and morpholog _
(Kopp et al., 2000). The correlation between the expressiof/ecular analysis of the _bab locus

pattern ofbab and the abdominal pigmentation pattern in©e€nomic DNA from théali” line was used to clonead fragment
species of th®m species group suggests that divergence in th djacent of th&lacZinsertion site by inverse PCR (Godt et al., 1993).

lati fbab . h tributed to th his fragment was used to establish a genomic walk of 140 kb of DNA
regulation ofbab expression may have contributed 10 ey, ¢ oyerg botlhab genes, using genomic lambda phage (Maniatis et

variation of abdominal pigmentation in this species groupy 1978) and cosmid libraries (Tamkun et al., 1992). The orientation
(Kopp et al., 2000). of the bab walk and the molecular breakpoints of deficiencies were
Thebablocus is also a homeotic regulator of the sex comlgefined by chromosome in situ hybridization using genomic DNA
pattern (Godt et al., 1993). Mutations imab cause a probes. The structures of thablgene and transcript were deduced
transformation of the bristle pattern in the tarsal segment&om genomic sequence in combination with an RT-PCR analysis. The
leading to the appearance of ectopic sex combs in distal targaland 3 ends of the terminal exons were identified by RACE-PCR
pattern ofbab along the proximodistal axis of the tarsus P%';Sgggge%se g?l_rBe”uSggq;% {ggﬁ;‘f?ég‘?re%igggy@(‘goﬂ"r‘:]gr':"gt A
suggest that the concentration of Bab sp_ecmes the |dent|ty%g4) was shown to be part bab2 Sequence and Southern blot
the bristle pattern in tarsal segments n a dose-depend lysis, usingab2genomic DNA and cDNAs led to the determination
manner. Moreovehabplays a second role in leg development, ot the structure of theab2gene and transcript (AJ252173). Close to
which appears to be independent of its function in theyii-length bab2 cDNAs were isolated from an 8- to 12-hour-old
specification of the bristle patteribab mutations cause a embryo library (provided by N. Brown). The longésib2 cDNA
failure in joint formation, resulting in the fusion of tarsal isolated, 5.1 kb in size and named cDNA2, corresponds to the predicted
and antennal segments (Godt et al., 1993). The phenotype lgfb2transcript, except that it retains the 70 bp intron 3. This intron is
bab mutants shows that this locus is also an importanfot present in a second cDNA (cDNA4) analyzed, nor was it found
morphogenetic regulator of ovarian development. During¥hen mRNA from embryos and aduit ovaries was analyzed by RT-PCR
ovarian developmentbab mediates the formation of the YS9 szgr.s that flankthle mtrznt,hsuggestmgtthat_the retenltllon Of'”tr%”
terminal filaments, stacks of cells that are required for th In COVAZ IS ah anomaly, and the 79:0p INtron 1S normary remove
formation of ovarioles (King, 1970; Godt and Laski, 1995; y splicing. For Northern blot analysis, total RNA was prepared from

: 72~ third instar larvae with the SDS-hot phenol-chloroform technique
Sahut-Barnola et al., 1995) and contribute to the regulation @pamiter, 1974), and PolyARNA was sel%cted via oligo-dT. a

germline and follicle stem cell divisions during oogenesis (Lin" New cDNAs of thekr gene were isolated from a 0- to 24-hour-old
and Spradling, 1993; Forbes et al., 1996). embryonic cDNA library (Palazzolo et al., 1990).

We show that théablocus is composed of two paralogous ] o
genespablandbab2 The corresponding proteins Babl andGeneration of UAS-bab2 and UAS-bab1 transgenic flies
Bab2 belong to a subfamily of BTB/POZ domain (BTB Thebab2cDNA2 and cDNA4, both of which contain the entire open
domain)-containing nuclear proteins that have a Psq-doma[ﬁad'”g frame obab2(5' and 3 untranslated regions are incomplete
but no Zn-finger motif. Although partially redundant in " ¢DNA4) were subcloned into the pUAST vector (Brand and
function, our data indicate that both genes are required fADernmon, 1993). More than 20 independent transgenic lines were

. stablished for each construdAS-bab2 cDNA2 and cDNA4
'normal. developmepbabZappears to play a predommant, role transgenic lines produced comparable mutant phenotypelspA0-
in ovarian and particularly in leg development, which points tQza14 driver line, carrying theP[Gal4-Hsp70.PB]construct on the
a functional divergence of the two Bab genes. second chromosome (Brand et al., 1994), was used for ubiquitous
expression obab?2
To generate aUAS-babl transgene, ababl minigene was

MATERIALS AND METHODS constructed as follows. A 2.7 Igst-Sal genomic fragment, starting
] at aPst site 6 bp upstream of the ATG and ending 8ah site 422
Flies bp after the 5splice site of intron 1, and a 4.5 BanHI genomic

ThebaballelesbalFl, bal®, batP’R72 bal’RPS bal’R24 bak128and  fragment that contains all of the other exons fimah1, starting 146
Df(3L)balf’C are described elsewhere (Godt et al., 198a°R07  bp upstream the' 3plice site of exon 1 and ending 273 bp after the
was isolated in a P-element-mediated excision mutagenesis that wersd of thebab1cDNA, were fused via blunt-ende®hl and BanH|
conducted fobab®128 (=P[ry*, lacZ]A129 similar to that described sites and cloned into the pUAST vector. Five independent transgenic
for bal” (Godt et al., 1993). The mutatiohald=3, batF4, babF>and  lines were established.
balbF® were isolated in an EMS mutagenesis usingiasm mutant ) _ o
background similar to that described by Godt et al. (Godt et alPProduction of polyclonal anti-Bab2 antibodies
1993). Lethal hits on the chromosomes that carriebabenutations A 1.3 kbBanHI fragment (called 1.3B), which encodes amino acids
were removed using arecd st red e cachromosome for 126 to 558 of Bab2, and a 1.6 Ximd fragment (called 1.6X; amino
recombination. The deficiencieBf(3L)Fpal (61D1;61F1-2) and acids 470 to 1014 of Bab2) were subcloned into the pGEX-1N and
Df(3L)Fpa2(61F1;61F4) arg-ray induced. The allelbatPl was a  pGEX-3X protein expression vectors (Pharmacia-Amersham),
gift from K. Burtis. TM6B, Thand genetic markers are described respectively. Fusion protein 1.3B-GST was soluble and extracted as
elsewhere (Lindsley and Zimm, 1992). Oregon-R was used as a wildescribed by Godt et al. (Godt et al., 1993). Fusion protein 1.6X-GST
type stock. was insoluble, and was purified from inclusion bodies using urea
Flies used for phenotypic analysis of the abdomen were free ¢Grisshammer and Nagai, 1995). The fusion proteins were used for
genetic markers that affect the body color, such@=e. In flies that  immunization of rats at Pocono Rabbit Farm and Laboratories.
carry thebalFl, balF> andbalf allele, respectively, themarker was The Bab2 antibodies R6 and R7 are directed against the 1.3B-
replaced by ane* allele using an Oregon-R chromosome for peptide that includes the BTB domain of Bab2. To test whether these
recombination. Cuticles of abdomina and legs were mounted iantibodies are specific for Bab2, their ability to recognize the BTB
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domain of Bab2 and Babl was tested by immunoblot analysis (daRESULTS
not shown). Both antibodies, diluted 1:4000 recognized the BTB

domain of Bab2 (0.Jug of protein; a gift of G. Privé) but did not The bab locus consists of two structurally related
recognize the BTB domain of Babl (Qu§ of protein). As the BTB ?enes
S

domain is the only conserved domain between Babl and Bab2 in t b iqinallv identified by thealf allel P-el t
peptide, we believe that the R6 and R7 antibodies are Bab2-specif abwas originally identiied by ab"allelé, a r-elemen

The Bab2 antibody R10 is directed against the 1.6X peptide thdpSertion mutation that maps to polytene band 61F1-2 (Godt et
includes the BabCD with the Psq motif (Fig. 2C) The Bab2 specificit@l-» 1993). An open reading frame (ORF) adjacent tdiB
of this antibody was demonstrated indirectly by showing that the R1msertion identified a BTB domain, a domain found primarily
antibody does not recognize a proteirbab2mutant tissues that are but not exclusively in Zn-finger containing transcription factors
homozygous fobalF! (data not shown). (Collins et al., 2001). In addition tbab, a second gene
encoding a BTB domain (calleBTB-1l) was identified at
Imaginal discs and brains were dissected from white prepupae %I.Fl-Z and found to have an expression pattern simizatio

. ) ollman et al., 1994). We show thzbandBTB-Il constitute
phosphate-buffered saline (PBS), pH7, transferredxtd_&mmli : : :
buffer (Sambrook et al., 1989) on ice and homogenized. Protei gene complex. For clarity, thg gene previously calémvill
samples containing tissues from two prepupae were boiled for € renamedba_bl andBTB-Il will be renamedab2 Thebab
minutes and loaded onto a 6% polyacrylamide gelp(2@ne). To locus orbabw_lll refer to bot_h genes together. The structure of
identify the Bab proteins on western blasBab2-R6 (1:20,000) and thebablocus is shown in Fig. 1, and the structure of the Babl
R7 (1:30,000) were used as primary antibodies, amdt HRP- ~ and Bab2 proteins is shown in Fig. 2.
conjugated antibodies (1:1000; Jackson Laboratories) and the ECL- The babl and bab2 genes have the same orientation and
solution (Pharmacia-Amersham) were used for signal deteion. show several structural similarities (Fig. 1), suggesting that
Tubulin was detected with mAB-E7 (1:250; DSHB). they are the result of a chromosomal duplicatioabl and
immunostaining were done as described by Godt et al. (Godt et afpgpectively. The insertion point batP is located in intron 1
1993), with some modifications. For in situ hybridization, the first f babl, 236 bp downstream of thé &plice site. Both genes

fixation was in 10% formaldehyde in PBS for 20 minutes, an f int th f which th | it
hybridization took place at 50°C for 48 hours. For immunostaining, ave four introns, three or which are at homologous positions

larval tissues were fixed in 5% formaldehyde in PBS for 10 minuted" the coding region. Sequence analysis oftthilelandbab2
Primary antibodies were-Bab1-r2 (1:1000) (Godt et al., 1993) and transcript predicts proteins of 967 and 1067 amino acids,
a-Bab2-R7 or R10 (1:4000)-rat secondary antibodies were Biotin- respectively (Fig. 2A). Bab1 and Bab2 have two evolutionarily
conjugated (1:400; Jackson Laboratories). conserved domains in common. Outside of these domains

Immunoblotting and tissue staining

The bric a brac locus

A. Genomic Map

All-8 Cos S1 Cos 3A2 Cos 3D -
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5 bab2 transcription unit 3 5 bab1 transcription unit 3
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Df(3L)Fpa-2 61F161F4

B. babl and bab2 transcription units

Intron 2 Intron 1
>20kb >50kb

\tron 1 Intron 4 Intron 3 Intron 4
Intron 3 Intron 2
ATG Exon 3 TAA ATG Exon 2, TAA
Exon 1| Exon 2 Exon 4 Exon 5 Exon 1 Exon 3 Exon 4 Exon 5
bab2 babi

—4 —4 — — — ik
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Fig. 1. Thebablocus consists of two genes. (A) Molecular map with the center line representing the genomiddX{) andEcaRl sites

(vertical lines) and the P-element insertion sitelsaif*128 bali” andbab*3?are indicated. Thbal® insertion point is defined as 0 on the map,

the entire locus covers approximately 130 kb of DNA. The positions of the cosmid and lambda fragments of the genomihaatk @tréhe

top. Ad4l12transposable element is located in intron baifl At the bottom are two overlapping deficiencies that each have one breakpoint
within thebablocus. White regions represent deleted sequences, black regions represent DNA still present, and the deletion breakpoints are
within the dashed regions. (B) Structure of blad1andbab2transcripts. Untranslated regions (open boxes), exons (black boxes) and positions
and sizes of introns are shown. The BTB domain and BabCD-encoding regions are also indicated.
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A. Protein structure
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D. Psq domain
10 20 30 40
| | | |
Babl 554 GPLKSWRPETMAENI FSVLKEGLEIL SQINARKYD YPFVLYANRVHN
Bab2 639 GPLKSWRPEAMAEIN FSVLKEGLEIL SQIJARKIED YPIEFVLYANERVHN
Tkr 783 GPPRSWTNTELTEWNLQHVWNKKMTTSQEYSRI FG YNSEILMYVRGKYG
Piefke 445 NTPKDELRDKLAKEIVHACLNEGMBEQONHIJANL FE KS WRHLQRIRTT
PsgA-1 722 NGPKAMTQDDMNSEJE'DALKNQNMBEIL TKENSAI Y G ST WQRAH[RMG |
PsgA-2 776 GGTKSWINEDALQNEINLEALRSGQI JANKINSKAF G SS YK I1AR[MEG I
PsgA-3 831 AAPTTIWTPEDLERIJLEAI RAGNTEIVQKIEYSAEEG TG YGRCKHEG |
PsgA-4 883 SNPTPIWSEDAMNENLNSVRVGQME I NQENAI HY N YSSEYGRFKEIGKY
consensus GPPKSWTPE MAEAL AVRNGGMSLSQASR FG Y TLY YA R GI
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E. GIn and His rich domain

Bab1l [aa 800-840] HHQQQQQAAHHHMQQLHLQQQQAHLHHHQQQQQQQQQQHHQ Bab2 [aa 800-829] QQQQHQQHHQQQAHHQQQ PSHHQQQSPHAQ

Fig. 2.Babl and Bab2 have a BTB domain, a Psg-domain and an AT-hook-like motif. (A) Sequence similarity between Babl and Bab2 is
restricted to the N-terminal BTB domain and the C-terminal BabCD. Sequence identity is indicated in percent. (B) Alignen&T®f th
domains of Babl and Bab2. (C) Alignment of the BabCDs of Bab1 and Bab2. A Psq domain (underlined) and an AT-hook-like motif are
contained within the BabCD. The BabCDs of Babl and Bab2 are encoded by three exons (black triangles indicate exon boundaries).
(D) Comparison of the Psq domains of Bab1, Bab2, Tkr and Piefke, and the four Psgq domains of the Psq protein. Residues edirtberved
domains are highlighted in black, less conserved residues are highlighted in gray. (E) Glutamine- (Q, gln) and histidipeekHidmains

of Bab1l and Bab2.

Babl and Bab2 show only low sequence similarity to eacthe N-terminal region of both proteins (Fig. 2A). In contrast
other and no significant similarity to other proteins. A BTBto most known BTB domain-containing proteins that are
domain, a conserved domain of 115 amino acids, is found itmanscriptional regulators, the BTB domains of Bab1 and Bab2
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do not start within the first few amino acids of the predictec
proteins but at amino acids 90 and 195, respectively. The Bal
and Bab2 BTB domains are the most closely conserve
domains within the BTB family (Fig. 2B) (Zollman et al.,
1994).

In contrast to many other known BTB domain-containing
proteins that are transcription factors, neither Babl nor Bak
contains a Zn-finger motif. However, these proteins have
second domain in common that we call BabCD for Bab:
conserved domain (Fig. 2C). In both proteins, this domain i
encoded by three exons with the splice sites at homologotl
positions. The BabCD contains two known motifs, a Psc
domain and an AT-hook like motif. The Psq domain car
mediate DNA binding, and is named aff@psqueak(psq,
another BTB domain-encoding gene (Weber et al., 199t
Horowitz and Berg, 1996; Lehmann et al., 1998). The Ps
domain, which is 48 amino acids in length, is 97% identica D bab2 E babi
between Babl and Bab2, and is the region of highest similariiy _ o
within the BabCD (Fig. 2C). A Psq domain has also beefi!d: 3. Comparison of theablandbab2mRNA distribution
identified in the Tkr protein (Haller et al., 1987) and in Piefkqoag‘zrrr(‘jsi'nnsg’ralgfvsace’f (‘ghlg;e 2&?%%ﬁgrgﬁ/ci:e)v?r(lgnlge%ilor??sghn;vlvglrzg of
I(SCT(I331(15812)' (S_[?gwende_ma?n etbl".il'r’] 2dOOl)' Piefke fafko lhaisaéowing high Iev_els dﬁabz_expression in terminal filaments (arrow)

omain. The previously publiShed sequence o I1aCK3nd lower levels in the apical cells (large arrowhead) and the swarm
a BTB domain, however newly isolated CDNAs for tkiegene  celis (small arrowhead). (B) Lateral view, and (C) top view showing
show that it contains the BTB-IIl domain (Accession Numbetihe specific expression bablin the terminal filaments. (ljab2
AJ252174), which we previously found to map to the samend (E)bablshow a similar expression in the primordium of tarsal
chromosomal location and to display the same expressi@egments TS1-TS4 in leg imaginal discs. A 4.2 kb genomic fragment
pattern agkr (Zollman et al., 1994). Therefore, all five genesof bablthat includes the first exon and a full-length cDNAbab2
known to encode proteins with a Psq domairDinsophila ~ Were used as probes for tissue in situ hybridization.
also have a BTB domain (Fig. 2D).

The C-terminal region of the BabCD contains an AT-hook-named ‘swarm cells’. Swarm cells migrate from anterior to
like motif (Fig. 2C). It has the invariant peptide core motif R-posterior past the cluster of germ cells during third larval instar
G-R-P flanked on either side by other positively charged amin@~ig. 4A,B). They produce the basal stalks, a pupal-specific
acids but does not correspond to any known AT-hook variariissue, and may also contribute to tissues of the adult ovary
identified so far. AT-hook motifs have been shown to mediatéM. L. and D. G., unpublished). The highest levelbatb?2
binding to the minor groove of stretches of AT-rich DNA expression in the swarm cells is seen during their migration.
(Reeves and Nissen, 1990). Whether the AT-hook-like motif itbab2is also expressed in the apical cells of the larval ovary.
Babl and Bab2 is involved in DNA-binding remains to beAfter terminal filaments have formed, apical cells migrate
investigated. Both Bab proteins also have a short motif that isetween the terminal filaments posteriorly and form the outer
very rich in glutamine and histidine residues (Fig. 2E), whiclsheaths of the egg tubes. The level of expression in these cells
could aid transactivation (Courey and Tjian, 1988; Gerber @hcreases during the third larval instar and is highest at the time
al., 1994). The domain architecture of Babl and Bab2, togeth#lte cells begin their posterior migration (Fig. 4®gpb2
with their nuclear localization (Godt et al., 1993; Godtexpression is also seen in the interstitial cells that intermingle
and Laski, 1995), suggest that these proteins function asith the germ celldbabmutant ovaries not only display defects

transcriptional regulators. in terminal filament formation but also in other cell populations

) ) of the ovary, such as the apical cells and the basal stalk
babl and babZ2 have overlapping expression primordium (Godt and Laski, 1995). If the development of
patterns these cell populations depends on the presence of terminal

During embryogenesishab?2 is zygotically expressed in a filaments, then the observed defects in these cell populations
complex pattern that has been described previously (Zollmarould be a secondary effect bab mutations. Alternatively,
et al., 1994), wheredsablis not expressed at a detectablebabmay be directly required for the development of these cell
level. bab seems to have no essential function duringoopulations as the apical cells and swarm cells exjpads3
embryonic development as even mutants that lack bath bablandbab2transcripts are expressed in a similar pattern
genes are not embryonic lethal. in the tarsal primordium of leg imaginal discs (Fig. 3D,E) and
During post-embryonic stagedfiab2 is expressed in a in a subdistal region of the antennal disc (data not shown)
broader range of tissues th&éabl and generally shows a (Godt et al., 1993). Similar to the protein distribution of Bab1l
higher level of expression. In larval and prepupal ovabigls]l  (Fig. 4J) (Godt et al., 1993), Bab2 protein is expressed in a
transcript and protein are only detected in cells that form thgraded manner in the tarsal primordium, with the concentration
terminal filaments (Fig. 3B,C, Fig. 4D). The expression ofof Bab2 highest in tarsal segments TS3 and TS4, lower in TS2
bab2is more complex (Fig. 3A, Fig. 4A-C). At early to mid and even lower in TS1 (Fig. 4H,l). However, the differences in
third larval instar, promineribab2 expression is seen in the the level of expression between the tarsal segments are not as
developing terminal filaments and in a cell population that w@ronounced as with Babl. Both Bab proteins are enriched in
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the ridges compared to the furrows of the tarsal f
In contrast to Babl, Bab2 expression is not restrict
TS1-4 but is also found in the proximal region of
(Fig. 4H), in the peripodial membrane, and in
periphery of the leg imaginal disc that gives rist
thorax structures (Fig. 41). No morphological def
have been observed in derivatives of leg imaginal «
outside the tarsus.

Bothbabgenes are expressed in the female and
genital discs. The genital discs give rise to the int¢
and external structures of the genitalia, the A8 an
tergites and the anal plates (Bryant, 1978; Casares
1997). The strongest expression of Bab proteins i
female genital disc is found in the primordium of
vaginal plates and the A8 tergite (Fig. 4F), struct
that are affected ihabmutants. In the male genital di
bab expression is mainly seen in a region of the 1
genital primordium (Fig. 4G). In addition, in the cen
nervous system (CNS), Babl and Bab2 are distrit
in a similar patternbab-expressing cells are found
the central brain hemispheres and the thoracic ge
of late 3rd instar larvae and prepupae (Fig. 4Epdb
mutants, no gross morphological defects were obs:
in histological sections of the prepupal CNS, ar
remains uncertain whethdrab has a function in th
brain.

In summary, the expression patternbafbl during
imaginal development can be described as a subp
of the bab2 expression pattern. In tissues that rec
bab function for developmentpabl and bab2 are
usually co-expressed.

Molecular analysis of bab mutations reveals
the functional importance of both ~ bab genes

To determine the roles dfablandbab2in mediating
bab function, we conducted a molecular and phenao
analysis of mutations in thigab locus. The P-eleme
insertion ofbal® maps close to the' ®nd of the firs
intron of babl (Fig. 1). bat® does not affect tr
transcription ofbab2but results in the loss of thmbl
5.4 kb transcript and the appearance of an abunda
kb transcript (Fig. 5A). This shortéabl transcript is
detected irbalf heterozygotes and homozygotes,
is detected only with probes located upstream o
insertion. Characterization of the éd of this 2.6 k
MRNA by 3 RACE-PCR showed that this transcrip
a hybrid of the firsbablexon and a region of tHgry*,
lacZ] construct. The 'Ssplice site of thdabltranscrip
that normally functions to splice out the large first in

J

Fig. 4. Comparison of the Babl and Bab2 expression patterns in imaginal
primordia. (A) Early-mid and (B) mid-late instar larval ovary (lateral view),
showing high levels of Bab2 expression in the developing terminal filaments
(arrow) and migrating swarm cells (small arrowhead), and low levels of
expression in apical cells (large arrowhead) and other somatic cells.

(C) Ovary at puparium formation (frontal view): the level of Bab2 expression
remains high in the terminal filaments (arrow), and has increased in the
apical cells that migrate posteriorly between the terminal filaments
(arrowhead) and decreased in the posteriorly located swarm cells. (D) Ovary
at puparium formation: Babl is seen only in the nuclei of terminal filament
cells. (E) In the prepupal CNS, Babl-expressing cells are found in a
peripheral layer of the central brain hemispheres and the thoracic ganglia.
(F) In a late 3rd instar female genital disc, and (G) in a male disc, strongest
Bab2 staining is seen in the female genital primordium and the male genital
primordium (arrows). (H-J) In leg imaginal discs, both Bab proteins are
found in a graded distribution in the tarsal primordium with the highest level
of expression seen in TS4 and 3, lower in TS2 and lowest in the distal region
of TS1 (numbers indicate tarsal segment primordia). In contrast to Bab1 (J),
Bab2 is also found in the proximal region of TS5 (H,I), in the peripodial
membrane (arrowhead in I), and in the disc periphery (arrow in I). Anterior is
upwards in A-D,F,G; distal is towards the left in H-J. Bab2 is detected with
Bab2-R7 (A-C) or Bab2-R10 antibodies (F-1), and Babl with the Bab1-r2
antibody (D,E,J).

of babland the 3splice site of thé&(3)S12gene, contained in Babl protein that is encoded by the truncated transcript,

the P[ry*, lacZ] construct just upstream of thesy gene

however, did not detect any proteinkdald® homozygous flies

(Dutton and Chovnick, 1991), are spliced together. Thigdata not shown). These results suggest thatateP-element
demonstrates that the[ry*, lacZ] insertion causes aberrant insertion severely disrupts or abolishes the function dbaited

splicing and transcription termination of thabltranscript. A
similar event has been reported foPlacZ allele of thepsq
gene (Horowitz and Berg, 1995). The 2.6 kb truncétaioll

gene. Neverthelesyali® homozygous flies display ovary
defects of only intermediate strength and reveal no leg defects
(Table 1) (Godt et al., 1993; Sahut-Barnola et al., 1995). This

transcript is more abundant than the 5.4 kb RNA (Fig. 5A)ndicates that a loss bAbldoes not producetmbnull mutant
suggesting that it might be more stable than the wild-typ@henotype and suggests that a second gene is invohzedbin

transcript. Translation of this transcript would produce dunction.
protein that contains the BTB domain of Babl but not the This hypothesis is corroborated by the analysis of another
BabCD. A Babl-specific antibody directed to a domain of thé-element insertiorhab*128 (Godt et al., 1993) that maps 57
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Fig. 5. Molecular analysis dbabmutations. (A) PolyA RNA

(10ug) from 3rd instar larvae that were wild type (+/B3l/+ or
babP/bal’® were each hybridized withab andbab2specific
riboprobes. Bothhablandbab2encode a 5.4 kb transcript.
Detection of thévablwild-type signal required 4 days of film
exposure, whereas the much strortggy2signal was detected after
only 12 hours. ThealF insertion causes a truncation of theb1
MRNA, yielding a 2.6 kb transcript, but does not affectiie2
transcript. (B) Bab2 has a molecular weight of approximately 145
kDa. balF! causes a strong reduction of Bab2, balF4 andbalF>
cause a truncation of Bab2. (C,D) Bab2 is not detected in
Df(3)Fpal/Df(3)Fpadr bab*R07pat*R07mutants, and reduced
levels of Bab2 are found imal”R72homozygoteshal*128(C) and
balF3 mutants (B) produce a Bab2 protein of normal size. Bab2
protein was detected using Bab2-R6 (B,C) or Bab2-R7 antibodies
(D), which recognize the N-terminal region of Bab2.
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interferes with the transcription dfabl, reducing Babl to
undetectable levels. By contrast, flies that are heterozygous for
strongbab mutations, such asal’R72 or deletions of theab
locus, such aBf(3L)Fpal have reduced but clearly detectable
levels of Babl (data not shown), and nevertheless show leg
defects in addition to defects in abdominal pigmentation (Table
1). Taken together, analysis of the mutatibal® andbak®128
strongly suggests thétablis not the only gene involved in
bab function.

Thatbab2is involved inbab function was confirmed by a
protein analysis dbabmutants. The wild-type Bab2 protein is
detected in immunoblots as a band of approximately 145 kDa
using different anti-Bab2 antibodies that recognize either the
N- or C-terminal region of Bab2 (Fig. 5B-D, data not shown).
An analysis ofbab mutants revealed that the alleleall,
balF* and balF> affect the Bab2 protein (Fig. 5B). In a
homozygousabF! mutant, Bab2 protein is reduced to barely
detectable leveldalF4 and bal-® mutants produce truncated
Bab2 proteins. By contrast, Babl expression appears normal in
these three mutants, shown by tissue immunostaining as the
anti-Bab1 antibody does not produce a signal in immunoblots
(Table 1). No change in the size of Bab2 and the expression
level of either Babl or Bab2 were detectedbmid=3 and
balF® mutants. babFl, babF4, and balF® mutants display
developmental defects in ovaries, legs and the abdomen (Table
1), demonstrating that tHmb2gene plays an essential role in
development and that it is functionally relatedb&inl

The bab null phenotype requires a lack of both  babl
and bab2 activity

The strongedbab mutations previously published have both a
strong ovary and leg phenotype (Godt et al., 1993; Godt and
Laski, 1995). Further analysis of two of these mutations,
bab’RPSandbalR72 revealed that they affect the expression
of bothbablandbab2 They each lack detectable amounts of
Babl and have reduced levels of Bab2 (Fig. 5C). The mutant
phenotypes caused bpal’RPS or balPR72 are slightly
enhanced itransto a large deletionXf(3L)baly’®), indicating
that these mutations are not null for tieblocus (Godt et al.,
1993).

Additional baballeles were isolated and studied to find one
that completely lackbab activity. Two deletionsDf(3L)Fpal
and Df(3L)Fpa2 that were isolated based on a dominant
female pigmentation defect (Ken Burtis, personal
communication), extend into ti@blocus from opposite sides,
each having a breakpoint in thablocus (Fig. 1)Df(3L)Fpa2
deletesbab2 completely, and deletes thé fegion of babl,
including the BTB domairDf(3L)Fpaldeleteshabl, and has
a breakpoint in the second intronlEb?2 deleting everything
downstream of the BTB domain. Dif(3L)Fpal/Df(3L)Fpa2
transheterozygotes and in flies homozygous for the mutation
bab*R07 neither Babl nor Bab2 are detected (Fig. 5C,D). The
phenotype of these genotypes is stronger than that of

bp from the 5end of thebabltranscript. Only one phenotypic previously described mutations (Table 1). As these flies lack
trait of bab mutants, an abdominal pigmentation defect inboth babland bab?2 function, this phenotype corresponds to
females is associated with this insertion. Because homozygotise null phenotype of thieablocus.

bab*128flies have no ovary or leg defects, it was surprising to

find that Babl protein is not detectable ab*128 mutant

The bab locus regulates the development of ovaries,

tissues (data not shown). A strong reduction in the amount §mbs and the abdomen
babltranscript, as seen by in situ hybridization and RNA bloffo further analyze the function of the tvim@b genes, we

analysis (data not shown), indicates thatkdhE*128 insertion

studied the phenotypic seriesb@bmutations and thieabnull
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Table 1. Characterization ofbabmutations

babgene Babl protein Bab2 protein

affected by Tissue Tissue Western Recessive Recessive
baballeles Mutagen the mutation immunostaining immunostaining blot analysis  ovary phenotype  leg phenotype
balP P[ry*,lacZ]insert*  babl - + + I WT
bal’RDS bal® P-excision* bab1, bab2 - + Reduced S S
batPR72 balf® P-excision* bab1, bab2 - + Reduced S S
bat®128 P[IArB] insertion* bab1 - + + WT WT
balfR07 bab?128p-excision  babl, bab2 - - - VS (null) VS (null)
balF! EMS* bab2 + - Very reduced S 5
balF3 EMS n.d. + + + VW W
balF4 EMS bab2 + + Truncated | |
batF> EMS bab2 + + Truncated I I
balF6 EMS n.d. + + + W W
Fpal/FpaZ  y-ray babl, bab2 - - - VS (null) VS (null)

Tissue immunostainings: +, protein presenprotein not detectable in larval and prepupal ovaries, imaginal discs and CNS.

Western blot analysis: +, protein of normal size at a concentration similar to wild type; Reduced, reduced concentratioale$iaed protein:, not
detectable; Truncated, change in protein size.

Phenotypes: WT, phenotypically wild type; VW, very weak; W, weak; |, intermediate; S, strong; VS, venpatsomgtant phenotype; n.d., not determined at
the molecular level.

TFpal/Fpa2= Df(3L)Fpal/Df(3L)Fpa2*the phenotype dalF! homozygotes has changed slightly in our stock and is now stronger than reported by *Godt et
al. (1993).

mutant phenotypebab null mutants are semi-viable. They (Fig. 7C,D). The stronger théab mutation, the further
develop into pharate adults but often have difficulties inproximal the fusion extends. mab null mutants, TS5 to TS2
eclosing from the pupal case, which may be a result of theare frequently fused into a single segment (Fig. 7E-H).
leg defectsbab null mutants display defects in ovaries, tarsalSensitivity to a transformation of the bristle pattern of tarsal
segments, antennae, abdominal segments and female gensiafjments decreases from proximal to distal, involving only

disc derivatives. TS2 in weakbab mutants and TS2-4 in strorgab mutants
_ (Fig. 7) (Godt et al., 1993). This can best be seen using the
Ovarian defects prominent sex comb bristles of the prothoracic legs of males

Based on the phenotypic series lwdb alleles of varying as a marker (Fig. 7C,E), and the transverse bristle rows of the
strength, we define four phenotypic classdsabfmutant adult  pro- and metathoracic legs of both sexes (Fig. 7C-H) baba
ovaries (Fig. 6). null mutant, the bristle pattern of TS2-4 is transformed;

(1) Females with a wealiab mutant ovary phenotype are however, the sex combs are often eliminated, owing to the
fertile but have ovaries that are somewhat smaller than wildshortening and fusing of the tarsal segments (Fig. 7G). A
type ovaries, slightly irregular, and rounded at the anterior enthickening of the distal tarsal segments sedralmmutant legs
owing to defects in terminal filament formation (Fig. 6B). The
ovarioles contain normal-looking follicles and mature oocytes

(2) Female flies with an intermediab®mb mutant ovary
phenotype are semi-sterile to sterile. The ovaries have a ve
irregular shape and are substantially smaller than wild-typ
ovaries (Fig. 6C,D). They contain a reduced number o
ovarioles that are abnormally oriented with the germaria ofte
not located at the anterior end but inside the ovary (Sahu
Barnola et al., 1995).

(3) Females with a strongab mutant ovary phenotype do
not lay eggs. The ovaries are very small and contain only or
to two ovarioles of very abnormal structure and orientatior
(Fig. 6E,F) (Godt and Laski, 1995). Only very few and
defective follicles are found in these ovarioles.

(4) In babnull mutants, the ovaries are even smaller and ni
developing follicles have been observed.

Leg defects Fig. 6. Phenotypic series dfabmutant adult ovaries. Morphology of

Thebabmutant leg phenotype that involves all three leg pairéA)e?]c‘)’l’}illgi'éysfe%‘g’t‘Ly'S%%%Eg’}':?ss:;:?m gi‘;aeriaeﬁ dOfSL”;ggisfi':r?e

in both females and males has_two charactenstlcs.: 1) a fusu? ale reproductive’organ because of a decreasing number of

of tarsal segments, characterl_zgd by a shortening of tarfs arioles and developing follicles. Genotypes: §B)F>/balFs, (C)
segments and a loss of tarsal joints; and (2) a transformatiQ@FsnaPR72 (D) batFYbatF4, (E) batPR72batF! and (F)

of the bristle pattern of distal tarsal segments toward the bristlgyPR72batPR72 (A,B) A single ovary, (C-F) a pair of ovaries of 2-
pattern of the first tarsal segment (Fig. 7) (Godt et al., 1993jo 3-day-old females. All panels are at the same magnification, and
Most sensitive to a fusion are tarsal segments TS5 and TSterior is upwards.
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is an additional indication that the distal ta
segments are transformed towards the ident A / B

the first tarsal segment, which in wild type Ll . o o o
much thicker than the distal tarsal segments wdier % C’;;;.:?'f;'}n!sﬂﬁ :
7A,B,E-H). . 1 % 5

~

bab loss-of-function defects in the abdomen

Wild-type females have eight tergites formec C \ / D
abdominal segments A1-A8 (Fig. 8A), wher \

wild-type males have seven terg 7 5 f“\ “:,‘r.s,% S -
corresponding to A1-A6 + A9 (Fig. 8G) (Jurg ° ! i - w

g : 5-4 5-4 3h v
and Hartenstein, 1993). In females, the tergit 2 1

Al1-A6 each show a darkly pigmented poste
and lightly pigmented anterior band. The E \ I F
tergite plates of A7 are variably pigmented s
A8 has a light coloration. The tergites of Al- : % ~

in males are similarly pigmented as in feme ng 2 I W
whereas the tergites of A5-A6 + A9 are da f
pigmented throughoubab null mutants displa
a change in the pigmentation pattern of | G H
sexes. A thorough dark pigmentation is foun f
A3-AB/A9 and is seen with low penetrance WS e %

in A2 (Fig. 8D,F,H). Ectopic dark pigmentati eﬁ%

in A2 and A3 is usually patchy and restricte: 52 ! \ 1
the anterior margin (Fig. 8D,H). The phenoty o3 2

series ofbab mutants shows that the sensiti ) N ) )
towards a change in pigmentation decreases Fig. 7.babspecifies tarsal segment morphology. The tarsal region of the prothoracic

posterior to anterior, with A6 being mc leg of_a male fly is shovyn in A,C,EZG, and the metathoracic leg in B,D,F,H.
sensitive than A5. and A5 more sensitive | (A) Wild-type prothoracic leg showing a sex comb and transverse bristle rows only

. ’ - on TS1. (B) Wild-type metathoracic leg showing transverse bristle rows on TS1 and
more anterior segments (F'g' 8B'|_3)' In weah gy (C,D)bal’R79Ibal’R72mutants (strong hypomorphic) show sex comb bristles
mutants, a change in pigmentation is there  anq transverse bristle rows on TS1-TS3, and a fusion between TS5 and TS4.
seen only in females. In summary, this indic  (E-H) Df(3L)Fpal/Df(3L)Fpa2nutants show theabnull phenotype. Tarsal
that loss obabfunction leads to a transformati  segments are strongly shortened and thickened. Although the bristle pattern of
of the pigmentation from a female to a male-  TS2-4 is transformed, the ectopic sex combs on TS2 and TS3 are smaller than in a
pattern as well as from an anterior to a poste hypomorphic mutant (E) or are missing altogether (G), and the TS1 sex comb is
like pattern. Thebab locus regulates the patte ~ smaller than in wild type (E). Tarsal fusion extends further proximally, often leading
and amount of pigmentation in all abdom to afusm_)n of TS5 to TS2 (F,G). Kinks and a_bnormal bnstl_e arrangements (H) or
segments (except for A1), and suppresses !oss of distal segments are frequently seen in metathoracp tarsi. In all pangls, distal
pigmentation in the anterior region of abdom is towards th_e Ieft, numbers 1-5 mark TSl-TSS, arrows |_nd|catg sex combs;

. . . arrowheads indicate transverse bristle rows; an angled line points to tarsal segments
iegg]?nnﬁ;?egom sexes with the exception ¢ that are fused rather than connected by joints.

Except for a change in the pigmenta
pattern, the morphology of A2-A5 appears to be normal in botfused into a continuous plate, are considerably broader
sexes ofbab null mutants. However, the posterior segmentganteroposterior) than in wild type, and display an increased
A6-A8 show additional morphological abnormalities, most ofnumber of large bristles (Fig. 8F). These morphological
which are restricted to females. The trichome pattern of A6 ishanges suggest a transformation of A7 towards a more
affected in both sexes. b null mutants, trichomes are not anterior segment fate. Furthermore, instead of the small pale
restricted to the anterior and lateral margin of the A6 tergite awristles, which are characteristic of an A8 tergite in wild-type
in wild type, but are found at a low density throughout theemales, larger pigmented and slightly twisted bristles are
tergite, similar to the normal trichome pattern of A5 (data nofound in abab mutant A8 tergite (data not shown). Such
shown). This suggests a posterior-to-anterior transformation diristles are similar to those normally found in A7 of females
the trichome pattern. Furthermore, the A6 tergiteaifmutant  or in A9 of males, again suggesting homeotic transformations.
females is broader (anteroposterior) than the more anteritm addition, the two rows of thorn bristles seen on the vaginal
tergites (Fig. 8F, double-arrow) in contrast to wild type (Figplates of wild-type females (Fig. 8l) are replaced bizb
8E), which together with the heavy pigmentation gives thisnutants by a different type of bristles, which are longer and
tergite a male-like appearance. twisted (Fig. 8J,K).

In contrast to A1-A6, in which the two primordia of each bab mutants also display defects in the sternites of the
tergite fuse into a single plate, the A7 tergite consists of twabdominal segments. Shape, pigmentation, and bristle pattern
loosely connected triangular plates in wild-type females thatf the A6 and A7 sternites in females are different from wild
show small slightly twisted bristles and often two to threeype and show similarities to the A6 sternite in males (Fig. 8I-
larger bristles (Fig. 8E). Ihabnull mutants, the A7 plates are L). Both sternites are more strongly pigmented, and the number
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of bristles is considerably decreased compared
wild type. Taken together, the alterations in
shape and the bristle and trichome pattern
posterior segments indicate that losbalbfunction
causes posterior-to-anterior transformations
some abdominal features (opposite to the chan
the pigmentation pattern), and also transforma
from a female to a male-like morphology.

bab gain-of-function defects in the abdomen

Ubiquitous overexpression ofASbab2transgen:
under control of Hsp70-Gal4 causes reduce
viability, a general reduction in the pigmentatior
the cuticle and bristles, and defective macrochs
when flies are raised at a constant temperatu
25°C. In the abdomen of both sexes, the post
dark pigmentation of A6 is reduced or missing,
little of the dark pigmentation is left in A5 and .
(Fig. 8M-P). Tergites anterior to A4 are less affe
than the posterior tergites. In botbab loss-
and gain-of-function experiments, pigmentatior
posterior segments is more strongly affected thi
anterior segments, indicating a graded require
for bab along the anteroposterior axis. Sim
phenotypic effects were observed ibabl
overexpression experiments (data not sho
Together, our loss- and gain-of-function stu
show that thebab locus is a suppressor of d:
cuticle pigmentation in the fly.

When flies, carryindgAS-bab2under the contrc
of Hsp70-Gal4 were shifted to 32°C during the I
3rd instar/pupal stages, they showed a ‘s
tergite’-phenotype in addition to the loss
pigmentation (Fig. 8N). Here, the tergite primoi
of all abdominal segments do not fuse, a
normally only found in A7. The split-tergi
phenotype is also seen whEAS-bab2expressiol
is driven by a bablGal4 transgene (F. L
unpublished transgenic line), and is therefore li
not an artifact of the heat shock but a consequ
of bab2overexpression. These data suggesttthh
plays arole in tergite morphogenesis and is req
to prevent a fusion of the A7 tergite primordia.

The functional relationship between Babl
and Bab2: synergistic and distinct effects

To analyze the relative functions lodblandbab?2
and to look for possible interactions, we comp:
the phenotypic effects dfab mutations in ovarie
and legs, and studied their complemente
behavior. This study involved mutations that af
bab1l (bal” andbab*128), bab2 (babFl, babF4, and
baF®), bab1 andbab2 (bal"RPSand babPR73, or
are null forbablandbab2 (ba®*R07 and deletion

of thebablocus), and some molecularly uncharacteriba

alleles.

Fig. 8.babcontrols the morphology of abdominal segments. Female tergite
pigmentation in wild type (A) and in loss-of-functibabmutants of increasing
phenotypic strength: (B)ab*12§ bat*128(C) balP!/ baP' and (D)
bab*ROIDf(3L)Fpa2 a null mutant. Ectopic dark pigmentation in the anterior
portion of the tergites is indicated by asterisks. (F)Df(&8L)Fpal/Df(3L)Fpa2
female, the two tergite plates of A7 are fused (arrowhead) and enlarged, and
contain more bristles in comparison with wild type (E). In addition, the A6 tergite
is enlarged (double arrow in E,F). (G) Wild-type and Qf(3L)Fpal/Df(3L)Fpa2
male abdomina, showing ectopic pigmentatiohab mutant tergites. Ventral

view of the abdomen of (I) wild-type, (Df(3L)Fpal/Df(3L)Fpazand (K)
babARO7Df(3L)Fpa2females, and a (L) wild-type male showing features of the
A6 and A7 sternites, and the female vaginal plates (arrows in |,K). (M-P)
Ubiquitous overexpression bab2causes a loss of pigmentationH&p70-
Gal4/+;UAS-bab2%3+ female (M) and male fly (P), raised at 25°C, lack dark
pigmentation in A6. The loss of pigmentation is stronger in posterior than more
anterior abdominal segments. (N) lklap70-Gal4/+;UAS-bab®/3+ female fly,
raised at 18°C until late 3rd instar and at 32°C during the pupal stage, the tergite
primordia have not fused. (O) Asp70-Gal4/+;UAS-babZA¥+ male fly, raised

at 25°C, shows reduced pigmentation in A5 and A6. In all panels, anterior is
upwards and segment identity is indicated by numbers.

6). The phenotype seen in flies transheterozygous for any two
of the EMS alleles is intermediate in strength to the phenotypes

All five EMS alleles balF series of alleles) were isolated displayed by the homozygotes, indicating that the phenotypic
based on dominant leg defeckmlF! is the strongest EMS effect of the EMS alleles is additive (Tables 1-3). The EMS
allele, causing a strong recessive phenotype in ovaries and leg#igles intransto the strongest alleleab~! produce a mutant

balF4 andbalF> produce an intermediate, abalF® andbalF3

phenotypic series that is comparable with, but less severe than,

a weak recessive phenotype in those organs (Tables 1-3, Faach EMS allele itransto a deletion of théablocus (Tables
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we propose thdiab2plays a predominant role in exertibgb
function in ovarian and particularly in leg development.
We also compared the effectsbhatblandbab2mutations on

Table 2. Complementation analysis ababmutations based
on ovary morphology

Df(3L)bad®  babF! bal® bal"RDS X . . . S
Wild type " N N " abdqmmal pigmentation. Mutations in .e|tr‘m_nb gene cause
babh128 ) + N + dominant and more pronounced recessive pigmentation defects.
babE3 <W +) ¥ *) Females homozygous for the strdmap?2 allele balF! display
balF® w w + <W an uniformly dark pigmentation of tergites in A5 and A6, and
balf‘; ' ' <w w females homozygous for the intermediate alladé=> show
E?E; 'S Is <\£I’ V¥| uniformly dark pigmentation in A6 and partial ectopic
balPRDS s <l <S S pigmentation in A5 (data not shown). By contrasilmutant
batPR72 s [ <S s females that are homozygous k&tF or bal*128show ectopic
babR07 >S n.d. >l n.d. dark pigmentation in the tergites of A6 and A7 (Fig. 8B). These
Df(3L)batf® L S nd. S observations suggest that there is an overlapping and differential

A chromosomal aberratio®f(3L)baliC, that deletesablandbab2 a requwement fobabland babzm abdominal se_gmer]ts.
mutation inbab2(babFy), a mutation irbabl(babf), and a mutation that To gain a better _Under_Standmg of the relationship of the two
affectsbablandbab2(batPRP were tested itransto several mutations of ~ bab genes, mutations ibabl and bab2 were tested for
complementation. Partial non-complementation is observed

thebablocus.
Ovary phenotypes: +, phenotypically wild type; (+), very subtle structural betweenbab1 and bab? alleles in ovaries (Table 2) and Iegs

defects; W, weak; |, intermediate; S, strong (see text for the definition of thes . . ] . .

phenotypes); < and > indicate a weaker or stronger expression, respectively,(erable .3)- First, flies carrying abland abab2 mutation in

of these phenotypic classes; L, lethal; n.d., not determined. transdisplay a mutant ovary phenotype, although it is weaker
than the one observed in flies homozygous for eithelbahé

or thebab2mutation. This may be caused by an interaction of

2, 3). AsbabF3 and balF® do not complemenbalF! but these alleles with the wild-type copy lofbland/orbab2 as
complementbal® they should represeiiab2 mutations like flies heterozygous for a deletion of thablocus do not have
ovary defects. Second, althoudiabl mutations produce

the other EMS alleles (Table 2). Therefore, lzdb alleles
isolated on the basis of a dominant mutant leg phenotype aneither dominant nor recessive leg defects in a background that

mutations inbab2 is wild-type forbab2 flies carrying ébabl mutation in trans
All baballeles that were isolated as excision derivatives ofo abab2mutation show leg defects that are stronger than the
bal’ (the balbPR alleles) show non-complementationtians ~ dominant leg defects caused by tabh2 mutation intransto

to each other or itransto a deletion of thdab locus, and a wild-type chromosome. This suggest thhabl is
display a normal phenotypic series (Tables 2, 3). Ga#R  functionally active although not essential in leg development.
alleles that cause a strong mutant phenotype, subhtB8’2  Our complementation data point to functional dependency
andbalRPS not only reduce the expression levebabl, but  between mutations ibabl and bab2 the nature of which
also ofbab2 Mutations inbab that affectbabl but have no remains to be explored.

detectable effect on the expressiorbab2 such adal® and In summary, our genetic analysis of the bab locus indicates
bal®128 have a considerably weaker mutant phenotype. Nthat babl and bab2 are partially but not fully redundant in

bab mutation has been identified that affects op&pland function, and that bothab genes are required for normzb
causes strong mutant defects in ovaries and/or legs. Therefofenction.

Table 3. Complementation analysis dbabmutations based on leg morphology

Wild type Al128 P E3 E6 E4 E5 El PRDS PR72  ARO7 Fpa2 Fpal
Wild type 0 0 0 0 0 2 2 3 2 2 3 3 4
A128 0 0 1 2 2 1 3 4 3 3 7
P 0 0 2 3 2 4 - 4 4 4 5
E3 1 - - 3 3 2 - - 3 5
E6 3 - 4 4 5 - - 4 5
E4 4 5 6 5 - - 5 8
E5 6 6 5 5 - 7 7
El 8 7 8 8 8
PRDS 8 7 - 8 9
PR72 9 - 9 9
ARO7 10 10 10
Fpa2 L 10
L

Classes 0-10 designate the severity ofddemutant leg phenotype, with 0 being phenotypically wild type and 10 correspondingotabtingll phenotype.
Classes 1-6 correspond to the maximal number of sex comb bristles on TS2 falid4waf the legs. Class 7: sex comb on TS2 and TS3 and a partial fusion of
segments TS5 and TS4 (TS5”4) or no sex comb on TS3 but a complete TS5"4 fusion. Class 8: sex combs on TS2-TS3 and a. 13445 fusex combs on
TS2-TS4 and a TS5"43 fusion. Class 10: most severe leg phenotype, showing a TS5"TS2 fusion, and a severe shortesegnuérigss@he bristle pattern
of TS2-TS4 is transformed towards the bristle pattern of TS1; however, ectopic sex combs are often missing from TS2-T®édmdT8dDf(3L)Fpal
causes generally a stronger mutant phenotype in combination with hypomorphic mutatiormbtdbas than othebabnull mutations. This could be due to a
modifier ofbabfunction that is uncovered by the deletion, or alternatively could be due to a dominant negative effect caused by aneiteleteotab
expression of thbab2BTB domain (compare Fig.1Akpal, Df(3L)Fpal; Fpa2 Df(3L)Fpa2 Other designations indicavaballeles. L, lethal, —, not

determined.
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DISCUSSION brings together regions that are far apart on the DNA, moving
o ) enhancers or silencers closer to the basal transcriptional
Babl and Bab2 belong to a distinct subfamily of machinery.

BTB domain proteins in  Drosophila

The superfamily of BTB domain proteins, to which Bab1 andlhe functional relationship of the paralogues  bab1

Bab2 belong, constitutes one of the largest protein famili€s in and bab2

elegans, Dmand humans, with 58 representatives found in th&ene duplications are thought to play a crucial role in the
Dmgenome (Zollman et al., 1994; Lander et al., 2001) (Pointudvolution of new morphologies and the generation of new
and J.-L. C., unpublished). The majority of these proteilisin  species. Increase of gene copies through duplication can lead
and humans also contain Zn-finger domains and are thoughtdaectly to morphological changes if the gene function is dose
be transcriptional regulators. The BTB domain is likely tosensitive. Furthermore, duplications provide the raw material
contribute to this role by mediating protein oligomerizationfor the development of new gene functions (for reviews, see
(Bardwell and Treisman, 1994). BTB domains can form homoSidow, 1996; Wagner, 1998), as seen, for example, in the Hox
oligomers and hetero-oligomers (Dhordain et al., 1995; Dong efene cluster (for reviews, see Duncan, 1987; Carroll, 1995;
al., 1996; Kobayashi et al., 2000). Crystallographic data suggeSellon and McGinnis, 1998). It has been also proposed that the
that the BTB domain of PLZF (promyelocytic leukemia Zn-inactivation or loss of duplicated genes can efficiently induce
finger) can form homodimers that show an extendedeproductive isolation, a basis for divergence and speciation
hydrophobic interaction between the BTB domains, indicating &.ynch and Conery, 2000). The functional study of duplicated
high degree of stability (Ahmad et al., 1998; Li et al., 1997). Weyenes can therefore illuminate evolutionary processes and can
have shown that the BTB domain of Bab1l can interact with itselfielp to determine how molecular divergence translates into
and with the BTB domain of Bab2 in a yeast two-hybrid systendivergence of gene function. Our characterization of the
suggesting that the Bab proteins can homomerize and/paralogous gendsablandbab2suggests (1) that both genes
heteromerize via this domain (Pointud et al., 2001). are required for normal development, (2) that their functions

It has also been shown that BTB domains can interact witshow redundant and divergent aspects, and (3p#isplays
non-BTB domain-containing proteins. For example, thea predominant role in exertirigab function.
transcriptional repressors PLZF or BCL6 interact via their BTB Divergence in function of two genes that arose by tandem
domains with the co-repressors SMRT, N-CoR and mSin3Aluplication might be due to qualitative or quantitative
(Hong et al., 1997; Dhordain et al., 1997; Guidez et al., 1998&]Jifferences incis-regulation of gene expression or due to
Huynh and Bardwell, 1998; Lin et al., 1998). These codifferences in protein structure. In case of blaé paralogues,
repressors bind in turn to a histone deacetylase that can modifie document evidence for both as discussed bddatl is
the local chromatin and inhibit transcription (David et al.,expressed in a subpatternbafb2and shows a generally lower
1998; Dhordain et al., 1998; Lin et al., 1998). This mechanisrexpression level thahab2 at the RNA and protein level. In
seems not to be universal for all BTB domain-containingnost tissues that have been found to display morphological
transcriptional repressors, however, because the HIC-1 protedefects inbab mutants,babl and bab2 are co-expressed,
is not able to bind to N-CoR, SMRT or mSin3, and itsraising the possibility thatablandbab2are co-required for
repression activity is not affected by inhibitors of histonenormalbabfunction. They could function as heterodimers that
deacetylases (Deltour et al., 1999). We have recently shovare formed through the interaction of their BTB domains.
that the BTB domain of the Bab proteins binds to the twdHowever, if Babl/Bab2 heterodimers would be the only
nuclear proteins BIP-1 and BIP-2 (Bab Interacting Proteinjunctional unit ofbabaction, we would expect that a knock out
(Pointud et al., 2001). BIP-2/TARS55 is a TFIID component, of eitherbablor bab2would yield ababnull phenotype, which
and is homologous to yTAR7, a histone fold containing is not the case. In addition, ectopic expression of elibbd
TAF (Gangloff et al., 2001). This suggests that the Balorbab2alone has a phenotypic effect suggesting that lealsh
proteins may regulate transcription of their target genes bgene is able to exert a function on its own. Whether Babl and
directly interacting with a component of the generalBab2 interact molecularly in the regulation of downstream
transcription machinery via their BTB domains. genes awaits further analysis.

The Bab proteins belong to a subfamily of nuclear BTB The twobabgenes seem partially redundant as the strongest
domain proteins that have no Zn fingers for DNA binding.developmental defects in ovaries, legs and the abdomen
However, the BabCD in Babl and Bab2 contains a Psq doma&ssociated with théab locus have been observed only in
and a motif that may correspond to an AT-hook. As both Psmutants that are null fdrablandbab2 The twobab genes
domains and AT-hooks are known DNA-binding domainsare not functionally equivalent, however. First, there is an
(Lehmann et al., 1998; Reeves and Nissen, 1990), we propogeerlapping but also differential requirement foebl and
that the BabCD mediates DNA binding. It is noteworthy thabab? in the pigmentation of different abdominal segments,
the protein di/oligomerization domain is always found in thewith A7 being more dependent drabl and A5 onbab2
N-terminal region and widely separated from the DNA-bindingactivity. Second, ovarian defects are seen with mutations
domain in BTB domain proteins, including Babl and Bab2affecting eitherbabl or bab2 but loss-of-function obab2
Such an organization, unlike many other transcription factorgauses a more severe phenotype. As the function of the
should allow for high flexibility of these proteins when boundbab locus is strongly dose/concentration dependent, the
to DNA. This property and the capacity of the BTB domain topredominance dbab2in regulating ovarian development may
form oligomers suggest a model for how BTB domain proteinge a result of the higher expression levedah2 Furthermore,
can regulate gene expression at the chromatin level by binditige differences in the ovarian expression patterns may have
to distant DNA-binding sites and forming a large complex thafunctional significanceCis-regulatory differences, however,
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cannot sufficiently explain the differential requiremenbabl  tarsus segmentation (D. G., unpublished). Furtherntmb,

and bab2 in leg development. Although both genes arenegatively regulates the fusion of the tergite primordia in the
similarly expressed in leg imaginal disc®ablknockout does abdomen, a process that is also controlled by the Hox genes
not cause a mutant leg phenotype, whereas even badsk  (Karch et al., 1985). This suggests that the Bab transcription
mutants display dominant leg defects. This indicates that onfiactors control the morphogenetic behavior of cells in different
bab2plays an essential role in leg development and suggestevelopmental processes. It will be a future challenge to
a qualitative divergence in the function of Babl and Bab2letermine whetherbab directly regulates expression of
proteins. Taken together, we propose titilandbab2have  proteins that mediate cell shape changes and cell movements.
not only developed differences in transcriptional regulation but ] o .

also differences in protein function that could be responsibl@oes bab play a role in variation and divergence of

for changes in the interaction with other transcription factorgéeproduction-related traits in the  Drosophila family?

and/or DNA-binding sites. Flies of theDrosophilafamily show substantial intraspecific

) ) ) and interspecific variation in sex-related traits, including sex
Function of bab as a homeotic and morphogenetic combs and abdominal pigmentation as described before, as
regulator of imaginal development well as male genital structures (Bock and Wheeler, 1972; True

bab acts as a homeotic regulator, bab mutations cause et al.,, 1997) and number of ovarioles (Mahowald and
homeotic transformations in the legs and the abdomen (thisambysellis, 1980; Hodin and Riddiford, 2000). Variation in
work) (Godt et al., 1993; Kopp et al., 2000). Here, we shovthese traits can affect mate choice and fertility, and thus
that the homeotic transformations in the abdomerbalh reproductive success (Spieth, 1952; Cook, 1977; Coyne, 1985;
mutants are complexbab loss-of-function mutants display Markow et al., 1996; Arngvist, 1998; Kopp et al., 2000; Hodin
a combination of anterior-to-posterior transformationsand Riddiford, 2000). Furthermore, there is evidence that
(pigmentation), posterior-to-anterior transformations (bristlesdivergence of phenotypic traits related to reproduction in
trichomes and segment shape and size), and female to matambination with ecologically adaptive divergence in sexual
transformations (pigmentation, bristles and segment shape asélection can lead to reproductive isolation and speciation
size).babseems to be mainly required in the posterior segmen{8oughman, 2001; Schneider, 2000).

A5-A8. This domain that is mostly controlled by the Hox gene Interestingly,bab controls the morphology of several traits
Abdominal-B(Abd-B), whose loss-of-function causes posteriorthat are involved in reproduction and show rapid evolutionary
to anterior transformations of segment identity (Karch et aldivergence.bab regulates the formation of the reproductive
1985; Sanchez-Herrero et al., 1985). It has been demonstrat@gjan in females, as it is required for terminal filament
that bab expression is repressed Bypd-B either directly or formation and consequently for the development of ovarioles
indirectly, in posterior abdominal segments at the late pupah the ovary (Godt and Laski, 1995; Sahut-Barnola et al.,
stage (Kopp et al., 2000). Alsab acts as a suppressor of 1995).bab mutations of increasing strength cause a decrease
pigmentation, the repression d&fab expression byAbd-B  in the number of ovarioles, raising the possibility thab
function leads to the complete pigmentation of the A5 and Aénight be involved in determining ovariole number Dim.
tergites in wild-type males. In females, the repressidiabby ~ Moreover, bab controls several secondary sexual trditab
Abd-Bis counteracted by the female speaiftibleseXdsxP activity suppresses sex combs on tarsal segments distal to TS1
gene product (Kopp et al., 2000). It is unlikely, however, thafthis work) (Godt et al., 1993hab may also be involved in
Abd-Bis a general repressor bab activity, asbab mutants  determining the number of sex comb bristles in TS1, as
show not only anterior-to-posterior but also posterior-to-overexpression of Bab2 in TS1 causes a reduction in the
anterior transformations in the abdomen. This indicates that tmeumber of sex comb bristles compared with wild type (D.
regulation obabactivity is complexAbd-Bin conjunction with  Godt, unpublished). Furthermordyab regulates sexually
co-regulators might repress or activagb function, dependent dimorphic bristle and trichome patterns and the pigmentation
on the cell type and on the developmental time at which specifaf posterior abdominal segments (this work) (Kopp et al.,
morphological features are specified. We propose that tH2000). A comparison of abdominal pigmentation dvab
differential, fine-tuned spatial and temporal regulatioald  expression pattern between the two sexes of different members
expression plays a crucial role in providing morphologicalbf the Drosophila species group demonstrates a striking
diversity between the abdominal segments along theorrelation between phenotypic differences bablexpression
anteroposterior axis and between the sexes. Similar to thpatterns, suggesting a causal relationship (Kopp et al., 2000).
abdomenpab plays a role in the generation of morphological That changes irtis-regulatory elements can indeed lead to
diversity between distal segments in the legbis part of a  variation in morphology between differedtosophilaspecies
network of transcription factors that divide the proximodistalwas documented for tlwvo/shavenbablpcus that controls the
axis into successively smaller domains, leading to the formatiosegmental trichome pattern in larvae (Sucena and Stern, 2000).
and specification of the different leg segments (Godt et alAs bab loss- and gain-of-function mutations ofb have
1993; Duncan et al., 1998; Campbell and Tomlinson, 199&leiotropic effects on the development of reproduction-related

Couso and Bishop, 1998; Galindo and Couso, 2000). characteristics, evolutionary alterationsbiab function could
bab also plays a role as a morphogenetic regulator ofead to a diversification of multiple sex traits.
development. Previous studies have indicatedalatontrols Thebablocus appears to have two important properties that

cell rearrangements during terminal filament formation in thenake it suitable to cause variation in the development of
ovary (Godt and Laski, 1995; Sahut-Barnola et al., 1995morphological traits. First, because tib locus represents a
Sahut-Barnola et al., 199@)abis also required for the proper tandem duplication, redundancy betwéetlandbab2 may
folding of leg imaginal discs, which may be important forhave facilitated fast molecular modifications, resulting in the
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observed alterations of the expression level and pattéuaabdf genital disc ofDrosophila melanogastet. Segmental and compartmental
and bab2 and their functional diversification. One potential _organizationDev. Genes EvoR07, 216-228.

; ollins, T., Stone, J. R. and Williams, A. J(2001). All in the family: the
consequence, for example, would be that abdommaﬁ BTB/POZ, KRAB, and SCAN domain$/ol. Cell Biol 21, 3609-3615.

pigmentation POUId_ change mdepende_ntly of the leg pat'FerBook, R. M. (1977). Behavioural role of sex combs MDrosophila
through mutations ibabl, as this gene is no longer essential melanogasteandDrosophila simulansBehav. Genef7, 349-357.

for leg development. In fact, many alleles of fap locus, Couso, J. P. and Bishop, A. A(1998). Proximo-distal development in the
which affects female abdominal pigmentation and is_!e9s ofbrosophila Int. J. Dev. Biol 42, 345-352.

. . . _Courey, A. J. and Tjian, R.(1988). Analysis of Sp1l in vivo reveals multiple
presumably identical tbab, have been proposed to occur in transcriptional domains, including a novel glutamine-rich activation motif.

wild-type populations obm (Robertson et al., 1977). Cell 55, 887-898.
Second,bab function is highly dose dependertiab is  Coyne, J. A.(1985). Genetic studies of three sibling specie®misophila
haploinsufﬁcient, andbab mutations cause dominant homeotic With relationship to theories of speciatigdenet. Res46, 169-192.

: ot ; < Ravid, G., Alland, L., Hong, S. H., Wong, C. W., DePinho, R. A. and
transformations of adult characteristics that do not interfere withR Dejean. A, (1998). Histone deacetylase associated with mSin3A mediates

viability in laboratory cultures. The expression profilédabin _repression by the acute promyelocytic leukemia-associated PLZF protein.
imaginal discs and the abdomen is graded, and differences ironcogenel6, 2549-2556.
babconcentration determine morphology of legs and abdominBeltour, S., Guerardel, C. and Leprince, D.(1999). Recruitment of

. ; SMRT/N-CoR-mSin3A-HDAC-repressing complexes is not a general
(Godt et al., 1993; Kopp et al., 2000). As concentration matters’mechanism for BTB/POZ transcriptional repressors: the case of HIC-1 and

small variations in the expression level or shape ofbtie VFBP-B. Proc. Natl. Acad. Sci. US86, 14831-14836.

gradlent_ could lead to morphological dl_ver5|f|ca_t|0rj. Such @hordain, P., Albagli, O., Ansieau, S., Koken, M. H., Deweindt, C., Quief,
mechanism has also been proposedJiox in establishing the S., Lantoine, D., Leutz, A., Kerckaert, J. P. and Leprince, 01995). The
trichome pattern in one of the leg segments (Stern, 1998)_BTB/POZ domain targets the LAZ3/BCL6 oncoprotein to nuclear dots and

. . P P . mediates homomerisation in vivOncogenell, 2689-2697.
Differences inUbx expression betweeDrosophilaspecies are Dhordain, P., Albagli, O., Lin, R. J., Ansieau, S., Quief, S., Leutz, A.,

responsibl_e for the _diﬁerence ir_1 their_ triChome_ morphology as kerckaert, J. P., Evans, R. M. and Leprince, D.(1997). Corepressor
shown by interspecies crosses involvitigx mutations of these SMRT binds the BTB/POZ repressing domain of the LAZ3/BCL6
species (Stern, 1998) Taken together, we proposé)dhﬂ's oncoproteinProc. Natl. Acad. Sci. US84, 10762-10767.

; PR otine iRhordain, P., Lin, R. J., Quief, S., Lantoine, D., Kerckaert, J. P., Evans,
an important regulator of reproduction-related characteristics iR R. M. and Albagli, O. (1998). The LAZ3(BCL-6) oncoprotein recruits a

Dm, and therefore may play an active role in the variation, SMRT/mSIN3A/histone deacetylase containing complex to mediate
divergence and speciation in the geBussophila transcriptional repressioNucleic Acids Re6, 4645-4651.
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