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ABSTRACT 
We have  analyzed the FMRFamide neuropeptide gene  region of Drosophila melanogaster. This  gene 

maps  to the 46C region of chromosome 2R this  interval  previously was not well characterized. For 
this  genetic  and  molecular  analysis, we have  used  X-ray mutagenesis, EMS mutagenesis,  and the 
recently reported local P element transposition  method. We identified four overlapping deletions, 
two  of  which  have proximal  breakpoints  that  define a 50-60-kb  region surrounding the FMRFamide 
gene in  46C.  To  this  small region, we mapped three lethal  complementation  groups; 10 additional 
lethal  complementation  groups were mapped to more  distal  regions of  46CD. One of these  groups 
corresponds to men-skipped, the other 12 are  previously unidentified. Using  various  lines  of  evidence 
we excluded the possibility  that FMRFamide corresponds to any  of the three lethal  complementation 
groups  mapping  to its immediate  50-60-kb  vicinity.  The  positions of two of the three lethal  comple- 
mentation groups were identified with Pelements using a local  transposition  scheme. The third  lethal 
complementation group was excluded as being FMRFamide mutants by sequence analysis and by 
immunocytochemistry with  proFMRFamide  precursor-specific antibodies.  This analysis  has (1) pro- 
vided a genetic  map of the 46CD chromosomal  region  and a detailed  molecular  map of a portion of 
the 46C region  and (2) provided  additional  evidence of the  utility of local transposition  for  targeting 
nearby  genes. 

E have initiated  a  genetic analysis  of the 46CD 
region of the Drosophila second  chromosome. 

These  experiments derive from our interest in a  par- 
ticular gene  that  maps to 46C,  FMRFamide, which en- 
codes  a large precursor  protein  for  multiple  transmitter- 
like neuropeptides (NAMBU et al. 1988; SCHNEIDER and 
TACHERT 1988).  Neuropeptides are a diverse class of sig- 
naling molecules that  are released by neurons, typically 
in conjunction with smaller classical transmitters, such 
as acetylcholine and serotonin  (for review see SHERMAN 
et al. 1989).  Neuropeptides generally are derived from 
larger  precursor  proteins  that encode several such trans- 
mitters (SOSSIN et al. 1989).  Numerous  different  neu- 
ropeptide  precursors are expressed throughout differ- 
ent regions of the nervous system and often  more  than 
one  neuropeptide family are released as co-transmitters 
by single neurons (e.g., LLOYD et al. 1987). Such signal- 
ing complexity makes it difficult to evaluate the precise 
roles of individual neuropeptides, or families of them, 
in vivo. It is  also not clear whether  neuropeptide  genes 
will generally serve essential roles or whether  there is 
considerable  functional  redundancy. FMRFamide  is one 
of four  neuropeptide  genes cloned  in Drosophila 
(NAMBU et al. 1988; SCHNEIDER and TACHERT 1988; 
NICHOLS et al. 1988; SCHAFFER and Noms 1992; HORODYSSKI 
et al. 1993). No specific mutations have  yet been asso- 
ciated with any of these loci. We  wish to use Drosophila 
genetics to study the potentially complex signalling 
functions of neuropeptides,  and  are focusing on FMRF- 
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amide as a  prototype  gene  for this analysis. 
The proFMRFamide precursor has a polyprotein 

structure;  there  are multiple copies of identical 
N-terminally extended Phe-Met-Arg-Phe-amide related 
peptides, as  well  as multiple copies of distinct but related 
sequences, and finally, there is at least one  unrelated 
peptide  encoded in the precursor (SCHNEIDER and 
TACHERT 1988). The gene is expressed in the CNS from 
late embryogenesis throughout Drosophila develop 
ment  into  the  adult,  in  a discrete pattern of cells that is 
largely persistent  through  metamorphosis ( SCHNEIDER 
et al. 1991; O'BRIEN et al. 1991; SCHNEIDER et al. 1993b). 
This  pattern of  -150 neurons  includes  interneurons 
and  neuroendocrine cells suggesting that  neuromodu- 
latory FMRFamide-containing peptides may act at  both 
central and  peripheral sites. Similar suggestions  have 
been made from the study  of FMRFamidecontaining p e p  
tides in other animals (e.&, MERQER et aL 1991;  BREZDEN 
etaL 1991; DUVE etal. 1992; SCHINKMANN and LI  1992; BRIGHT 
et al. 1993). 

The FMRFamide gene resides in 46C, a poorly char- 
acterized region of the Drosophila genome  containing 
only one  other  reported  gene, even-skipped (eve)  
(NUSSLEIN-VOLHARD and WIESCHAUS 1980). A single defi- 
ciency extending  from 46C3-4 to 46C9-11, D f ( 2 R ) e ~ e ' . ' ~ ,  
uncovers eve (NUSSLEIN-VOLHARD et al. 1985); however, it 
is distal to  the  FMRFamidegene (NAMBU et a l .  1988).  To 
pursue  a  genetic analysis  of  FMRFamide, we have begun 
to characterize  the 46CD region by: (1) creating 
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deficiency stocks  with X-ray mutagenesis; (2) perform- 
ing  an EMS mutagenesis screen  for lethal mutations; 
and  (3)  screening for lethal mutations  created by local 
transposition of a P element (TOWER et al. 1993; ZHANG 
and SPRADLING 1993). 

We have generated several overlapping deficiencies 
with both X-rays and P element mobilizations. Thirteen 
lethal complementation  groups were identified and the 
loci of two of these were more precisely determined by 
local transposition of P elements. This study leads to the 
hypothesis that  the FMRFamide gene is not  an essential 
gene  and creates a basis for  further analysis  of the several 
lethal and  nonessential  genes located within 46CD. It 
has  also demonstrated  that  the recently reported local 
transposition method (TOWER et al. 1993; ZHANG and 
SPRADLING 1993) is useful for targeting nearby genes 
in 46C. 

MATERZALS  AND  METHODS 

Fly stocks:  Fly stocks  were  raised at 24-25" on standard me- 
dia. The stocks  used in this  study for creating deficiency  stocks 
were P[Ddc',  Adh'], a 46C  homozygous P insertion line in a 
Ddc-,  Adh- background, and pr  cn/CyO,  AdhnB. We 
also  analyzed the deficiency  stocks, w""; Df(PR)B5/CyO and 
Df(2R)e~e ' - '~ ,  cn Sca bw sp/CyO. For EMS mutagenesis, we 
used a wild-type strain (Oregon R) or Adh pr  cn (Bowling 
Green Stock Center); these were  crossed  to Sco/CyO or Sco/ 
SM6. For the P element screen we mobilized the P element in 
d'";  P[(w+, ry")A]N21/CyO using either Sp/CyO; 9" Sb P[?+ 
A2-31 (99B)/TM6, Ubx or &'I8; Kip" P[ry+ A2-31 as a transposase 
source. We used a multiply  inverted  stock  made by IAN DUNCAN 
(Washington  University)  for  selecting  mutant  larvae  for  antibody 
staining. The stock, y;  Zn(2LR)SLM, y" pr Blpx sp/CyO, is a double 
balancer and has a y+ marker on the second  chromosome. Two 
other 46C P insertion  lines  were  also  analyzed; p[990] (UCLA 
enhancer trap project), that has the P[hcZ, 9'1 construct 
(O'KANE and GEHRING 1987) and ms(2)05704 that has the "PZ" 
construct (WEN and SPRADLING 1992). 

X-ray mutagenesis and chemical selection  for Adh rever- 
tants We mutagenized the P[Ddci Adh'] stock (designated 
p[56 .7A] ,  J. HIRSH)  to create 46C deletions because  its Adh+ 
insert in 46C (in an Adh- background) would  allow us to  select 
for a deletion in the region by screening for the absence of Adh 
with pentynol (O'DONNELL et al. 1975) and pentenol (SOFER 
and HATKOFF 1972; AARON 1979). Batches of  30 male p[56.7AI 
flies  were  X-rayed  with  4000 rad prior to  mating  to batches of 
40 virgin  female Adh  pr  cn/CyO,  Adh. After  mating overnight, 
the flies  were transferred to new  vials  every  day for 10  -1 1 days. 
After transferring the flies,  60 p1 of a 10% pentynol solution 
(1-pentyn-3-01; Aldrich) were added to the food  in each vial. 
This larval  selection is 86% effective; it was not possible  to 
increase the dose of pentynol without  killing  some  of the Adh- 
larvae, so the 14% of Adh' progeny that survived this  larval 
selection were rescreened as adults.  Emerging adult flies  were 
aged for at least 4 days and then exposed to pentenol (1- 
penten-3-01: Aldrich). Sixty microliters of a 5% pentenol so- 
lution were added directly  to  fresh food vials and allowed to 
penetrate for 15  min  before  adding  50-60  flies  to  each vial.  Flies 
were  kept on the pentenol-saturated  food  for 2 hr. This  screen 
was >99%  effective. To confirm  that  adult  survivors  were Adh-, 
each  survivor was mated to Adh pr cn/CyO, Adh and all progeny 
were  retested  with the  adult pentenol screen. A true  Adhrevertant 
was selected if all progeny  survived the  treatment. 

Chromosome  cytology and in s i tu  hybridization: Adh re- 
vertants were  crossed  to wild-type  flies and heterozygous prog- 
eny ( A d h / W T )  were  analyzed for visible deletions in the 46C 
region. Salivary glands were  dissected in acetic  acid and nuclei 
were orcein-stained  following standard protocols (ASHBURNER 
1989). Revertant  strains that had visible deletions were  as- 
sessed for deletion of the FMRFamide gene by in  situ hybrid- 
ization. Salivary gland nuclei from revertant strains ( A d h / W T )  
were prepared (ATHERTON and GALL  1972) and hybridized ac- 
cording to ENGEIS et al. (1986) with a biotinylated FMRFamide 
probe, the entire A phage genomic clone, Mt8 ( SCHNEIDER and 
TAGHERT 1988) (also see  Figure 2). The probe for chromosome 
in situ hybridization of P element lines was a biotinylated 
cp20.1 phage. We used  an  avidin horseradish peroxidase an- 
tibody  to detect hybridizing bands (Detek HRP-1 kit, ENZO 
Biochemicals). 
EMS mutagenesis and complementation tests A standard 

EMS mutagenesis procedure was carried out (LEWIS and 
BACHER 1968) and F, progeny  were screened for lethal muta- 
tions in the 46CD region. Wild-type  males, 50-100/bottle, 
were  exposed to a kimwipe saturated with  9.0  ml  of a 0.025 M 
solution of  EMS in 1 % sucrose overnight at room temperature. 
The next day  males  were transferred to fresh  bottles of food 
and mated to  virgin  female Sco/CyO flies. All male  mu- 
tagenized  progeny  were  individually mated to Df(2R)X3/CyO 
virgin  females.  Progeny  were screened for lethality  uncovered 
by the deficiency. If less than the expected number of  hem- 
izygous mutant progeny (mutant/deficiency) were observed, 
the mutant line was checked for complementation with each 
of three other deficiencies. All  of the lethal alleles mapped to 
the region displayed  lethality  with at least two deficiencies.  For 
the Df(2R)X3 crosses, 22-82 progeny  were scored. For the 
Df(2R)Xl crosses,  18-147  progeny  were scored. For the 
Df(2R)B5 crosses,  20-170  progeny  were scored. (For a ma- 
jority of the crosses,  >40  progeny  were scored.) For the 
Df(2R)e~e ' . '~  crosses, 63-104 progeny were scored. Mutant 
stocks  were  established by crossing  individual  males to Sco /  
SM6virgin  females. All lethal alleles are complete lethals, i . e . ,  
<5% of the expected number of homozygotes (ASHBURNER 
1989). Every allele was tested for complementation with  every 
other allele that mapped to the same  overlapping  deficiency 
region. For  these inter secomplementation tests,  30-100  prog- 
eny  were  scored (for a majority of the crosses,  >50  progeny 
were scored), 

Lethal  phase analysis: Mutant  stocks  were  established  over 
the Zn(2LR)SLM, y +  p r  Bl p x  sp balancer chromosome in a y -  
background. Homozygous mutant larvae  were  selected by 
their yellow phenotype for lethal phase determinations. Like- 
wise, a y ;  Df(2R)X3/Zn(2LR)SLM, y +  p r  Bl p x  sp stock was 
established so that hemizygous mutants ( i . e . ,  mutant/ 
deficiency)  could  also  be  selected by their yellow phenotype. 
Mutant y -  larvae  as  well  as y+ controls were selected from sev- 
eral overnight egg  collections for each mutant line tested. Le- 
thal phase designations indicate the latest  stage for surviving 
mutants; no mutants survived beyond  this  stage, although 
some died prior to  this  stage. 

P element  mobilization: To generate lines with P elements 
in new loci, we crossed a stock that had a P element in  46C, 
will8; P[(w+,   ry i )A]N21/Cy0 (here referred to as p[N21I /  
CyO) (HAZELRIGG et al. 1984;  LEVIS et al. 1985), to a homozy- 
gous  stock containing a transposase source, w'''~; Ki Pp 
P[ry+A2-3] or Sp/CyO; 7y506 Sb P[ryrY'A2-3](99B)/TM6, Ubx 
(ROBERTSON et al. 1988). All p[N21] /WT;  Ki Pp P[ryfA2-31/  
WT progeny and male p[N21]/Cyo; ry506 Sb P[ry+A2- 
3 / ( 9 9 B ) / W T  progeny  were mass-mated to w"'~; Sco/Cyo to 
eliminate the transposase.  When  female  progeny were used, 
the transposase was followed by the variegated eye color in a 
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w background (due to  somatic expression). Individual  male 
and virgin  female  progeny, p[N2l]/CyO, were  crossed to 
Df(2R) X3/CyOvirgins or males,  respectively, and screened for 
lethality.  Lethal  lines  were  subsequently  tested for comple- 
mentation with  various EMS lethal  alleles. 

Molecular biology: Cosmid and phage  libraries were 
probed with radiolabeled  restriction  fragments;  filter  hybrid- 
izations  were  carried out at 65"  in a solution of 6 X SSC, 0.1% 
Nonidet P40, 0.1% blotto, 0.1 mg/ml ssDNA. Clones  were 
subsequently  confirmed by restriction analysis and, in  some 
cases, by in situ hybridization  to  polytene  chromosomes. 

Genomic DNA was isolated by homogenizing flies in a so- 
lution of  0.1 M Tris-HC1, pH  9.0; 0.1 M EDTA, l% sodium  do- 
decyl  sulfate and l % diethyl  pyrocarbonate, and incubating at 
70" for 30 min. Potassium acetate was added and extracts 
were incubated on ice for 30 min. The DNA was precipitated 
with isopropanol. Deficiency  stocks and P transposon  lines 
were  analyzed for  changes  in the 46C region surrounding the 
FMRFamidegene.  Genomic Southern blots  were  performed as 
described by MANIATIS et al. (1982). After blotting to  Nytran 
membranes  (Schleicher & Schuell), prehybridizations and hy- 
bridizations were performed at 42"  in a solution of 50%  for- 
mamide, 6 X SSC, 1.4% SDS, 2% Denhardt's  solution, and 0.1 
mg/ml ssDNA. The probes  included  both  phage and cosmid 
clones, as fragments or in their entirety, that were  labeled by 
random hexamer  priming (FEINBERG and VOGELSTEIN 1983). 
The Pelement probe was a I-kb Hind111 fragment of p.rr25.7"'. 
This fragment contains only P element sequences. 

Wholemount  immunocytochemistry: Wholemounts of Dro- 
sophila larval or adult nervous  systems  were  dissected and 
antibody-stained as previously described (TAGHERT and SCHNEI- 
DER 1990). Two  FMFWamide  polyclonal antisera were  used: 
antibody A was directed against the peptide sequence EGSY- 
AGSDE at residues 125-133  of the proFMRFamide precursor 
(peptide #2, SCHNEIDER et al. 1993b) and antibody B was  di- 
rected  against the last  20 residues of the precursor (CHIN et al. 
1990). To monitor expression of lac2 in the p[990] line, 
wholemounts of larval and  adult nervous systems  were in- 
cubated either with an anti-a-galactosidase antibody (Pro- 
mega) as above or in a 0.2% X-Gal solution overnight at 37". 
For the X-Gal staining, wholemounts were fixed  in 4% 
paraformaldehyde for 15 min. The 0.2% X-Gal solution con- 
sisted of 8% X-Gal in dimethylformamide diluted in a so- 
lution of 10.0 mM NaH,P0,/Na,HP04, 0.15 M NaCl, 1.0 mM 
MgCl,,  3.1 mM K,[Fe"(CN),], 3.1 mM &[Fe"'(CN),], and 
0.3% Triton X-100. 

Polymerase chain reaction (PCR) amplification and se- 
quencing: Mutant DNA from one EMS allele was amplified by 
PCR using  primers that would  amplify a  1.8kb fragment in- 
cluding the entire coding  region.  Primer 1 represented the 
sequence GGTGGCTACTGTTACCCTAA (bp -121  to  bp 
- 102) and primer 2 represented the sequence TAAGACTAT- 
TCGAGTGCGCC (bp 1309 to bp  1328) (SCHNEIDER and TAGH- 
ERT 1990). This fragment was subcloned into a suitable plasmid 
(PCRScript, Stratagene) and sequenced as a double stranded 
template  using  Sequenase  reagents (U.S.  Biochemical Corp.). 

RESULTS 

Creating FMRF'amide gene  deficiency stocks: The 
46C chromosomal  region  surrounding  the FMRFamide 
gene  has  not  been genetically  characterized. The only 
known  deficiency  stock for  the  nearby  region was the 
Df(2R)e~e ' . '~ ,  reported  to  delete  the  region  from 46C3-4 
to 9-11 (NUSSLEIN-VOLHARD and WIESCHAUS 1980; 
NUSSLEIN-VOLHARD et al. 1984). NAMBU et al. (1988) es- 

tablished  that this  stock was not deficient  for  the 
FMRFamide gene.  Therefore,  to  begin a genetic  char- 
acterization of this neuropeptide  gene  region, we em- 
ployed X-ray mutagenesis  to  create new deletions. We 
mutagenized the p[56.7AI stockwhich  contains  an Adh- 
marked  Pelement  inserted  in 46C, and  screened  for the 
reversion of the  dominant Adh phenotype.  The pres- 
ence of the Adh gene  renders  animals susceptible  to the 
alcohols,  pentynol and  pentenol (O'DONNEU et al. 
1975; SOFER and HATKOFF 1972; AARON 1979). The 
double  alcohol selection was >99% effective at killing 
those flies that still retained a  functional Adh gene. Five 
Adh revertants  were  selected among -34,000 progeny of 
mutagenized flies (estimated number based on  control 
vials not subjected  to  alcohol  selection).  These five lines, 
designated Df(PR)Xl-X5, were then analyzed cytologi- 
cally to  determine  the  extent of the  deletions. We also 
included  in this analysis, the Df(2R)B5 deficiency, re- 
ported  to have a deletion  in 46A-C. This  line was derived 
from X-ray mutagenesis  of the p[N21]/CyO stock 
(MICHAEL BENDER, personal  communication). 

Cytological analyses of hemizygous individuals 
(deficiency/wild type) revealed that  three of these 
stocks [Df(2R)Xl ,   Df (2R)X3 and Df(2R)B5] hadvisible 
deletions  in  the 46C region. Df(2R)B5 has  a  deletion 
extending  from 46A-C (Figure lB), Df(2R)Xl  deletes 
46C-F (Figure IC),   and Df(2R)X3 deletes 46C-E (Fig- 
ure  1D). Polytene chromosomes of these hemizygous 
deficiency stocks were then hybridized with a FMRF- 
amide probe  to  determine if the FMRFamide gene was 
deleted  in  these stocks. In  contrast  to  the  complete hy- 
bridization bands  obtained  for wild-type chromosomes 
(Figure lA), the hybridization bands were clearly half 
bands  for Df(2R)B5 (Figure  1B) and Df(2R)X3 (Figure 
1D)  chromosomes.  In the case of Df(PR)XI,  a complete 
band of hybridization was seen,  although  it was distorted 
due  to the deletion  in the nearby  region  (Figure  1C). 
These  in  situ hybridization  results  indicated that  the 
FMRFamide gene is deleted  in  the Df(2R)X3 and 
Df(2R)B5 stocks, but  not  in  the Df(2R)Xl  stock. 

Molecular analysis of deficiency  breakpoints: The cy- 
tological analysis of the new deficiency  chromosomes 
indicated  that Df(2R)X3 and Df(2R)Xl  have proximal 
deletion  endpoints  that would delineate a  smaller re- 
gion  surrounding  the  FMRFamidegene. While their dis- 
tal endpoints  are  in 46E and F, respectively, their proxi- 
mal endpoints  are  both  in 46C, with that of Df(2R)X3 
proximal  to FMRFamide and  that of Df(2R)Xl  distal to 
FMRFamide  (Figure 1). To determine  the size of this 
46C genomic  region  surrounding  the  FMRFamidegene, 
we mapped the proximal  deletion  endpoints of these 
two deficiencies. 

A genomic walk in  both  the  5'  and 3' directions  from 
the FMRFamide gene identified  cosmid and  phage 
clones  that cover an approximately 100-kb region  sur- 
rounding  the  gene  (Figure 2).  The  map is centered  on 
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FIGURE 2 . 4 e n o m i c  map of the 46C region surrounding the FMRFumide gene. Cosmid  clones (Cos) and A phage clones (A)  

are shown above the schematizedFMWumidegene. Hind111 and EcoRI restriction maps are illustrated below the  schematized  gene. 
Deficiency endpoints are denoted by a wavy line  and  the  direction of the  deletion from the  endpoint is noted by an arrow. Pelement 
insertions are illustrated with a triangle  and the insertion designation. 

the transcription start site of FMRFamide. Entire A 
phage clones or restriction fragments of these clones 
were used as probes of Southern blots of deficiency stock 
DNA. The phage  clone  furthest 5' to FMRFamide, called 
U2-6, helped to identify the Df(2R)X3 proximal break- 
point  (Figure 3). Unique hybridization bands were de- 
tected with the U2-6 probe when Df(BR)X3 digests  were 
compared  to digests of wild type (Figure 3), p[N21] /  
C y 0  and D f ( 2 R ) e ~ e ' . ~ ~ / C y O  DNAs (see Figure 6).  The 
proximal end of the U2-6 probe  (and  thus  the Df(2R)X3 
breakpoint) is at most 30-35 kb upstream of FMRF- 
amide. Since the Df(2R)X3 deletes FMRFamide and ex- 
tends distally to 46E, FMRFamide is oriented with re- 
spect to the  chromosome such that upstream (5') is 
proximal and downstream (3') is distal from the  cen- 
tromere (Figure 2). As described below, the Df(ZR)X3 
breakpoint was more precisely mapped with P elements 
(see Figure 6). 

The location of the Df(2R)X3 breakpoint proximal to 
the  gene suggested that  the Df(2R)Xl  and D f ( B R ) e z ~ e ' . ~ ~  
breakpoints  should be distal to it. Southern blot analyses 
that surveyed the distal region confirmed this (Figure 4). 
The Df(2R)Xl  proximal breakpoint was detected using 
a -10-kb Pstl fragment of a larger (-18 kb) EcoRI-Not1 
fragment of Cos D6 (Figure 4). This probe  produced 
unique hybridizing bands on Southern blots of 
Df(ZR)Xl/CyO digests that were not seen in similar di- 
gests  of other C y 0  stocks or the p[56.7A] stock (the 

latter was the  parent stock for the Df(2R)Xl  chromo- 
some) (Figure 4, open arrowheads, left panel). This mo- 
lecular analysis indicated  that  the Df(2R)Xl  deletion 
breakpoint is  15-20 kb distal to  the FMRFamide gene 
(Figure 2). A similar analysis  of the Df(BR)ez~e'.'~ stock 
indicated  that its proximal breakpoint is 40-45 kb distal 
to FMRFamide. A series of EcoRI digests of  several  stocks 
probed with a 1.8-kb EcoRl fragment of Cos D6 revealed 
that  a  unique  band is present in the Df(2R)e~e' . '~  stock, 
indicating the deficiency endpoint (Figure 4, open ar- 
rowhead, right  panel). This was also confirmed with 
Hind111  digests (not shown).  There is,  in addition,  a 
polymorphism in this region that can be ascribed to the 
C y 0  chromosome (Figure 4, black arrowhead). Due to 
the  deletions in this region,  the Df(2R)XI/CyO and 
Df(2R)X3/CyO stocks do  not exhibit  the wild-type band 
(arrow, Figure 4) .  In sum, this analysis  of the proximal 
breakpoints of the Df(2R)X3 and Df(2R)XI deletions 
defined  a 50-60 kb region surrounding  the FMRFamide 
gene  (Figure 2). 
EMS mutagenesis: The overlapping deficiency stocks 

made it possible to generate smaller mutations  that map 
within the small interval including  the FMRFamide 
gene. Because there is no predictable phenotype  for 
FMRFamide mutants, and because no systematic screen 
for lethal mutations  had  been  reported for this genomic 
vicinity, we proceeded  to screen for new lethal mutations 
in 46C. In order to create  point  mutations in this chro- 
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FIGURE 3.Couthern blot  indicating  the  proximal  defi- 

ciency endpoint of Df(ZR)X3. Hind111 and EcoRI restriction 
maps of the  region  upstream of the  FMRFamidegene  are  sche- 
matized. The probe, lambda phage U2-6, designated by a 
hatched bar,  is  shown  in  relation  to  the  map. Unique hybrid- 
ization  fragments  in  the Df(ZRJX3 stock  are indicated by open 
arrows. (Also see Figure 6.) 

mosomal region, we mutagenized wild-type or Adh pr cn 
flies  with EMS and screened  for lethality uncovered by 
the Df(2R)X3  deficiency. We screened 3109  mu- 
tagenized lines for lethality and  generated 30 mutant 
alleles; subsequent  complementation analyses  with 
three other deficiency stocks further defined the posi- 
tions of these lethal alleles (Figure 5). Of these 30  alleles, 
15 were  also uncovered by Df(2R)B5, but  not by 
Df(2R)e~e'.~~or Df(2R)Xl. On this basis, these 15 alleles 
were mapped  to within the 50-60-kb region surround- 
ing the FMRFamide gene (set A, Figure 5). Four of the 
30  alleles  displayed lethality uncovered by all four of the 
deficiency stocks; therefore, these four alleles map 
within the Df(2R)e~el .~~ (set B, Figure 5). Finally, 11 mu- 
tant alleles were detected  that were uncovered by 
Df(2R)X3 and Df(2R)Xl but  not by Df(2R)B5 or 
Df(2R)e~eI.~~ (set C, Figure 5), indicating positions dis- 
tal to  the Df(2R)B5 and Df(2R)e~el.~~ intervals. 

Within sets A, B and C, complementation tests inter se 
distributed these 30  alleles into 13 complementation 
groups. All alleles within a complementation  group  are 

completely lethal as trans-heterozygoteswith each other 
(i.e., no adult trans-heterozygotes scored), with one ex- 
ception noted below.  Likewise, there were no lethal in- 
teractions between alleles in different complementation 
groups with two exceptions noted below. The 15 set A 
alleles segregated into  three lethal complementation 
groups  (I, I1 and 111):  two groups have four alleles each 
(I1 and 111) and  one  group has seven different alleles 
(group  I). For group 111 alleles, 1527/1755 trans- 
heterozygotes were semi-lethals. In  addition,  there were 
lethal interactions between this same group 111 allele, 
1527,  and  group I alleles, 2482  and 2737. Allele 1527 
appears  to  be unusual, although  it has not been char- 
acterized further. Set B alleles  also segregated into  three 
lethal complementation  groups (IV-VI) , one of which 
is likely to represent eve mutations (VI) since these al- 
leles (2387  and  2751) failed to complement evdD1' 
(NUSSLEIN-VOLHARD and WIESCHAUS 1980). One of these 
alleles (2751) did not complement alleles  in another 
group, this may indicate the presence of a deletion or 
chromosomal rearrangement,  but we have not charac- 
terized it  further.  The alleles of set C segregated into 
seven complementation  groups (VII-XIII). This EMS 
lethal screen indicated that  there  are  at least 12 previ- 
ously unidentified  genes in the 46CD region that give a 
lethal phenotype when mutated (Figure 5 ) .  

Lethal phase analysis The lethal complementation 
groups I, I1 and 111, that  mapped to the 50-60-kb region 
surrounding  the FMRFamidegene (setA, Figure 5), r e p  
resented potential FMRFamide gene mutants. To assess 
this possibility, we first determined  the lethal phase of 
representative members of these three complementa- 
tion groups (Table l). The FMRFamide gene is first 
expressed in late embryos (SCHNEIDER et al. 1991); a 
FMRFamidemutantwould not be expected to die  before 
this time. Both  homozygous and hemizygous mutant lar- 
vae (mutant/deficiency) could be selected by their yel- 
low phenotype (see MATERIALS AND METHODS). For group 
I, all  seven alleles were examined as homozygotes and 
the lethal phases were quite variable (Table 1). For three 
alleles, no homozygotes  survived to the larval stage; for 
two alleles, no homozygotes  survived  beyond the second 
instar. However, when six  of the seven  alleles  were ana- 
lyzed as hemizygous mutants, all six lines had some in- 
dividuals  survive to  the  prepupal stage. This suggests that 
the null phenotype for this lethal complementation 
group is prepupal lethality (Table 1). Analysis of two 
group I11 alleles showed that they  displayed a similar 
lethal phase. This was noteworthy because there were 
allele-specific interactions between members of the two 
groups; group I alleles 2482  and 2 73 7 failed to comple- 
ment  group 111 allele 1527. No other interactions were 
noted between members of these two groups. In the case 
of  two group I1 alleles, both displayed embryonic lethal- 
ity as homozygotes, and as hemizygotes, one allele was 
embryonic lethal and  one survived to the  third larval 
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FIGURE 4.Pouthern blots indicating the 
proximal deficiency endpoints of  Df(2R)XI 
and Df(2R)e~e’.*~. Hind111 and EcoRI restric- 
tion maps of the region downstream  of the 
FMRFamide gene are schematized. The 
probes for each of the  Southern blots are in- 
dicated with hatched bars.  For the Df(2R)XI 
blot, the  probe was a “IO-kb  PstI fragment of 
a larger EcoRI fragment of Cosmid  D6. Unique 
BamHI and PstI restriction fragments in the 
Df(2R)XI/W stock are indicated (open ar- 
rowheads). Sco/CyO and p[56.7A] stocks  were 
used as controls. For the Df(2R)e~eI.’~ blot, 
EcoRI digests  of  several  stocks are illustrated. 
There is a Cy0 polymorphism  in this restric- 
tion fragment of  Cosmid D6 (large arrow- 
head).  TheDf(2R)e~el.’~ stock  has a unique hy- 
bridization band (open arrowhead). The wild- 
type  hybridization band (arrow) is  missing  in 

c the deficiency  stocks,  Df(2R)XI,  Df(2R)X3 
t 4 and Df(2R)ezdZ7. Other faint hybridization 
, 0 bands are due to previous  hybridizations  of the 

same filter with different probes. 

BamH 1 PsH EcoRl €COR1 

instar. The null  phenotype  for  the group I1 alleles could 
not  be assessed. This  lethal phase analysis did not ex- 
clude any  of the  three  complementation  groups as r e p  
resenting FMRFamide gene mutants. 

Analysis of -amide  precursor  expression in mu- 
tant larvae using two precursor-specifk  antibodies: The 
survival  of groups I and I11 mutant animals through lar- 
val stages, either as homozygotes or hemizygotes, per- 
mitted analysis of proFMRFamide precursor production 
using the two precursor-specific antibodies (Table 2). 
All  of the alleles from groups I and 111 that survived 
beyond the embryonic stage were  analyzed for pro- 
FMRFamide expression. Likewise, one hemizygous 
group I1 mutant allele ( 1120/Df(2R)X3) could also be 
analyzed for  precursor  production (Table 2). For anti- 
body B, all mutants  appeared to have normal  patterns of 
expression. For antibody A, all mutant alleles except one 
( 1081) also  gave  positive results (Table 2). Antibody A 
(anti-peptide 2) (SCHNEIDER et al. 1993b) was raised 
against a synthetic peptide  corresponding to residues 
125-133  of the  neuropeptide precursor. Several  se- 
quence polymorphisms between the genomic library 
and cDNA library exist in the FMRFumide locus, includ- 
ing a single base pair polymorphism that substitutes Glu 
for Gly at residue 130 (SCHNEIDER and TACHERT 1990). 
The synthetic peptide  contained Gly but sequence analy- 
sis  of the 1081 allele revealed it  encoded Glu at this 
position; this polymorphism is  likely to  be responsible 
for  the antibody-negative results in this group I allele. 

Because the antibody results suggested that our wild- 
type  stock is polymorphic, the FMRFamidtxoding re- 
gion of a second allele in complementation group I (37) 
was amplified by PCR and sequenced. The sequence did 
not contain any mutations and also encoded Gly at resi- 
due 130 as expected since allele 3 7  gave  positive results 
with antibody A. This provided further evidence that  the 
group I EMS alleles did not represent FMRFamide gene 
mutations. 

Local P element  mobilization: Recent reports have 
indicated that P elements transpose to nearby positions 
at a significantly higher frequency than to positions else- 
where on  the chromosomes (TOWER et al. 1993; ZHANC 
and SPRADLINC 1993). We designed a P element mobi- 
lization screen to generate local transpositions in the 
46C region. This experiment could serve two purposes. 
First,  local transpositions might identify the positions of 
the lethal complementation groups  generated by  EMS 
in the nearby surrounding genomic region. Secondly, if 
none of the EMS lethal alleles represent FMRFamide 
gene mutations, then a local transposition would  pro- 
vide a mechanism for inserting a P element  into  that 
gene  to  produce a mutant phenotype. 

Several  stocks reported  to have P element inserts in 
46C  were screened cytologically to  determine  their prox- 
imity to  the FMRFamide gene. We found that the 
P[iV21]/CyO stock (LEVIS et al. 1985) contained the 
nearest P element.  This homozygous lethal stock  has a 
P element insert in 46C proximal to the FMRFamide 
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FIGURE 5.-Schematic  of the deficiencies for 46C and the 
complementation test results of EMSmutagenized lethal al- 
leles. All mutagenized lines were first tested for complemen- 
tation with the Df(2R)X3 deficiency;  all alleles listed do  not 
complement this deficiency. All lethal alleles  were  subse- 
quently tested for complementation with the other three de- 
ficiency  stocks. Set A comprises three lethal complementation 
groups that  are uncovered by Df(2R)B5 and Df(2R)X3 but not 
by Df(2R)et~eI.'~ or Df(2R)Xl. Set B comprises three lethal 
complementation groups uncovered by all four of the defi- 
ciency  stocks, including one  group with  two alleles that do not 
complement eudD1'. Set C consists of  seven complementation 
groups  that are uncovered by Df(2R)X3 and Df(2R)Xl. 
Complementation tests  were carried out between  all alleles in 
each of the sets; complementation groups were  assigned  based 
on complete lethality between each of the members in a group 
and complete complementation between  alleles of different 
groups. Two exceptions to this are the 152 7 allele in group I11 
and the 2751 allele in group V-VI. Allele 1527 did not com- 
plement allele 2482 or 2737 in group I and was only  semi- 
lethal when  crossed to allele 1755 which is  also in group 111. 
Allele 2 751 did not complement 640 in group V nor 2387 in 
group VI. 

gene (cytology data not shown). First, we determined 
that  the p[N21]  lethality was due to the P insertion by 
reverting the  phenotype. Next we found  that  the 
p [ N 2 l / / C y O  stock complemented  the Df(2R)X3/CyO 
stock; this suggested that  the  p[N21]  insertion is proxi- 
mal to the  deletion. The proximal probe  (phage  clone 
U2-6) was used to  detect  unique hybridizing bands on 
Southern blots of p[N21] /CyO compared  to wild type 
and Df(2R)X3/CyO (control  for  the C y 0  chromosome) 
(Figure 6). EcoRI and  HindIII digests revealed unique 
hybridizing fragments on Southerns of the p[N21] /CyO 
stock (arrows, Figure 6) .  This indicated  that  the p[N21] 
insertion is within (or is overlapped by) the U2-6 region 
(Figure 2). Furthermore,  complementation with 

TABLE 1 

Lethal phase analysis 

EMS 
alleles Homozygotes Hemizygotes" 

Group I 
37 PP PP 
1081 L2 PP 
1104 E PP 
1565 E 
2482 L2 PP 
2737 L1 PP 
2757 E PP 

1120 E L1 
1313 E E 

1527 L3 ND 
2 723 L3 PP 
2968 E PP 

ND 

Group I1 

Group 111 

Lethal phase of representative alleles from EMS complementation 
groups I,  I1 and 111. Larval  instars are denoted by Ll-L3, embryo (E),  
and prepupa (PP). The designated lethal phase is the latest  stage of 
mutant survivors. ND = no data. 

a Mutant/deficiency. 

TABLE 2 

Immunocytochemistry with proFMRFamide antibodies 

EMS alleles Ab A Ab B 

Group I 
37 + + 
1081 + 
1104 + + 
2482 + + 
2737 + 
2757 + 

ND 
+ 

1120 + + 
152  7 + + 
2 723 + + 

- 

Group I1 

Group 111 

P element  line 
Pt9901" + + 

Both homozygous and hemizygous larvae of alleles 37 and 1081 
were stained. Alleles 11 04, 2 75 7 and 11 20 could only be analyzed as 
hemizygous larvae. The remaining alleles were  analyzed as homozy- 
gous larvae. ND = no data. 

p[990] homozygous adults  were  analyzed (see RESULTS). 

Df(2R)X3  indicated  that  the insertion is proximal on 
the  chromosome to the deletion. 

The position of this P insertion was more precisely 
mapped in subsequent  Southern blot analyses (Figure 
7). A schematic of the p[N21] insert (HAZELRIGG et al. 
1984) and its restriction sites is illustrated (Figure 7). As 
shown there  are  HindIII restriction sites on,  or very 
near,  the P element  ends  and EcoRI sites  within the P 
element; we would expect  that  an insertion would create 
two unique fragments due to the cleaving  of an existing 
fragment. Although the second unique  fragment was 
not always visible (Figure 6), subsequent  Southern blots 
revealed two unique  fragments on EcoRI and HindIII 
digests of the p [ N 2 l ] / C y O  stock (arrows, probe A, Fig- 
ures 7 and 8). The  unique EcoRI fragments indicated an 
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FIGURE 6.Pouthern blot indicating the p[N21] insertion. 
A restriction map of the region upstream of the FMRFamide 
gene is schematized. The probe, lambda phage U2-6, desig- 
nated by a hatched bar, is shown  in relation to the map. Unique 
hybridization fragments in the p[NZl]/CyO stock  are  indi- 
cated by the arrows.  In addition to the wild-type stock, the 
Df(PR)X3/CyO stock also was used as a control for the Cy0 
chromosome. 

insertion site in the 8 kb  fragment  (map position -25 
to - 33). One of the  unique EcoRI bands (upper arrow, 
probe A, Figures 7 and 8) is very weak because it is,  in 
large part, P element DNA. The two new HindIII frag- 
ments, -1.3 and -2.3 kb, are  portions of the  HindIII 
fragment at  map position -30 to -33 (Figures 7 and 8). 
We could thus position the p[N21] insertion 30-35 kb 
proximal to the  gene (Figure 2). These molecular re- 
sults are consistent with the complementation between 
the p[N21]  and Df(2R)X3 chromosomes. The location 
of the p[N21] insertion provided a means of screening 
easily for a local transposition. By screening for new in- 
sertions with  recessive lethal phenotypes uncovered by 
Df(2R)X3, a local transposition toward or within the 
FMRFamide gene could be  detected. 

We mobilized the p[N21] insert and screened 587 
individual lines. Eleven lines displayed a lethal phene  
type that  could be uncovered by Df(2R)X3 (Table 3). 
These 11 lines were subsequently crossed to represen- 
tative members of the  set A EMS alleles (the set closest 
to the P insertion and the region containing  the 
FMRFamide gene) in order to determine if a transpo- 
sition would identify the position of  any  of the A comple- 

TABLE 3 

Complementation analysis 

Mobilized 
P element 

EMS alleles 
(% of  expected  progeny) 

stocks  Group I Group I1 Group 111 

Pll3l 100 0 100 
pl83I 90  5 100 
p[1641 100 6 100 
pl3361 100 0 100 
P[3411 100 3 I00 
p/4301 100 0 100 
Pl1121 100 100 1 
p w 1 1  0 0 0 
p/2321 0 0 0 
p15201 0 3 0 
p/5211 0 0 0 

P element stocks (P/CyO) were  crossed  to  representative EMS 
alleles (one to four alleles) from  groups I,  I1 and 111 (EMS/CyO). 
Percentages  are  based  on  the  expected 1/3 P/EMS  progeny.  PC131 
and p(1641 were  crossed  to  all  four alleles in group 11, while  the other 
lines were  crossed  to one to  three  alleles.  The  results  for p[13/ were 
0/44, 0/70,0/73,0/66 heterozygous  mutants/total  progeny  scored, 
and  for p[164],  0/60,0/37,0/50,5/103 heterozygous  mutants/total 
progeny  scored. p[112] was crossed  to  all  four group 111 alleles with 
the  following  results, 0/93,0/75,0/59, 1/35  heterozygous  mutants/ 
progeny  scored. 

mentation  groups (Table 3). Three categories were  pro- 
duced by this analysis: (1) six  of the new Pelement lines 
( p [ 1 3 1 ,  p[831, pL1641, p[3361, p[341/ ,   P[4301)  
complemented  group I and 111 alleles but  not  group I1 
alleles; (2)  one new line, p [ l 1 2 ] ,  complemented  group 
I and I1 alleles but  not  group I11 alleles; (3) four new 
lines, ( p [ 2 2 1 ] ,   p [ 2 3 2 ] ,   p [ 5 2 0 ] ,   p [ 5 2 1 ] ) ,  failed to 
complement all three  groups as  well  as Df(2R)Xl/CyO 
(Table 3). The last category represented extensive de- 
letions of the 46C  locus, two of these complement 
Df(2R)e~e' .~' /CyO while two do not (Figure 9). At least 
one of the  other two categories must represent a local 
transposition. It is possible that one of these two cat- 
egories is the result of  small deletions at  the original 
insertion site;  however, at least one category must r e p  
resent a local transposition. 
Molecular  analysis of local transposition: To  further 

characterize the results of the p[N21] mobilization, 
Southern blots of EcoRI and HindIII digests  of some of 
the  different P lines were probed with (1) the  entire 
U2-6 clone  (probe A, Figure 7), (2) separate EcoRI frag- 
ments of the U2-6 clone (probe B, Figure 7) and (3) a 
Pelement probe  (probe C ,  Figure 7) (see MATERIALS AND 

METHODS). The p[N21] insert has internal EcoRI and 
HindIII restriction sites (see diagram, Figure 7) so when 
probed with  U2-6, p[N21]  Southern blots  reveal two 
unique fragments not  present in wild  type (thin arrows, 
probe A, Figure 7).  One of these corresponds to an 
EcoRI fragment recognized by the P element  probe be- 
cause it contains the P element end (arrow, probe C, 
Figure 7); the  other weak fragment contains the P ele- 
ment  end  not recognized by the P element  probe (top 
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arrow, probe A, Figure 7;  also see p[N21] diagram). A 
second EcoRI fragment as well as two HindIII fragments 
hybridized to  the P element  probe; these are  internal P 
element fragments that do  not correspond  to fragments 
hybridized to the U2-6 probe  (probe C ,  Figure 7). For 
the six Plines that do  not complement  the  group I1 EMS 
alleles, two representative lines, p[83] and p [ 1 6 4 ] ,  are 
illustrated (Figure 7).  The results show that  one P ele- 
ment  end is deleted in both of these stocks (the smaller 
unique  fragment  denoted by arrow), yet the  other  end 

- 2.3 - 2.0 

FIGURE 7.Couthern blots of P 
element stocks generated in the 
p [ N 2 1 ]  local transposition screen 
that display  lethality uncovered by 
group I1 alleles. All of the stocks 
are balanced over the C y 0  chro- 
mosome. A restriction map of the 
region upstream of the FMRF- 
amide gene  and the position of 
the p[N21] insert (denotedwith a 
triangle) are shown at the top. 
The probes used are  denoted by 
hatched bars. Probe A is lambda 
phage U2-6, probe B is an EcoRI 
fragment of  U2-6, and  probe C is 
a P element Hind111 fragment of 
pn-25.7"' that recognizes the Pel- 
ement sequences (solid boxes) of 
the p[N21] insert as  shown 
(hatched boxes). Solid  arrows  in- 
dicate the two unique fragments 
in EcoRI and Hind111 digests of 
the p[NZl ] /CyO stock that are a 
result of the insert (probe A). 
One of these fragments is  re- 
tained in the p[S3] /CyO and 
p [ l 6 4 ] / C y O  stocks  while one is 
not. Unique fragments in the 
p[83] /CyO and p[164] /CyO 
stocks are denoted by open arrow- 
heads. The P element inserts and 
their positions  in each stock are 
schematized beneath the restric- 
tion map on the bottom. Dele- 
tions adjacent to the P element 
are  denoted with open bars. 
These deletions defined the posi- 
tion of the  group I1 lethal alleles. 

is  still present. There  are  no additional EcoRI bands  for 
either stock but there  are new HindIII bands that are 
slightly different in size. These results  can be explained 
by small deletions of genomic DNA adjacent to  the 
p[N21] insert ( i e . ,  toward FMRFamide). As indicated 
by use of probe B, the new HindIII bands (open arrows, 
Figure 7) in each line represent portions of the 7-kb 
HindIII  fragment (-30 to -23 kb).  There  are no new 
EcoRI fragments because the portion of the original &kb 
fragment distal to  the P element (-33 to -25 kb) is 
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FIGURE 8.40uthern blots of 
p[N2l]/CyO and a P element stock 
generated in the p[N21]  local trans- 
position  screen that displays  lethality 
uncovered by group I11 alleles.  Both 
stocksare balanced  over the CyOchro- 
mosome. A restriction map of the re- 
gion  upstream of the FMRF'amide 
gene and the position  of the p[N21] 
insert (denoted with a triangle) are 
shown at the top.  Probe A is A phage 
U2-6, probe B is two EcoRI fragments 
of U2-6, and probe C is a P element 
probe (see Figure 7). The arrows de- 
note the two unique fragments  in 
EcoRI and HindIII digests  of the 
p[N2l]/CyO  stock that are a result of 
the insert (probe A). Unique hybrid- 
ization  fragments found in the 
p[II2]/CyO  stock are denoted by 
large  arrowheads.  For the EcoRI digest 
of p[ll2]/CyO, this unique band cor- 
responds to one hybridizing to the P 
element probe (probe C, large  arrow- 
head).  The  Pelement inserts and their 
positions  in  both  stocks are schema- 
tized on the bottom. This transposi- 
tion defined the position of the group 
I11 lethal  alleles. 

mostly or completely deleted, while the  adjacent 3-kb 
EcoRI fragment is apparently left intact. 

Probing with the P element suggests two different 
events underlying the  generation of these two stocks. In 
the case  of p[83], HindIII digests analyzed  with probe 
C reveal that  the P element is essentially intact  (both 
HindIII  internal  fragments and  the EcoRI internal frag- 
ment  are  intact), while EcoRI digests show that  the  other 
fragment recognized by probe C (which includes 
genomic DNA) is  now smaller due to the  adjacent de- 
letion. A corresponding  fragment expected with the 

U2-6 probe  appears  to  be obscured by a wild-type band. 
Possibly, this deletion was generated by a duplicated P 
element followed by imprecise excision of the dupli- 
cated P element (schematic, Figure 7). In  the case of 
p[164] ,  both  HindIII  and EcoRI digests demonstrated 
that  part of the  Pelement is missing (probe C ,  Figure 7), 
suggesting a deletion of the  right end of the P element 
and  adjacent genomic DNA (schematic, Figure 7). The 
other  four  Plines  that do not  complement  group I1 also 
turned  out to be variable-sized deletions of adjacent 
genomic regions (data not shown). One of these, p[13] ,  
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FIGURE 9.-Deficiency  map of the 46CD region including 
deficiencies  derived  from  imprecise P element  excision.  This 
schematic  illustrates  the  results of complementation tests be- 
tween the X-ray  deficiency stocks and  deficiencies  created by 
mobilization of the p[N21]  insertion. Deletions are  denoted 
by open bars. None of the deficiencies  created with P element 
mobilization were complemented by the deficiencies, 
Df(2R)B5,  Df(2R)X3 and Df(2R)Xl .  PC2321 and p [ 5 2 0 ]  were 
complemented by D f ( 2 R ) e ~ e ’ . ~ ~  while p [ 2 2 1 ]  and p [ 5 2 1 ]  
were  not. p [ 2 2 1 ]  and p [ 5 2 1 ]  were  complemented by 
and EMS allele 640 but not by EMS allele 4 3 3  therefore, 
these two deficiencies  have  distal  deletion  endpoints  within 
Df(2R) eve’.’’. 

appeared  to have a local transposition in addition to a 
deletion. The  Pelement  probe hybridized to three frag- 
ments and  one of these coincided with a  band hybrid- 
izing to  the U2-6 probe  (data  not shown). These small 
deletions adjacent to the original insertion site identi- 
fied the locus of lethal complementation  group I1 (sche- 
matic, Figure 7).  The smallest deletion, p[83], defined 
the smallest region that genetically affects this comple- 
mentation group. 

Strain p[l12]  failed to complement  group 111 alleles 
but did complement  group I1 and  group  I alleles (Table 
3). This line also has a white phenotype indicating the 
loss of the functional w+ gene  on  the P element. Since 
the  group I1 lethal gene is placed just  adjacent  to  the 
insertion site, these complementation results suggest 
that  the p[112] insert has “hopped over” the  group I1 
gene  and inserted in a position that disrupts the  gene 
corresponding to complementation group 111. The mo- 
lecular analysis supports this prediction. Southern blots 
of p[Il2]/CyO and the  parent p[N2I]/CyO were 
probed with  DNA fragments as illustrated in Figure 8. 
For both EcoRI and HindIII digests, both of the  unique 
hybridizing bands  present in the  parent stock are still 
present in the p [ l  I21 line  (thin arrows, Figure 8). How- 
ever, there  are also  new bands in the p [  l I21 line for both 
digests (large arrowheads, Figure 8) , although  the band 
on  the EcoRI blot was exceptionally weak. Subsequent 
probing with each of the  four major EcoRI fragments of 
U2-6 indicated that  the insertion was not  contained 
within  any  of these, but was located within a small  ter- 
minal EcoRI fragment of phage U2-6 that  corresponds 

FIGURE 10.Phromosome in situ hybridization of the Pin- 
sertion in the p[990] stock. A biotinylated  cp20.1  phage P 
element probe reveals a band of hybridization on the major 
band of 46C (arrows). 

to the  fragment  at position -14 to -9 kb (schematic, 
Figure 8). This was confirmed by probing with the  next 
adjacent phage clone (see Figure 11). This position is 
consistent with an analysis of the Hind111 bands; the new 
fragment is a  portion of the  HindIII fragment at position 
- 16 to - 13 kb now cleaved by the new insertion (large 
arrowhead, probe B, Figure 8). There is only a slight 
overlap of U2-6 DNA and  the EcoRI fragment containing 
the new insert which explains the weak hybridization 
band with probe A. The presence of this fragment was 
confirmed by the P element probe (large arrowhead, 
probe C, Figure 8). 

This molecular analysis has shown that p [ l I 2 ]  con- 
tains two Pelements,  one  at the original p[N21] site, and 
one -15 kb more distal (schematic, Figure 8). In addi- 
tion,  the P element  probe revealed that  the  internal 
EcoRI fragment and  one of the internal HindIII frag- 
ments in both  elements  are missing;  this internal dele- 
tion is consistent with the white phenotype of the p [  1 121 
line. Finally, these results suggest that the locus  of the 
complementation  group I11 lies approximately halfway 
between the site of group I1 and FMRFamide, at map 
position - 15 kb. This could not be readily confirmed by 
excising the P element  and reverting the phenotype be- 
cause the w+ marker has already been lost.  However, a 
more  recent  independent insertion event has confirmed 
this position of the  group 111 alleles. 

Independent  insertion  event in complementation 
group In: An enhancer  trap line, P[lac%, 9’1 desig- 
nated p[990], was mapped cytologically to 46C (Figure 
10). Southern blot analyses  revealed that the position of 
the P element in the p[990] stock  is very close to  that 
ofthep[l12]PeIement(Figurell).ForbothEcoRIand 
HindIII digests, unique hybridization bands were de- 
tected in the p[990] stock  when probed with the EcoRI 
fragment at positions -14 to -9 kb (probe A, Figure 
11); this same fragment contains the insertion in the 
p[112] stock (Figure 2). EcoRI digests  of DNA from 
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FIGURE 11 .-Southern blots  of  the Pinsertion in the PC9901 

stock.  Hybridization  with a -5.0-kb EcoRI fragment  (probe A) 
reveals mo unique EcoRI and  Hind111  fragments in the p[990] 
stock when  compared to wild  type (arrows, left panel), indi- 
cating an insertion in this  fragment.  This is the same fragment 
containing an  insertion  in the p[l12]  line.  Hybridization with 
the U2-3 phage (probe B) reveals unique EcoRI fragments in 
the p[990] and p[112] stocks, but not in the ms(2)05704 
stock, which  has an insertion  more  proximally in 46C. 

p[990],  p[112] and a  control P element line, 
ms(2105704, reveal these unique bands in p[990] and 
p[l12]  when probed with the U2-3 phage (probe B, 
Figure 11). No unique hybridization bands were present 
in either  line, when probed with the FMRFamide 
containing  phage, Mt8 (data  not shown). The close 
proximity between the p[112] and p[990] insertions, 
and  the lethal genetic  interaction between p[112] flies 
and all  of the complementation  group I11 alleles (Table 
3), suggested that p[990] flies may also interact geneti- 
callywith the  group I11 alleles. In contrast to p[112] flies, 
p[990] homozygotes survive as adults, although  the 
males are sterile. Complementation studies indicated 
that  the p[990] stock interacts genetically  with both 
p[l12]  and two of the  four  group I11 alleles (Table 4). 
Trans-heterozygotes of the P element lines, p[112]/ 
p[990], are male sterile. Likewise, trans-heterozygotes 
p[990]/1527 and p[990]/2723 are male sterile. These 
results confirm that  the locus of complementation 
group I11  is -15 kb proximal to FMRFamide, as sug- 

TABLE 4 

Complementation analysis 

PI9901 

P I 1  121 
1527 

Viable, male sterile 

I755 
Viable, male  sterile 

2 723 
Viable, fertile 
Viable, male  sterile 

2968 Viable, fertile 

p[99Ol/CyO virgins were crossed to males of  each of the above 
balanced stocks. For each F2 cross, at least 5 trans-heterozygous males 
were crossed to wild-type virgins. Sterile  males  produced no progcny 
from this F? cross. 

gested by interactions with the p[l12/  stock.  Due  to its 
proximity to FMRFamide and because the p[990] inser- 
tion contains a l a d  reporter, we examined the 
Pgalactosidase expression pattern in the p[990] stock 
(data  not shown). There was extensive though diffuse 
expression throughout  both  the larval and  adult CNS. 
One exceptional feature of the  pattern was a pair of 
neurons in the subesophageal region that displayed 
strong staining. When double-stained with antibodies 
for Pgalactosidase and proFMRFamide  (Ab B), this 
prominent pair of ZacZ-positive neurons proved identi- 
cal to the FMRFamide-positive  SE2 neurons (SCHNEIDER 
et al. 1991). No other FMRFamideexpressing cells a p  
peared  to be double-labeled. Homozygous p[990] 
adults were  also stained with both of the proFMRFamide 
antibodies to determine if this proximal insertion af- 
fected FMRFamide expression. For both antibodies, 
staining appeared normal in the p[990] homozygotes 
(Table 2). 

DISCUSSION 

Deficiency  breakpoints  in 46C define a region of 
50-60 kb surrounding  the  FMRFamide  gene: The X-ray 
mutagenesis and chemical selection were very  effective 
for  creating  and selecting large deletions in the 46C  re- 
gion that included the FMRFamide gene. X-ray mu- 
tagenesis of the p[56.7A] stock, produced five Adh re- 
vertants at  a  rate of -1/8000. Selecting the revertants 
required  a  double selection employing pentynol in the 
embryonic/larval stage (O'DONNELL et al. 1975) and 
pentenol in the adults (SOFER and HATKOFF 1972; AARON 

1979). This screen produced  three revertant stocks  with 
visible deletions in the 46C region; two of these were 
analyzed  in more detail to determine if the deletions 
included the FMRFamide gene. In situ hybridization on 
chromosomes demonstrated  that one of these, 
Df(2R)X3, deleted  the FMRFamide gene, while the 
other  one, Df(2R)Xl did not (Figure 1). This result was 
confirmed by Southern blot analyses that demonstrated 
that  the Df(ZR)X3 breakpoint in  46C  was  -30  kb u p  
stream of the FMRFamide gene  and  the Df(2R)Xl 
breakpoint in 46C was -20-25 kb downstream  of the 
gene (Figures 3 and 4). Both  of these deletions extend 
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distally into 46E for Df(2R)X3 or 46F for Df(2R)Xl .  In 
addition, we demonstrated  that  the Df(2R)B5 has a  de- 
letion from 46A-C that includes the FMRFamide gene 
and the D f ( 2 R ) e ~ e I . ~ ~  has a  deletion  that overlaps the 
other  three with a proximal breakpoint -40 kb 3’ to the 
FMRFamide gene.  These  four overlapping deletion 
stocks helped  map EMS mutations  to relatively precise 
locations within  46C,  especially within the 50-60-kb re- 
gion that  surrounds FMRFamide. 
EMS mutagenesis  identifies  three  lethal  complemen- 

tation  groups in the 50-60-kb region surrounding the 
FMRFamide  gene: The precise functions of FMRF- 
amide peptides in Drosophila are unknown, making it 
difficult to  predict  a  mutant  phenotype  for  the  gene. 
The  neuropeptide  gene is expressed throughout  the life 
cycle from late embryogenesis to  the  adult in a relatively 
limited set of  -150 neurons (SCHNEIDER et al. 1991, 
1993b; O’BRIEN et al. 1991) that release the  peptides 
within the CNS and  into  the circulation. FMRFamide- 
containing  peptides may serve essential roles in particu- 
lar behavioral or physiological  pathways, thus leading to 
a  lethal  mutant  phenotype; alternatively, they may have 
subtle neuromodulatory roles that would lead to  corre- 
spondingly subtle mutant phenotypes. We tested the hy- 
pothesis that  the FMRFamide gene would produce  a le- 
thal mutant  phenotype and thus  screened for lethal 
EMS mutants  mapping to the 46C region. We screened 
3109 EMS mutagenized individuals and selected 30  le- 
thal alleles that  mapped to the region by complemen- 
tation tests. In all  cases, the  lethal alleles were uncovered 
by at least two of the  four overlapping deletions, 
(Df(2R)X3,   Df(2R)X1,   Df(2R)B5 and D f ( 2 R ) e ~ e ’ . ~ ~ ) ,  
thus confirming that each represented  an EMS-induced 
lethal mutation in the 46CD region.  These 30 alleles 
segregated into  13  complementation  groups  that could 
be placed into  three regions along  the  chromosome. 
Complementation  groups 1-111 are  the most proximal 
on  the chromosome. They are uncovered by Df(2R)X3 
and Df(2R)B5 and lie within the 50-60-kb region  that 
includes the FMRFamide gene. More  distally, these are 
followed by groups IV-VI that  are uncovered by all four 
deficiency stocks, and  then by groups VII-XI11 that have 
lethal phenotypes uncovered by Df(2R)X3 and 
Df(2R)Xl .  One  group (VI) is  likely to represent eve mu- 
tations; while the  remaining 12 represent  lethal  genes 
not previously identified. 

P elements  identified  the  positions of lethal  comple- 
mentation  groups I1 and III: Because complementation 
groups 1-111 mapped closely to FMRFamide, several 
studies were carried  out to determine if any of these 
corresponded to  this gene.  The results  argue  strongly 
against  this possibility. The most conclusive result 
came  from the P element mobilization study carried 
out to generate local transpositions. Here we discuss 
the evidence pertaining to  each  complementation 
group separately. 

Group ZZZ: When the p[N21] /CyO stock was crossed 
to a transposase source, the insertion was mobilized ef- 
ficiently; from  a total of  587 screened, 11 new lines were 
generated  that now  displayed lethality uncovered by 
Df(2R)X3. One of these lines failed to  complement EMS 
complementation  group 111 but did  complement  groups 
I and IT. The position of this new insertion was deter- 
mined molecularly and  found  to  be -15  kb from the 
original insertion site and -15 kb from the FMRFamide 
gene. This confirmed  that  a local transposition had 
occurred; it also suggested that EMS lethal comple- 
mentation  group I11  is positioned -15 kb proximal to 
FMRFamide. An independent  insertion event con- 
firmed this position; therefore,  group I11 does not r e p  
resent FMRFamide mutations. However, it is possible 
that  an insertion event -15 kb away from FMRFamide 
may affect that  gene. Immunocytochemistry with 
proFMRFamide antibodies gave the  normal staining pat- 
tern in homozygous adults of the p[990] insertion line, 
so no obvious effect on expression ofFMRFamide could 
be  attributed  to this nearby insertion. Interestingly, the 
lacZ expression pattern  for  the p[990] line overlaps with 
the FMRFamide expression pattern in one  prominent 
pair of subesophageal cells, the SE2 neurons.  Either this 
(group 111) neighboring  gene is normally expressed in 
some of the same cells  as is FMRFamide, or a FMRF- 
amide promoter  region  that regulates SE2 expression is 
acting on  the p[990] insertion from a distance. With 
respect to the  latter possibility, deletion analyses  of the 
FMRFamide promoter have  shown that within this pro- 
moter,  a region necessary for SE2 expression lies  -5  kb 
5’ to the  gene  (SCHNEIDER et al. 1993a). This regulatory 
region is the  farthest removed from FMRFamide and 
therefore  the closest to  the  group 111 gene. 

This identification of the locus of complementation 
group TI1 with the P I 1  121 local transposition provides 
another example of the efficacy  of the local transposi- 
tion method  for inserting P elements  into  genes of  in- 
terest (ZHANG and SPRADLINC  1993; TOWER et al. 1993; 
LITTLETON et  al. 1993). There is one disadvantage to this 
technique; in most  cases the original P element is re- 
tained in the case of a local transposition (TOWER et al. 
1993). This was the situation that  occurred for this local 
transposition into  group 111. The original p[N21] inser- 
tion is still present in the $11 121 stock, although  both 
insertions have internal  deletions and consequently the 
stock has a white phenotype. Because the  internal de- 
letions  appear similar, it is  likely that  the  deletion event 
occurred  prior to the transposition. 

Group ZZ: The p[N21] /CyO mobilization screen of 
587 lines also generated six  new lines that failed to 
complement EMS complementation  group 11, but 
complemented  the  other  lethal  complementation 
groups. A molecular analysis  of these stocks demon- 
strated  that they represent  a series of  small deletions at 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/137/1/121/6012560 by guest on 25 M

ay 2023



Cytogenetics of 46CD 135 

the original insertion site that consequently cause le- 
thality in combination with complementation  group 11. 
However, there were variations in the molecular events 
underlying  the deletions. Two  of these (p[83]  and 
p [ 1 6 4 ] )  were analyzed extensively and shown to  be 
somewhat different  from  each  other. The latter, p [ l 6 4 ] ,  
is missing one  end of the P element indicating that  part 
of the  insert and adjacent genomic DNA were deleted. 
In  contrast, p[83] has an intact P element  but  adjacent 
genomic DNA has been  deleted. The latter situation is 
best explained by a Pelement duplication (ENGELS 1989) 
followed by an imprecise excision. Of the  remaining 
four, p[ l3 ]  has three  bands when Southern blots are 
probed with the P element  (data  not  shown).  The  extra 
P element hybridizing band  corresponds  to a unique 
hybridizing fragment when U2-6  is used as the  probe; 
this result suggests that  there was a local transposition in 
addition  to a deletion. The remaining  three lines have 
small deletions  but were not extensively  analyzed to de- 
termine if the original P element is intact or not.  These 
results demonstrated  that  the position of the EMS lethal 
complementation group I1 gene is -30 kb upstream of 
the FMRFamide gene. 

Group I: While the mobilization of the  p[N21] ele- 
ment  produced new alleles that  indicated  the positions 
of complementation  groups I1 and 111, no such alleles 
were identified that  indicated  the position of group I. 
Too few progeny from  the dysgenic  crosses may have 
been  screened  to recover group I insertions; we note 
that only one  group 111 insertion was recovered. Alter- 
natively, this gene may be  farther away from  the original 
p[N21]  insertion site, i .e.,  toward the 3’ limit of the de- 
fined 50-60-kb interval and close to  the Df(2R)Xl 
breakpoint. Local mobilization across such a distance 
(compared  to  the distance to reach  the  group I11 posi- 
tion), may be less efficient and  hence may again require 
a larger screen. Finally, this distance may be effectively 
outside the “local domain” within which the p[N21] el- 
ement can hop  at high efficiency, although this distance 
has been  reported  to  be in the  range of local transpo- 
sitions (ZHANG and SPRADLING 1993; TOWER et al. 1993). 
In  both studies, the  authors  reported a fraction of local 
transpositions to  be  greater  than 100 kb away. 
P element  mobilization also created  large  deletions: 

In  addition  to  the new P element lines that  helped de- 
fine  the positions of complementation  groups I1 and 111, 
four  additional lines displayed lethality uncovered by all 
of groups 1-111, as well  as  by Df(2R)Xl.  Furthermore, two 
of these lines, ( p [ 2 2 1 ]  and p [ 5 2 1 ] )  displayed lethality 
uncovered by Df(2R) e~e‘ .~~al though not by evdDI9 (Fig- 
ure 9). This genetic analysis  suggests that  deletions of at 
least 70-80 kb were created in these stocks, although we 
have not confirmed this by molecular methods.  In a pre- 
vious P element mobilization experiment,  deletions  of 
at least 50 kb were also generated (TOWER et al. 1993). 
A possible mechanism for this result would be a local 

transposition of  -70 kb (with the  retention of the origi- 
nal  insert) followed by excision of  all the  intervening 
genomic DNA. 

Does  the  FMRFamide  gene  have an essential  role? We 
conclusively demonstrated  that lethal complementation 
groups I1 and 111 do  not represent mutations in the 
FMRFamide neuropeptide  gene. However, we did not 
mobilize a P element  into  the EMS lethal complemen- 
tation group I gene. Yet our results indicate that this 
group also does not represent FMRFamide gene muta- 
tions. First  of all, it is an exceptionally large comple- 
mentation  group  for a relatively  small EMS screen, sug- 
gesting a large gene. As a comparison, the FMRFamide 
gene is similar in  size to  the eve gene. We generated two 
new eve lethal alleles implying that if  EMS mutations  are 
generated randomly, then we would expect a similar 
number of alleles for  the FMRFamide gene  (not seven). 
Second,  the antibody results suggested that  both ends of 
the proFMRFamide precursor  are  intact in all the alleles 
tested, One exception  to this was the 1081 allele which 
was negative for antibody A, but this could  be  attributed 
to a previously defined polymorphism in the  epitope  for 
this antibody (SCHNEIDER and TACHERT 1990; SCHNEIDER 
et al. 1993b).  Third, we sequenced  the  entire  coding 
region for  the 37  allele in this complementation  group 
and it did  not reveal  any mutations. 

These results have identified three lethal complemen- 
tation groups in the 50-60-kb region surrounding  the 
FMRFamide gene,  none of  which represents mutations 
of FMRFamide. While this was not necessarily a satura- 
tion screen for lethals in the  region,  the results do sug- 
gest that  the  screen was extensive. First, we generated  at 
least four alleles for each of the lethal complementation 
groups in the 50-60-kb FMRFamide region.  Second, we 
generated two new  alleles for a nearby gene (eve)  of 
comparable size to FMRFamide. Third, no new lethal 
mutants were identified in the screen for new P element 
insertions in the  region.  It is possible that not all  46C 
genes  producing lethal phenotypes have been identi- 
fied; it is also  possible that  the repetitive nature of the 
proFMRFamide precursor (NAMBU et al. 1988; SCHNEI- 
DER and TAGHERT 1988) may render it resistant to del- 
eterious effects caused by  EMS missense mutations. 
However, there  are several  sites  available for nonsense 
mutations. Therefore, while we cannot definitively con- 
clude  that a null FMRFamide mutation will not have a 
lethal phenotype, it would be prudent to design future 
screens for FMRFamide mutations without the assump- 
tion of a lethal phenotype. 

Using local  transpositions  to  target  particular  genes 
for mutagenesis: This genetic study has characterized 
the 46C region in several ways. Deficiency  stocks  have 
been  generated such that  there  are now four  overlap 
ping, well defined  deletions  for  the  region. EMS mu- 
tagenesis has identified 13 lethal  complementation 
groups,  three of  which are in the immediate vicinity  of 
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the FMRFamide gene. Finally, a P element local trans- 
position screen identified the positions of two of these 
complementation groups. The frequency of local trans- 
position was 1/587, or 0.17%, close to that described in 
previous reports (-0.2-1%; TOWER et al. 1993; ZHANC 
and SPRADLING 1993). Considering that we screened only 
for new insertions that  produced recessive lethal  phe- 
notypes, the  rate of local transposition was likely to be 
even higher. These results provide additional evidence 
that  the rates of local transposition are reasonable for 
efficiently targeting nearby genes in the 46C region. In 
combination with a genetic screen, this method can be 
used to  map precisely and  further characterize previ- 
ously unidentified  genes with lethal phenotypes (e.g., 
complementation  groups I1 and 111). In combination 
with a molecular screen, e.g., one that  incorporates PCR 
(BALLINGER and BENZER 1989; KAISER and GOODWIN 1990) 
or plasmid rescue methods (HAMILTON et al. 1991), local 
transposition can efficiently target nearby genes  that 
lack predictable phenotypes. 
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