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ABSTRACT 
We report  the  complete molecular  organization of the Dqba decarboxylase gene cluster. Mutagenesis 

screens  recovered 77 new Df(2L)TW130 recessive lethal  mutations.  These new alleles combined with 263 
previously isolated mutations  in the cluster to define 18 essential genes. In  addition, seven new deficien- 
cies were isolated and characterized. Deficiency mapping, restriction fragment  length polymorphism 
(RFLP) analysis and P-element-mediated germline  transformation  experiments determined  the  gene 
order  for all 18 loci. Genomic and cDNA restriction endonuclease  mapping,  Northern blot analysis and 
DNA sequencing provided information on exact gene location, mFWA size and transcriptional  direction 
for most of these loci. In  addition, this analysis identified two transcription  units that  had  not previously 
been identified by extensive mutagenesis screening. Most of the loci are  contained within two dense 
subclusters. We discuss the effectiveness of mutagens and strategies used in our screens, the variable 
mutability of loci within the  genome of Drosophila melanogaster, the cytological and molecular  organization 
of the Ddc gene cluster, the validity of the  one band-one gene hypothesis and a possible purpose  for 
the clustering of genes  in the Ddc region. 

I N prokaryotes and fungi  operons  group enzymes for 
a metabolic pathway or component  proteins  for  a 

complex structure to facilitate control of individual 
gene expression. However, the clustering of genes with 
related biochemical or structural  functions is the excep 
tion rather  than  the rule in higher eukaryotes. Thus, 
genes  encoding enzymes in  the same metabolic path- 
ways (MACINTYRE and O'BRIEN 1976),  elements of com- 
mon developmental pathways (GAUL and JACKLE 1990) 
and genes  encoding  interacting myofibrillar compo- 
nents (BERNSTEIN et al. 1993) are dispersed throughout 
the  genome. However, gene clustering is still found  in 
higher eukaryotes with extremes  ranging from a single 
duplication event generating two adjacent homologous 
genes to an extensive repetitive grouping where hun- 
dreds of identical genes lie in a  tandem array. 

In Drosophila melanogaster, gene clusters can be classi- 
fied into  three categories: reiterated  gene clusters, gene 
complexes, and dense  gene clusters. Reiterated gene 
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clusters contain multiple copies of a tandemly repeated 
transcription  unit  that encompass large expanses of 
DNA with lengths over 500 kb being  common. The 
transcription  unit itself may contain only a single gene 
or several genes. While intergenic spacers are  common, 
the transcription unit is largely devoted to the  coding 
regions of the genes themselves. Therefore, these re- 
gions exhibit high transcriptional activity. In addition, 
while polymorphic changes do exist, the  products pro- 
duced by reiterated  gene clusters are essentially the 
same, if not identical. The repetition of these genes is 
almost certainly due to the  need  for large amounts of 
their  product. The multiple copies of the genes encod- 
ing  the  histone  proteins  at 39DE (LIETON et al. 1977), 
the 18s and 28s ribosomal RNA genes located in the 
nucleolus organizers on  the X and Y chromosomes 
(LONG and DAWID 1980) and  the 5s rRNA genes clus- 
tered  at 56F (TSCHUDI and PIRROTTA 1980) are exam- 
ples of reiterated  gene clusters. 

A  gene complex is a  group of functionally related 
genes  defined by their complex pattern of intergenic 
complementation.  Gene complexes also span large re- 
gions of  DNA,  usually from 100 to 300 kb, but very little 
of this region is used by the actual transcription unit 
encoding  the  protein.  Instead, most of  this region con- 
tains complex arrays of &acting regulatory elements, 
some found well beyond the  transcription units them- 
selves. These regulatory elements  are necessary for  the 
sophisticated expression patterns  required by these 
genes  during  development. Mutations in the regulatory 
elements  are most likely responsible for  the complex 
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genetic  interactions observed in these genes. Well docu- 
mented examples of gene complexes are  the Bithorax 
Complex at 89E (DUNCAN 1987; PEIFER et al. 1987),  the 
Antennapedia Complex at 84AB (KAUFMAN et al. 1990), 
the Achaete-Scute Complex at 1B (ALONSO and CA- 
BIZERA 1988) and  the  Enhancer of Split Complex at 96F 
(SCHRONS et al. 1992; KNUST et al. 1992). 

By far  the most common type  of gene clustering in- 
volves a  dense spatial grouping of genes within a small 
defined region. These  gene clusters usually encompass 
no  more than 20 kb of DNA. Although most of the 
genes within these clusters are functionally and struc- 
turally related,  dense clusters containing genes that do 
not share  structural similarity  also exist. While dense 
gene clusters of functionally and structurally related 
genes most likely arose from gene duplication events, 
it is not known  how or why unrelated genes became 
clustered. Some examples of dense  gene clusters in- 
clude  the  heat shock protein  gene cluster at 67B  (AYME 
and TISSIERES 1985),  the sermdipityjanus gene cluster 
at 99D (VINCENT et al. 1985; YANICOSTAS et al. 1989), 
the salivary glandspecific  gene cluster at 71E (RESTIFO 

and  GUILD  1986),  the larval cuticle protein  gene cluster 
at 44D (SNYDER et al. 1982; SNYDER and DAVIDSON 1983), 
the cuticle protein  gene cluster contained within the 
Antennapedia Complex at 84AB (PULTZ et al. 1988; 
KAUFMAN et al. 1990),  the cecropin gene cluster at 99E 
(KYLSTEN et al. 1990),  the z600-gonadaFEip28/29 gene 
cluster at 71CD (SCHULZ and BUTLER 1989),  the two 
chorion  protein  gene clusters at 7F and 66D 
(SPRADLING et al. 1980; SPRADLING 1981) and  the salivary 
gland glue protein  gene cluster at 68C (MEYEROWITZ 
and HOGNESS 1982; CROWLEY et al. 1983). 

The Dopa decarboxylase (Ddc) gene region is arbitrarily 
defined by Df(ZL)i’Wl30, 37B9-C1,2;D1-2, an 8-12 
band  deletion  near  the proximal end of the left arm 
of the  second  chromosome (WRIGHT et al. 1981).  The 
clustering of functionally related genes within this re- 
gion was originally proposed when genetic and bio- 
chemical evidence suggested that two closely linked 
loci, Ddc and amd, were both involved in catecholamine 
metabolism (WRIGHT et al. 1976b).  Subsequent work 
identified a total of 18 genetic complementation  groups 
within  this region: hook ( h k ) ,  1(2)37Ba (Ba) ,  1(2)37Bb 
(Bb) , 1(2)?7Bc (Bc) , 1(2)37Bd (Bd) , 1(2)37Be (Be),  Dox-A2 
(formerly designated 1(2)37Bf), 1(2)37Bg (Bg) , amd, Ddc, 
1(2)37Ca (Ca) ,  1(2)37Cb (Cb), 1(2)37Cc (Cc), 1(2)37Cd 
(Cd), 1(2)37Ce (Ce) , brat (formerly designated 1(2)37Cf), 
1(2)37Cg (Cg),  fS(2)Twl (WRIGHT 1987a). Mutations in 
most of these loci result in surprisingly similar morpho- 
genetic defects of the cuticle or catecholamine-related 
abnormalities. Fifteen loci affect cuticle formation, cuti- 
cle sclerotization or cuticle melanization, with 10 of 
these same loci (including Ddc and amd) forming mela- 
notic psueudotumors  in  mutant larvae or pupae,  a 
symptom suggesting abnormal catecholamine metabo- 
lism (WRIGHT 1995). HPLC studies on seven  of these 

psueudotumor-forming  mutations revealed that all  ex- 
hibited aberrant  catecholamine  pool levels during  pre- 
pupal and pupal  development  (T. H o r n  and T. R. F. 
WRIGHT, unpublished  data; reviewed in WRIGHT 1995). 
Therefore,  the Ddc gene cluster may represent  a large 
cluster of functionally related  genes involved in cate- 
cholamine metabolism. Extensive  work on specific  loci 
supports this assertion. First, the considerable work 
done  on Ddc and amd demonstrated  their enzymatic 
involvement in  catecholamine metabolism (reviewed in 
WRIGHT 1987b, 1995).  Second, studies on Dox-A2 shows 
this locus encodes  the  structural  gene  for  the A2 com- 
ponent of the  phenol oxidase enzyme complex (PENTZ 
et al. 1986; PENTZ and WRIGHT 1986). This enzyme com- 
plex converts all  known catecholamines to their respec- 
tive quinones  (substrate precursors of cuticle forma- 
tion) using either  the sclerotization or melanization 
pathways (HOPKINS and KRAMER 1992).  The genes 
within the Ddc region,  therefore, may represent  an un- 
usual example in higher eukaryotes of a  gene cluster 
whose enzymatic products are required  for  a  common 
biochemical pathway. By virtue of the fact the Ddc locus 
was the first gene  in this cluster whose function was 
identified, this region is referred to as the Ddc gene 
cluster. 

From the  beginning, it was realized that  the loci 
within  this region were organized in  a tightly compact 
arrangement (WRIGHT et al. 1981). The objective of this 
report is to provide a fine-scale molecular and cytologi- 
cal map of the loci  within the Ddc gene cluster. We 
provide a  complete physical and genetic description of 
a 162.5-kb region of cloned genomic DNA that  contains 
the  entire Ddc gene cluster, and we describe a  number 
of  new complementation  groups and chromosomal re- 
arrangements and the  complete  mapping of the 18 
known  loci and  three  unmutated transcription units. 
The most striking feature of  this cluster is the location 
of  the majority  of these genes within two subclusters. 
The distal subcluster consists  of  six  loci and two tran- 
scription units contained  in no  more than 27.4  kb,  while 
the proximal subcluster contains  eight loci and  one 
transcription  unit within  23.0  kb. In addition,  the de- 
tailed mapping of  this region allows us to assign more 
precisely  specific genes to specific chromomeres.  These 
assignments clearly demonstrate  that many of the  chro- 
momeres within the 37B10-C7 contain more  than two 
genes  each.  Furthermore, our P-element-mediated 
germline transformation experiments indicate each 10- 
cus within  this gene cluster can function  independently 
of its neighbors, suggesting global coordinate  control 
of gene expression for loci  within the Ddc gene cluster 
is unlikely. 

MATERIALS AND METHODS 

Strains, stock  maintenance and cultures: Except as de- 
scribed below, all D. melanogaster mutations,  aberrations and 
balancer  chromosomes used were previously described 



DDC Gene Cluster Organization 631 

(WRIGHT et al. 1976a,b, 1981,1982; LINDSLEY and ZIMM 1992). 
The wild-type stock used was an Oregon-R strain originally 
obtained  from  the  Johns Hopkins stock collection in 1965 
and  maintained since at  the University of Virginia. Table 4 
indicates mutants kindly provided by  G.  BEWLEY, J. BRITT- 
NACHER, R. HODGETTS, D.  LINDSLEY, C.  NUSSLEIN-VOLHARD 
and  T. SCHOPBACH. Chromosomal deficiencies used in this 
study are listed in Table 5. Unless otherwise noted, all other 
mutant  and genetically recombined strains used  in this study 
were generated  in this lab using standard  genetic  procedures 
(ASHBURNER 1989a,b). All D. melanogaster second chromo- 
some  lethals and deficiencies were maintained as balanced 
lethal stocks with  Cy0 as the balancer  chromosome. Most 
crosses were made in shell vials on a yeast-agar-dextrose vial 
food medium (CARPENTER 1950). 

Deficiency  screens: Table 1 summarizes the screens  pro- 
ducing deficiencies within the Ddc region. The "Ddc escaper" 
deficiency screens are based on  the observation that most Ddc 
heteroallelic complementing heterozygotes and  temperature- 
sensitive hemi- and homozygotes raised at partially restrictive 
temperatures exhibit an  adult escaper phenotype (WRIGHT et 
al. 197613, 1982). These  adult escapers are very lightly pig- 
mented,  exhibit significantly reduced DDC  activity and have 
a  developmental  time that is protracted by at least 4 days. 
This distinctive adult  mutant  phenotype easily distinguishes 
escapers from  their heterozygous siblings. Thus newly in- 
duced Ddc deficiencies and  point mutations (WRIGHT et al. 
1982) are recovered as escapers over Ddcfs2 that must then 
survive long  enough  to  produce progeny. Males heterozygous 
for lethal-free cn bw or pr second chromosomes were irradi- 
ated with 4000 r of  y-rays or fed 5 mM diepoxybutane (DEB) 
and  mated (Day 0) at 22" en masse to Ddcb2 homozygous virgin 
females. From Day 15 to Day 21 all progeny were inspected 
for  the Ddc escaper  phenotype. 

Genetic  screens: Tables 2 and 3 summarize the screens 
producing recessive lethal and female  sterile  mutations within 
the Ddc gene cluster, respectively. Mutagenesis screening pro- 
cedures  for  the E, 200, 300A,  300B, 400,  500,  600,  7000/ 
7100,  7300/7400,  7600, and 7800 Ddc escaper  screens were 
previously reported (WRIGHT et al. 1976b,  1981, 1982). 

Bacteriophage X library  screening,  DNA  isolation  and stocks 
The  four bacteriophage )\-Drosophila hybrids (ALL18, ACS6.12, 
hCS2.20 and ACS2.27) covering 25.5 kb proximal to A16 were 
isolated from  the Canton-S DNA library (MANIATIS et al. 1978) 
using the chromosomal walking technique  (BENDER et al. 
1983). Bacteriophage A growth, purification and DNA isola- 
tion followed standard  procedures (SAMBROOK et al. 1989) as 
described previously (PENTZ  and WRIGHT 1986). Isolation of 
the A-series and ARS-series of bacteriophage A-Drosophila hy- 
brids were previously reported (GILBERT et al. 1984; STEWARD 
et al. 1984; PENTZ  and WRIGHT 1986). DNA coordinates for 
clones are as  follows: US25 -95.7:-78.6, AB24 -82.1:-67.3, 
AlZ!j23 -75.2:-62.3, US22 -72.7:-56.1, U S 2 1  -65.4:-49.4, 
A20 -57.5:-44.1, All -46.6:-32.7, A7 -36.8:-21.1, A5 
-23.3:-8.8, A1 -15.6:+1.0, A2 -6.4:+9.3,A4 -2.1:+9.4, A3 
-1.2:+12.4, A6 +0.7:+15.0, A13 +14.0:+29.7, A16 +27.1:+41.3, 
ACS6.12 +35.8:+50.8, ALL18 +39.6:+54.0, ACS2.20 +46.4+59.7 
and ACS2.27 +51.6:+66.8. 

Plasmid  DNA  extraction,  purification  and  cloning  proce- 
dures: Isolation of plasmid DNA, purification,  restriction  en- 
zyme digestion and gel electrophoresis and  other  common 
molecular biology methods followed standard  procedures 
(SAMBROOK et al. 1989). Desired fragments were isolated from 
gels using the  Geneclean  method  under conditions specified 
by the  supplier (Bio 101, LaJolla, CA). Preparation and trans- 
formation of competent Escherichia coli strains and identifica- 
tion of bacterial  colonies containing  recombinant plasmids 

followed standard molecular biology protocols (SAMBROOK et 
al. 1989). 

Restriction  fragment  length  polymorphism ( R l " )  analy- 
sis: Isolation of total genomic  DNAfrom parental  and  mutant 
stocks, restriction enzyme digestion, gel electrophoresis, DNA 
transfer and  probe hybridization followed conditions  de- 
scribed previously (PENTZ  and WRIGHT 1986). 

Pelement-mediated  germline  transformation  analysis: Iso- 
lated  genomic  fragments were subcloned into  one of the fol- 
lowing vectors: pCaSpeR (PIROTTA et al. 1985), pUChsNEO 
7.2, pUChsNEO 5.2 (STELLER and PIROTTA 1985) or pW8 
(KLEMENZ et al. 1987). P-element-mediated germline transfor- 
mation experiments followed standard injection procedures 
(SPRADLING 1986) into homozygous y w67r23(2) (STELLER and 
PIROTTA 1985) (pCaSpeR and pW8) or Oregon-R (pUChs- 
NEO) flies. The plasmid construct pn25.7wc was used as the 
source of transposase (KARESS and RUBIN 1984). Transformed 
flies were identified by the  appearance of red eyes (pCaSpeR 
or pW8) or survival on  food  containing 600-700 pg/ml neo- 
mycin derivative G418 (pUChsNE0). Transformed  lines were 
tested for  the ability to rescue mutants by crossing trans- 
formant flies carrying a CyObalanced second chromosome 
with selected CyObalanced mutants. 

cDNA  library  screening  and  isolation: A pNB40 12-24 hr 
embryonic library (BROWN and KAFATOS 1988), two AgtlO 
embryonic  libraries (3-12 hr  and 12-24 hr) (POOLE et al. 
1985), a AgtlO crawling third instar larval library (WHARTON 
et al. 1985) and a AgtlO 24-48 hr  pupal library (WHARTON et 
al. 1985) were screened,  and clones were isolated using stan- 
dard  methods ( SAMBROOK et al. 1989). 

RNA isolation and  Northern  blot  analysis: Total RNA ex- 
traction, gel electrophoresis, RNA transfer  and hybridiza- 
tion followed procedures  described previously (PENTZ  and 
WRIGHT 1986). 

RESULTS 

Generation of overlapping  deficiencies  in  the DOPA 
decarboxyluse region: A total  of 38 deletions with break- 
points in or close to this region were obtained  and used 
in this  study (Table 5). We recovered 29 deficiencies 
from a series of 20 screens conducted  to isolate overlap 
ping deficiencies within the Ddc region (Table 1). More 
than 550,000 chromosomes were screened after treat- 
ment with  six different mutagenic agents: X-rays,  y-rays, 
EMS, formaldehyde (F), diepoxybutane (DEB) and P- 
element-induced hybrid  dysgenesis. Screening strate- 
gies included the recovery of chromosomes lethal over 
Df(2L)TW50or  Df(ZL)TWl30, the reversion of the domi- 
nant marker Tufted (Tft, 2-53.6, 37A3-6) or w' [con- 
tained in transposable element TE37 (formerly TE42) 
inserted into  the 37C3-4 region],  the uncovering of 
three recessive  visible mutations flanking the Ddc re- 
gion: reduced  ocelli (rdo, 2-53, 36E4F1), hook (hk, 2-53.9, 
37B10) and purple (pr, 2-54.5,38B1-2), and the recovery 
of Ddc escapers (see MATERIALS AND METHODS). 

Nine other deletions used  in this study  were gener- 
ously provided by other investigators. We obtained 
Df(ZL)hk-UCl,  Df(ZL)hk-UC2 and Df(2L)NST from J. L. 
MARSH, Df(ZL)hk39,  Df(2L)Sd37,  Df(ZL)Sd57 and Df(2L)- 
Sd77from B.  GANETZKY, Df(ZL)TE37B7from J. G. BRITT- 
NACHER, and Df(2L)OD15 from D. CONTAMINE. 

S u m m a r y  of Df2L) TW130 F2 lethal  screens: Five sep- 
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TABLE 1 

S u m m a r y  of deficiency  screens in the Ddc region 

Screening markers 
Screen Parent Chromosomes  Deficiencies Recovery rate 
series" chromosome Mutagen" Reverted Uncoveredd  screened recovered' (%) Deficiency  designation" 

DF 1' 
DF 2' 
DF 3' 

DF 4' 
DF 5 
DF 6' 
DF 7 

DF 8' 

DF 9 
DF 10 
DF 1 1  
DF 12 

DF 13 
DF 14 
DF 15 
DF 16 
DF 17 
DF 18 
DF 19 
DF 20 

Totals 

13 1(2)74i 
Tfl1(2)74i 
m bw 

rdo hk pr 
b 7p 1(2)74i 
Sco TE42, wt 
nub b TE42, 

a1 dp b Tft 
W +  

Sco TE42, w +  
Oregon-R 
m bw 
en bw 
cn bw 

pr 
Pr 
pr 
pr 
pr 
pr 
pr 
cn bw 

rdo hk pr 
d o  hk pr 
rdo hk pr 

7W50  lrtlxal 
rdo hk pr 
rdo hk pr 
rdo hk pr 

r f k  hk pr 

Ddr"' 
TW130 lethal 

D d P 2  
rdo hk pr 

Ddr"2 
TW130 lethal 
11Vl30 lethal 
TWI30 lethal 
DdcIs2 
Dfk"2 

Ddc"2 
DdcIT2 

-25,000 
-25,000 
-50,000 

4,000 
Unknown - 100,000 - 1,000 

-31,000 

4,603 
7,820 
6,029 

-75,000 

-40,000 
4,029 

3,250 
1,093 

-55,000 
-40,000 
-45,000 
-40,000 

-550,000 

5 

6' 
3 

3 
2 
I 
0 

1 

1 
0 
0' 

15 

2' 
2 
0 
0 
2' 
2 0" 
1 

46 

0.020 
0.012 
0.012 

0.074 
Unknown 

0.001 
0 

0.003 

0.o"o 
0 
0 
0.020 

0.005 
0.050 
0 
0 
0.004 
0.005 
0 
0.003 

0.008 

7W1, T W Z ,  1W3, TW9, Tw12 
1W50, TW65, Tw84 
Tw119, TW130, 7W137, 7W150, 

T W I  58,  Tw16 1 
E53, E55, E71 
1w201, 7w202 
TE42-1 

TW203 

1w330 

VAI, VA2, VA3, VA4,  VA5,  VA6, 
K47, VA8, VAIO, VA11, VA12, 
VAI3, VA14,  VA15,  VA16 

VA17, VA18 
VA19, VA22 

VAZO, VA21 
VA23, VA24 

VA25 

a Published  information on these  deficiencies  are  found in the  following: 1, WRIGHT et al. (1976a); 2, WRIGHT et al. (1981). 
"X-ray,  young  adult  males (0-48 hr) were  exposed  to 4000 r X-rays; EMS, young adult males (0-48 hr) were  fed  25 mM EMS 

(LEWIS and BACHER 1968);  y-ray,  young  adult  males  were  exposed  to 4000 r y-rays; F/y-rays, larvae  were  fed 100 mM formaldehyde 
(F) as first instars (AUERBACH 1956)  and  then  exposed  to 4000 r y-rays  as  young adults; F/EMS, larvae  were  fed  formaldehyde 
(F) as first instars and 25 mM EMS as young adults; EMS/y-ray, young adult males  were  fed  25 mM EMS and  then  exposed to 
4000 r 7-rays; DEB, young adult males  were  fed 5 mM diepoxybutane (DEB) (SHUKLA and AUERBACH 1980; OLSEN  and GREEN 
1982). 

"The following  alleles  were  isolated  from the  indicated  deficiency  screens: 1 ,  hlzIz7and hk13'; 2, Ddc"and Ddc"; 3, DdcZ7, Dd? 
and DdcZ9; 4, D ~ c ~ ~ ;  5, Ddc4', Ddc4' and D ~ c ~ ~ .  

For  simplicity,  all  deficiencies  are  abbreviated  without  the Df(2L) designator, Le., Df(2LJTW130 is TW130. 

arate F2 mutagenesis screens (7000/7100, 7300/7400, 
7800, 7900 and 8000) were run in  an  ongoing effort to 
isolate recessive lethal  mutations within the Df(2L)- 
m 1 3 0  region (Table 2). The 7800-series screen was 
run  on chromosomes previously examined  for Ddc es- 
capers (WRIGHT et al. 1982).  These five screens resulted 
in the acquisition of 77 additional  lethal mutations. To 
date this investigation has screened over  33,000 chro- 
mosomes using various mutagenesis schemes to isolate 
recessive lethal  mutations (Table 2). From these 12 
screens, we isolated 239 Df(2L)TW130 nonconditional 
lethal  mutations, 19 conditional  lethal mutations, two 
female sterile mutations and two  recessive  visible muta- 
tions. In  addition, 11,739 of these same chromosomes 
were also screened  for female sterile mutations in the 
Ddc region, resulting in the isolation of 13 female sterile 
mutations  (Table 3). Of the 258 nonconditional and 
conditional  lethal  mutations, 129 were induced with 
EMS as the sole mutagen,  three with  y-rays and two  with 
DEB.  Seventy-two  of these mutations were recovered in 
chromosomes exposed to  both EMS and y-rays and 52 
in chromosomes treated with both EMS and formalde- 

hyde (Table 2).  Of the 14 female sterile mutations iso- 
lated,  eight were induced with  EMS  as the sole mutagen, 
five  with both EMS and y-rays and  one with EMS and 
formaldehyde (Tables 2 and  3). Lastly, the two EMSy- 
ray-induced, recessive  visible mutations were from the 
hk locus (Table 2). 

In  addition to the recessive lethal mutagenesis 
screens, a  number of other mutations were  also  avail- 
able  for study. First, our laboratory previously isolated 
11 amd alleles (SPARROW and WRIGHT 1974; WRIGHT et 
al. 1976b) and  one Ddc allele (BISHOP and WRIGHT 
1987).  Second, our deficiency screens resulted in the 
recovery  of nine Ddc and two hk alleles (Table 1). Third, 
28 EMS-induced Df(2L)Wl30 lethals, two noncondi- 
tional lethals, nine female steriles and two hk alleles 
were  kindly provided to us by other laboratories (Table 
4). Lastly, one lethal allele was spontaneous in origin 
(Bc"'). In total, 339 mutations were  available for study: 
289 nonconditional lethals, 21 conditional lethals, 23 
sterile mutations and six hk mutations. 

Genetic loci within the Ddc gene  cluster: Intergenic 
complementation was done to assign  all  newly isolated 
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TABLE 3 

S u m m a r y  of female  sterility  screens  over Df(ZL)TWl?O 

Screen  series" 300A 600 7500/7600 Totals 
Parent chromosome Oregon-R P r   P r  

EMS/F Mutagenh EMS  EMS/ y-ray 
Temperature 25"  25"  25" 
Chromosomes 
screened  3,555  4,385 3,800 11,739 
Steriles  recovered 1 7 5 13 
Mutation  rate ( x  lo-') 0.3 1.6 1.3 1.1 

Number of alleles 

Locus 
1(2)3 7Bc 0  0 2 2 
1(2)37Ba 1 0 0 1 

brat 0 1 0 1 
D o x - A ~  0  0 1 1 

fs(2)Tw1 0 6 2 8 

"See  footnote Table  2. 
"See footnote Table  2. 

lethal alleles recovered from the five 7000-8000 series 
screens to complementation  groups (WRIGHT et ul. 
1976b, 1981,1982). Ten of the 77 new lethal  mutations 
complemented all  previously described groups and fur- 
ther testing resulted in their being assigned to four new 
complementation groups. These new groups were  desig- 
nated as 1(2)37Be, 1(2)Dox-A2, 1(2)37Bg and 1{2)37Cg. In 
addition,  four previously unassigned lethals (WRIGHT et 
ul. 1981) fell into these new complementation  groups, 
two belonging to the Be locus and two to the Cg locus 
(Table 2). All 339 mutations were  genetically assigned 
to one of 18 loci by intergenic  complementation and all 
are  reported in Table 4, including those alleles obtained 
through  other screens or sources. 

Mutations in 16 of the 18 loci are  lethal with the 
vast  majority  of the 318 mutant alleles being  lethal as 
hemizygotes  over Df(2L)TW130. One of the genes, 
fS (2)7Wl ,  is a recessive female sterile with  all 15 mutant 
alleles having no effect on zygotic  viability. Interestingly, 
five  recessive lethal loci  also  have alleles that  are female 
sterile: Be, Bu, Dox-A2, Cc, and brut (Tables 3 and 4). 
One of these, C d 3  is a  dominant female sterile muta- 
tion, while another, DOX-A~"~' ' ,  is both male and female 
sterile. The  other nonessential gene is the recessive  visi- 
ble mutation hk in which  all  six alleles examined pro- 
duce  a  hooked bristle phenotype. 

Genetic  mapping of loci within  the Ddc gene  cluster: 
All loci  were assigned to ten distinct intervals by crossing 
representative mutant alleles from each of the 18 loci 
to the overlapping deficiencies (Table 6). However, this 
mapping only determined  the  linear  order of  five loci 
with respect to adjacent loci (hk, Bg, Cb,  brut and 
f S (2 )7W) ,  with the  remaining 13 loci falling into inter- 
vals containing two, three or four loci each. All of these 
loci  were subsequently and unequivocally ordered by 
means of RFLP analysis or P-element-mediated germ- 
line transformation experiments  (see below). 

Cloning of DNA from  the Ddc gene  cluster: Ddc was 
the first gene  cloned from this region (HIRSH and DA- 
VIDSON 1981). Clones covering 60 kb distal and 40 kb 
proximal to Ddc were isolated, and  the breakpoints of 
Df(2L)VA12,  Df(2L)VAl3,  Df(2L)VA17 and Df(2L)VA18 
mapped within  this 100-kb region (GILBERT and HIFSH 
1981; GILBERT et ul. 1984). From our deficiency map- 
ping  data, it was clear that  the walk did  not  include 
DNA covering the distal genes hk, Be, Be, Bu, Bb and 
Dox-A2 or the proximal genes brut and fS(2)7Wl. The 
XRS phage walk extended  the  cloned region an addi- 
tional 38 kb  distally (STEWARD et ul. 1984) and included 
the proximal breakpoints of Df(2L)OD15 and Df(2L)- 
Tw203 (Table 5). Since Df(212)TW203 uncovers hk (Ta- 
ble 6), this distal walk isolated cloned DNA covering 
the distal subcluster. Beginning from the proximal end 
of X16, the proximal walk  was extended  a  further 25 
kb and included  the distal breakpoints of Df(21d)Sd37, 
Df{2L)Sd57 and Df(2L)Sd77. Since these deficiencies de- 
fine the proximal extent of the Ddc gene cluster (Table 
6), the genomic DNA for brut and f s (2)7Wl  was isolated 
by this walk. This combined effort resulted in the isola- 
tion of 162.5 kb  of contiguous DNA that  contain all 16 
recessive lethal loci, fS(2)ml and the recessive  visible 
gene hook (Figures 1 and 7). 

Mapping deficiency  breakpoints  within h phage 
clones: The breakpoints of  all  newly generated defi- 
ciencies used to genetically subdivide the Ddc gene clus- 
ter were mapped. Breakpoints were localized by screen- 
ing genomic Southern blots with probes synthesized 
from whole phage clones, followed by using appro- 
priate subfragments from that X clone as probes (data 
not shown). DNA coordinates  for deficiency break- 
points are given in Table 5 and Figures 2-6. 

RFLP analysis of mutants  from Ddc gene  cluster  loci: 
To  map specific gene locations within the DNA subre- 
gions, alleles were examined  for  aberrations by screen- 
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TABLE 4 

Loci of the Ddc gene cluster 

635 

Locus" Alleleb Screen series Comments' 

hk (6) 

1(2)?7Be (5) 

1(2)37Bc (29) 

1(2)3 7Ba (1 2) 

1(2)37Bb (11) 

Dox-A2 (5) 

1(2)3 747 ( 2 

1(2)? 7Bd (9) 

amd (40) 

1 
2 
127, 131 
492 

c 1  

1, 2 
3, 4 
5 
- 1, 2, 3, 4 

5,  6, 7, 8, 9, tsl 
10 
11 
12, 13, 14 

15, 16,  17, 18, 19 
20,  21 
22 
23,  24,  25 
csl ,  fsl 

cs2 

1 
2 
3 
4, 6, 7 
8 
9, 10 

11,12 
fs 1 
1 ,  2, 3, 4 

5, 6, 7, 8 
9 
10 
11 

- 

- 1, 2, 3 

5 

1 
2 
1 
2, 3 
4 
5 
6 
7 
8, 9 

- 1 ,  2, 3, 4, 5, 6, 7 ,  8 

mfsl 
- 

- 

9, 10 

Mohr 
Bridges 
DF 3 
7400 

8000 

600 
7400 
8000 
E 

200 
Spontaneous 
300A 
300B 

600 
7400 
Lindsley 
8000 
7600 

Schupbach 

200 
300A 
500 
600 
71  00 
Lindsley 

8000 
7600 
E 

200 
300B 
600 
7400 
7400 

8000 
7600 
7400 
Lindsley 
200 
300A 
300B 
400 
600 
7400 
Lindsley 

aMD 

H1 lethal 

Previously reported.I3 
Previously reported.'" 
Previously reported.' 
Isolated as visible mutant. Contains  a 7- to a 8-kb 

Isolated as  visible mutant. Contains an 
insertion. 

aberration  that eliminates an EcoRI site. 

Has an 800-bp intragenic deletion. 
Initially designated as &?)El?, 1(2)E59, @)E130 

and 1(2)E1?2, re~pectively.~ 

Discovered during  population ~ tud ie s .~  

Bc" contains an  aberration  that eliminates an 
internal PstI site. 

Recovered as 1(2)M1559 over Df(BLjTWl58. 

Bc"' initially designated BP2 before discovery of 

Originally identified as female  sterile 
cold-sensitive phenotype. 

fs(B)OT50.'' 

Recovered as 1(2)M584 and 1(2)M283 over 
Df(2L)TW50, respectively. 

Initially designated as 1(2)E58, 1(2)E138, 1(2)E152 
and 1(2)E154, respectively.' 

Has a 400-bp intragenic deletion. 
Previously reported'. DOX-AB' and Dox-A2' have 

intragenic  deletions of 100 and 1100 bp, 
respectively. 

Previously reported.' 

Recovered as 1(2)M564 over Df{2L)TW!50. 

BdZ has a 2300-bp intragenic  insertion. 

Recovered as 1(2)M1440 and 1(2)M20?2 over 

Initially designated as amdH1,  amdH7,  amdHI4, 
Df(2L)TW158, respectively. 

amdH45,  amdHa2,  amdHuy and amdH121, 
respectively.' 

respectively.3 
Originally designated as amdH6" and amdH122, 
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TABLE 4 

Continued 

Locus"  Alleleb Screen series  Comments' 

amd (40) 12 
8, 11 
- 21, 22, 23, 24 
25, 26, 27, 28, 29 
30, 31, 32, 33, 34, 35 
36 
37, 38, 39, 40, 41 

42 
43, 44, 45, 46, 47 

Ddc (51) 1, 2, 3, 4, 5, 6, 2, 8 
9, IO, tsl 
11,  12, 13, 14, ts2 
15 
16 
17,  18 
19, 20, 21, 22, 23, 43, 101, ts3, ts4, ts5 

24, 25, 26 
27, 28, 29 

30,  31,  32, 33, 34 
35 
36,  37, 38, 39 
40, 41, 42 
44, 45 
pEJ 

1(2)?7Cc (25) 1, 2, 3, 3, 5 
tsl 
6, ts3 
7 ,  8 
9, IO, 11, 12,  13 

Hodgetts 
E 
200 
300A 
600 
7300 
7400 

Schupbach 
8000 
E 
200 
300A 
300B 
400 
DF 11 
600 

Nusslein 
DF 13 

7400 
DF 17 
Brittnacher 
DF 19 
8000 
Ddc escaper 
200 
300A 
300B 
600 
7400 

14,  15, 16, 17 Lindsley 

18, 19 Brittnacher 

20 
21, 22 
fs 1 

7800 
8000 
Schupbach 

1(2)37Cb (32) 1, 2 E 

3, 4, 5, tsl 200 
6, 7, 8, ts2 300B 
9 500 
10, 11,  12, 13,  14, 15,  16, 17 600 
18, 19, 20, 21, 22, 23, 30 7400 
24, 25, 26 Lindsley 

27, 28, 29 Brittnacher 

1(2)37Cd (11) 1 200 
2, 3, 4, tsl 300A 
5, 6 600 
7 7000 

Originally designated as amdHX'.3 
Originally designated as amdH8 and amdH149.' 
Previously reported.'j 
Previously reported.6 
Previously reported.6 
Previously reported.' 
Previously reported.'j ~ m d ' ~  has a 750-bp 

intragenic insertion and amd4' contains an 
aberration that eliminates an internal BglII 
site." 

Originally identified as 1(2)W26.  

Previously reported.' 
Previously reported.' 
Previously reported.6 
Previously reported.'j 
Previously reported.6 
Previously reported.6 
Previously reported.6 Dcd3 was initially 

Previously reported.6 
Previously reported.6 Ddc" contains 2200-bp 

Previously reported.6 
Previously reported.6 
Previously reported.' 

designated as Dd8'. 

intragenic d e l e t i ~ n . ~  

Previously reported." 

Cc13 is a dominant female sterile, recessive lethal 

Cc14, CcI6 and Cc17 recovered as 1(2)M947, 
mutation. 

1(2)M546 and 1(2)M5 over Df(2L)TW50. Cc" 
recovered as 1(2)M168? over Df(2L)TW158. 

respectively. 
Originally identified as 1(2)L4 and 1(2)L13, 

Has a 100 bp intragenic deletion. 

Originally identified as female sterile 

Initially designated as 1(2)E104 and 1(2)E118, 
ji(2)HH32.12 

respectively.' 

CbI8 has a 180-bp intragenic deletion. 
CbZ5 and CbZ6 recovered as 1(2)M569 and 

1(2)M586 over Df(ZL)TW50. Cb" recovered as 
1(2)M1652 over Df(2L)TW158. 

1(2)L16, respectively. 
Originally identified as 1(2)LI, 1(2)L12 and 
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TABLE 4 

Continued 

Locus"  Alleleb Screen series Comments" 

1(2)37Cd (11)  8, 9 7400 
10  8000 

1(2)37Ca (44) 1, 2, 3 E Initially designated as 1(2)E11, 1(2)E56 and 
1(2)E125, respectively.3 

- 4, 5, 5, 7, 8, 9, 10, 11, 12,  13, tsl 200 
14, 15, 16, 17, 18, 21  300A 
19, 20,  ts3  300B 
22,  23, 24 400 
25,  26,  27,  28,  29,  30,  31,  38  600 
32  7300 
33,  34,  39, ts2 7400 
35 Brittnacher Originally identified as 1(2)L2. 

37 Hall  Originally identified as Z(2)P3. 
36  7900 

40,  41  8000 
1(2)37Ce (8) 1, 2 E Initially designated as 1(2)E62 and 1(2)ElIl, 

respective~y.~ 
3 200 
4 300B 
5 600 
6 Brittnacher Originally identified as 1(2)L18. 
7, 8 8000 

W 3 7 C g  (4) 1 7400 
2 600 Initially designated as 1(2)37Ba5. 
3 8000 
tsl 300A 

brat (30) - 1, 2, tsl, fsl E Initially designated as 1(2)E60, 1(2)E127, 1(2)E29 
and fs(2)E60, respectively.3 

3,  4, 5, 6, 7 200 
8, 9, 10  300A brat" was lost. 
11, ts2 300B 
12, 13, 14, 15 600 
16, 17, 18 7400 brat'8 has a 1400-bp intragenic deletion. 
19, ts3 Lindsley hat" recovered as 1(2)M1725 over Df(2L)TW50. 

bratis3 recovered as 1(2)M899 over 
Df(2L)7Wl58. 

20 7800 
21, fs2, fs3 Schupbach Originally identified as I(2)RS53, fs(2)P113 and 

fs(2)PM43, respectively." 
22, 23, 24  8000 

fs (2)rWl 1 200 
(15) 

- 

2, 3, 4, 5, 6,  14 600 
7,  8 7600 
9, 10 Lindsley My recovered as fs(2)MIl over Df(2L)TW50. 

TWl" recovered as f s ( 2 ) M l l l l  over 
Df(2L)TW158. 

fs(2)HL2 and fs(2)RS42, respectively.12 
11, 12, 13, 15 Schilpbach Originally identified as fs(2)PLlO,  fs(2)RU34, 

a Figures in parenthesis indicate number of alleles isolated to date. 
*Underlined alleles were sent to the Bowling Green or Bloomington stock centers. 
'All information is from this study,  unless  otherwise noted. All loci are referenced in LINDSLEY and ZIMM (1992). Published 

information on these loci is found in the following: 1, SPARROW and WRIGHT (1974), 2, WRIGHT et al. (1976a); 3, WRIGHT et al. 
(1976b); 4, BEWLEY (1978); 5, WRIGHT et al. (1981); 6, WRIGHT et al. (1982); 7,  GILBERT et al. (1984); 8, MARSH and  Wrucm 
(1986); 9, PENTZ et al. (1986); 10, BISHOP and WRIGHT (1987); 11, BLACK et al. (1987); 12, SCHUPBACH and WIESCHAUS (1989); 
13, LINDSLEY and ZIMM (1992). 
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TABLE 5 

Location of deficiency  breakpoints within or near  the Ddc gene cluster 

Deficiency Cytological DNA 
designation  breakpoints" coordinated Comments' 

Df(ZLJTW50 
Df(2L)TWl58 

Df  (2L)  VA24 
Df(2L)pr-AI6 

Df(2Id)Sd68 

Df(2LjTW137 

Df(2L)lW130 

Df(2L)VA23 
Df(2LjlW203 
Df(2L)OD15 
Df(2L)hk-UCI 
Df(ZLjhkl8 
Df(2L)NST 
Df(2L)VAI 7 
Df(2LjVA18 
Df(2L)hk-UC2 
Df(2LjTE37B7 

Df(2L)TE37GI 

Df(2L) VA 12 
Df(2L)VAZI 
Df  (2L)VAI 9 
Df(2L)VA13 
Df  (2L)Sd5 7 

Df(2L)Sd77 

Df (2L)  TE3 78 7 

Df(2L)Sd37 

Df(2L)E55 
Df(2L)VA6 
Df(2L)E71 
Df(2L)VA14 
Df(2L)VA16 
Df(2L)hkB 

Df(2L)VA25 
Df(2L)VA8 
Df(2LjTW330 
Df(2LlVA22 
Df(2L)pr-A  14 

Df(212)VA15 
Df(2LjVA20 

36E4F1; 38A6-7 
37B2-8;  37E2-F4 

3  7B2-8; 3 7mF4 
37B2-12 38D2-5 

37B3-7;  38E3-5 

36C2+ 37B9-C;l 

37B9-Cl; 37D1-2 

37B9-Cl; 37D5 
36E4F1; 37BPC1 
36F7-9; 37BPCl 
37B2-8; 37B9-Cl 
36E46; 37B12-Cl 
37BPC1; 37C6-DI 
3761-2; 37F5-38A 
36C4D1; 37C2-5 
3 7n2-X; 3 7 ~ 2 5  
37C2-5; 37C6-Dl 

37C2-5; 38F5-39A 

37CZ-5; 38B2-Cl 
36Dl-Flz37C2-Dl 
37C2-Dl; 38A6B1 
37C2-5; 38C2-Dl 
37C6Dl; 38C1-2 

37C6DI; 38C1-2 

3 7C2-5; 37C6D1 

37C6Dl: 38A6-BZ 

37C6-1; 37F5-38A1 
37C6-DI; 38F2-39A1 
36F2-6;  37D1-2 
37AI-BX; 37D1-2 
36F7-9;  37DI-2 
36FG37Al; 37D1-2 

37AI-B8; 37B1-2 
37C6D1; 38F5-39Al 
36E4Fl; 37D1-2 
36E4F7; 37D1-2 
37C6-Dl; 39A47 

36F-37Al; 37D5 
37B2-8; 37D5 

1 

+16.2:+17.0d 
-85.4:-83.2 
-67.4:-67.3 
-56.8:-54.9 
-52.2:-50.6 
-36.8-31.6 
+2.8:+3.5 
+6.1:+6.7 

+10.3:+1I.O 
+24.5+27.1 

+26.5:+29.1 

+26.5:+29.1 
+28.0:+30.8 
+30.8:+31.8 
+31  7:+36.4 
+44.7:+46.3 

+49 2:+51.4 

+51.4:+60.1 

+6&1:+66.8 

Breakpoints previously identified and originally named Df(2L)50.' 
Breakpoints previously identified and originally named 
Df(21,)158.' 

Breakpoints previously identified and originally named 

Breakpoints previously identified and originally named Df(2L)SD- 

Breakpoints previously identified and originally named 

Breakpoints previously identified and originally named 

Breakpoints previously identified." 
Coordinates formerly reported as  -79.4:-77.6"' 
Coordinates formerly reported as -67.3:-68.3." 

Coordinates formerly reported as -53.0:-51.4.' 

Breakpoints initially described as 37B9-Cl; 37F5-38Al.' 
Coordinates formerly reported as +5.1:+5.6.",' 
Coordinates formerly reported as +8.2:+11.0." 
Originally named Df(ZLjTE42B7 (J. C. BRITTNACHER, 

Breakpoints previously identified and originally named 

Coordinates formerly reported as +25.5:+28.1.' 

Df(ZLjA16.' 

Df(21,)137.'.' 

Df(21)130.' 

unpublished data) .  

Df(ZL)TE42-1.' Coordinates formerly reported as +25.5:+28.1.' 

Coordinates formerly reported as +30.7:+35.4.' 
Breakpoints previously identified and originally named Df(2L)SD 

Breakpoints previously identified and originally named Df(2L)SD 

Originally named Df(2L)TE42137 0. G. BRITTNACHEK, 

Breakpoints previously identified and originally named Df(2L)SB- 

Breakpoints previously identified.' 

Breakpoints previously identified.' 

R ~ r n a ~ ~ ' . ~  Coordinates formerly reported as +38.6+40.6.' 

 MU^''^^.^ Coordinates formerly reported as +47.1:+52.6." 

unpublished  data). 

5 ~ 3 7 . 2  

Breakpoints previously identified and originally named Df(2L)SD- 
R ~ ~ u z ~ ~ ~ ~ . ~  

Breakpoints previously identified.' 

Breakpoints previously identified and originally named 
1,fjZL)A I 4.z 

Breakpoints previously identified.' 

'' Deficiency breakpoints are  ordered distal to proximal relative to  the Ddc region. Italicized breakpoints  indicate that informa- 
tion is inferred  from genetic data  and  not by cytological investigation. Bold-face breakpoints  delineate the DNA coordinates 
given in  the  third  column. 

DNA coordinates are relative to  the HpuI restriction site near  the 3' end of the Ddc gene. 
'All information is from this study unless otherwise noted. All deficiencies are referenced  in LINDSLEY and ZIMM (1992). 

Published  information on these deficiencies are  found in the following: 1, WRIGHT et al. (1976a); 2, GANETZKY (1977); 3, WRIGHT 
et al. (1981); 4, BRITTNACHER and GANETZKY (1983); 5, GILBERT et al. (1984); 6, PENTL and WRIGHT (1986); 7 ,  STEWARD and 
NUSSI.EIN-VOLHARD (1986);  8, NOLAN et al. (1991);  9, LINDSLEY and ZIMM (1992). 

"DNA coordinates are relative to the 5' end of the Top2 gene  (NOLAN et al. 1991). 
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Deficiency mapping analysis 

Deficiency" 

Locus TW137 T W I 3 O  TW203 OD15 hkUCl VA18 hkUC2 VA2S NST VA17  TE37B7  VA12  VA19  Sd57  Sd77  Sd37  VA23 E55 

hook 
1(2)37Be 
1(2)37Bc 
1(2)37Ba 
1(2)37Bb 
Dox-A2 
1(2)37Bg 
1(2)37Bd 
amd 
Ddc 
1(2)37CC 
1(2)37Cb 
1(2)37Cd 
1(2)37Cu 
1(2)37Ce 
1(2)37Cg 
brat 
fs(2)rnS 

For simplicity,  all deficiencies are abbreviated without the Df(2L) designator, i.e., Df(ZL)TWI?O is T W l ? O  etc. 

ing genomic Southern blots probed with either whole 
phage or genomic subclones from regions identified by 
deficiency breakpoints. In most  cases,  alleles thought 
likely to contain  a chromosomal aberration ( i e . ,  those 
generated with formaldehyde, 7-rays or DEB) were ana- 
lyzed for RFLPs. However, for some genes, all  alleles 
were examined  including  ones  produced solely  with 
EMS (Table 7). Since all lethals are maintained as  bal- 

anced stocks, restriction enzyme fragments from het- 
erozygotes  were examined and  their patterns compared 
to both the  parental  and Cy0 digestion patterns. In total 
211 or 62.1% of all mutant strains were  analyzed and 
14 RFLPs detected, establishing the  linear  order of 13 
loci  with respect to adjacent loci (Table 7, Figures 2- 
6 ) .  In  the distal subcluster only the exact location of 
Ba was not revealed (Table 7). However, RFLP analysis 

ii DflZU VA 17 

+I+- -+  DfIZUTE37E7 
Df(2U 7W203 -1 I +I Dfl2UTE37Cl 

DHZUOD 16 -1 +I Df12UVA12 

Df(2UhkUCl-1 4- DflZU VA 19 

D f l 2 U h k l 8 ~ 1  +-a Dfl2UVA13 

DfIZLJVA 18 

Dfl2UhkUC2 
li I-- DflZUSd67 

c 1" DflZUSd77 

Dfl2LIVA21 [ I  + - + Dfl2USd37 

DISTAL -loo kb -80 kb -60 kb -40 kb -20 kb 0 kb +20kb   +40kb  +BO kb +8Okb PROX,MAL 
j 

1RS25 120 12 116 

1RS24 1 1  1 14 LC.%. 1 2 
1RS23 17 13  1LLl0 

1RS22 15 16 1cs2.20 
1RS2 1 11 113 1CS2.27 

FIGURE 1.-Location of deficiency breakpoints and bacteriophage A clones mapping within the Ddc gene cluster. Deficiency 
breakpoints located within the Ddc gene cluster are shown  in relation to the DNA coordinate system used in  this region. 

, the extent of a deletion; I -  - - I ,  the region of mapping uncertainty for the breakpoint. Distal and proximal are relative 
to the centromere. The zero coordinate corresponds to the HpaI restriction endonuclease site near  the 3' end of the Ddc gene, 
and the coordinates are positive  in the direction of the  centromere and negative  in the direction of the telomere. Individual 
D. melanogaster bacteriophage A clones are shown  below the coordinate scale with grid coordinates given in MATERIALS AND 
METHODS. The diagram is drawn to scale. 
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-90 kb -86 kb -80 kb 
/ 

hook 

hkc‘ 

of the proximal  subcluster was not as successful since 
the  gene  order of Cd,  Cn, Cgand  C~could  not  be  deter- 
mined  (Table  7). RFLPs found in Bd and Iwaf alleles 
confirmed  the  genetic  mapping analysis. 

Pelement-mediated  germline  transformation of  genes 
within  the Ddc gene  cluster: P-element germline trans- 
formation  studies were initiated to localize and  deter- 
mine if these closely clustered  genes  could  function 
when transformed individually into  ectopic sites. Based 
on  the results gathered  from  the deficiency mapping 
and RFLP analysis, selected  fragments of DNA were 
subcloned  into suitable vectors and subjected to germ- 
line  transformation. One or more  transformed frag- 
ments rescued mutant alleles of all 18 genes with the 
exception of Bd and f i(2)TwI (Table 8). In addition, 
fertility for Be, Bn, DOX-A~, Cc, and Drat sterile alleles is 
restored by the  same  transformants of wild-type DNA 
that rescue lethality for  the respective mutant. 

In the distal  subcluster,  transformation  of  eight dif- 
ferent  genomic  fragments  confirmed  the  gene  order 
from distal to proximal as hk, BP, Be, Ba, Rh, Dox-A% 
(Figures 2 and 3) ,  while  in the  proximal  subcluster 
transformation  of 14 different  genomic  fragments  de- 
termined  the  gene  order  from  distal to proximal as 
amd, Ddc, Cc, Ch, Cd,  Cn,  CP and Cg (Figure 5). The 
scattered B gene Bgwas rescued by pB8,  which defines 

FIGVRE 2.-Molecular organization of the 
hook region  from the IMc gene cluster. The 
DNA coordinate system is at  the  top  (see Fig- 
ure 1 for  description). Below the  coordinate 
scale is the  genc  name,  the  direction of its 
transcription (line with arrowhead)  and a re- 
striction endonuclease  map of the  genome re- 
gion  derived  from isolated phagc clones.  Only 
relevant sites are shown. Restriction enzyme 
symbols are as follows: Rm, RnmHI; CI, ClnI; 
EI, h R I ;  EV, EcoRV; Htl, HindIlI; Ps, PSn, Pv, 
ILoztlI; Ss, M I .  This  genomic  map portrays the 
location ofboth /LOO/( RFLPs determined in this 

Ev study (Table i). The  genomic  map includes + the  deduced position and  structure of hook (M. 
PHISTRY and H.J .  KFO~MER, personnal  commu- 
nication). EB, exons: 0, introns.  Table 9 con- 
tains additional  information  on hook. Below 
the  genomic  map, a heaw solid line  represents 
the  genomic  fragment used in P-element-me- 
diatcd  germline transformation experiment5 
of hook (M. PHISTRY and H. 1. KR;’\MER, per- 
sonnal  communication). At thc  bottom, 
I)J(21,)7‘Mf203 is reprcscntcd by -. showing 
the  extent of the  deletion. ( - - - I ,  the rcgion of 
mapping  uncertainty  for  the  breakpoint.  Thc 
diagram is drawn to scale. 

its location to within 5 kb distal to Rrl (Figure 4). Rd 
alone was never  rescued. However, before  the Bd 
RFLP was identified,  the 7.4-kb EcoRI fragment (pR9) 
covering -17.4 to  -10.0 was determined  not to res- 
cue  the  mutation  (Table  8). A 5.8-kb Cld  fragment 
(Table 8) (pC15)  rescued brat alleles,  indicating  the 
extent of  this gene is confined to +45.4 to +51.2 
(Figure 6) .  This  fragment  did  not  rescue j3(2)TWI 
mutations. 

Isolation  of cDNAs and structural analysis of  genes 
within  the Ddc gene  cluster: To deduce  the  gene struc- 
ture,  direction of transcription and message size cDNAs 
were isolated for all the loci with the exception of 
J~(2)Tw1, which was not  attempted,  and Bg and Cg, for 
which screens were unsuccessful (Table 9). Libraries 
were probed using  genomic DNA fragments  identified 
by RFLP analysis and P-element germline  transforma- 
tion experiments  (Table 9). Comparison of cDNA and 
genomic  restriction  maps, Southern blot analysis of di- 
gested  genomic DNA using cDNA probes and/or 
Northern  blot analysis using  genomic  fragments  and 
cDNA inserts as probes allowed the precise mapping of 
15  genes  and  three  unmutated transcription  units and 
inference of their  exon/intron  structure (Table 9, Fig- 
ures 2-6). The use of directionally  cloned cDNA librar- 
ies and/or  Northern blot analysis using single-strand 
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hk Be Be Ba TU37B2 Eb Dox-A2 TU37Bl 
F 

Distal Subcluster27.4 kb (aver 82.1% transcriad) 
...- "... ,....- ._.. 

, ... .-. 
...- 

.... .... 
.-. 

645 

__.' 
Proximal Subcluster 23.0 kb (75.2% hanacribed) 

174 .. 
amd TU37C2 Ddc cc Cb  Cd Ca  Ce Cg 

U 
1.0 kb 

FIGURE 7.-MoIecular organization of subclusters  within the Ddc gene cluster. The deduced location, structure and transcrip 
tional direction of genes  within the distal and proximal  subclusters are shown.  Exons are represented by rectangles and introns 
by lines.  Genes with darker-colored  exons indicate structure known by DNA sequencing, genes with lightcolored exons  indicate 
position inferred by restriction  enzyme  mapping. The direction of transcription is indicated by the bent arrow.  Table 9 contains 
additional information on each gene. See  Figure 1 for a description of the DNA coordinate system. The diagram is  drawn to 
scale,  with the 1.0-kb  scale corresponding to the enlarged subcluster  regions. 

sense and antisense RNA probes revealed the  transcrip 
tional direction of 15 genes and two unmutated tran- 
scription units (Table 9, Figures 2-6).  The cDNA and 
transcript analysis of eight  genes and two unmutated 
transcription  units was confirmed by sequence  determi- 
nation (Table 9). This molecular genetic analysis indi- 
cates the distal subcluster contains six genes and two 
unmutated transcription units  (see below)  within "27.4 

kb (Table 9, Figures 2 and 3), while in the proximal 
subcluster there  are  eight  genes  and  one  unmutated 
transcription unit  contained within a maximum of 22.7 
kb (Table 9, Figure 5). 

In the distal subcluster, cDNA clones for Be, Bc, Bn 
and Bhwere isolated from a pNB40 12-24 hr embryonic 
cDNA library (Table 9). The deduced  gene  structure 
and location for each locus indicates that, with the ex- 

TABLE 7 

RFLP analysis 

Total Mutagen  used" RFLP 
alleles 

Locus" examined EMS  EMS/F  EMS/y-ray y-ray X-ray  DEB Detected' None detected' Figure' 

hook 4 - - 2 (2) - 2 - 492, C1 127,  131 3 
1(2)37& 5 2 - 3 (1) - - - 5 1-4 4 
1(2)37Br 14 3 4 (1) 7 - - - 12 1, 1 1 ,  13, 14, 22-25, CSI,  4 

1(2)37Ba 3 - - 2 1 - - - 8, 1 1 ,  12 4 
1(2)37Rb 2 - 1 1 (1) - - - 1 1  9 4 
Dox-A2" 4 - - 4 (2) - - - 1, 2 3, 4  4 
l(2)37Ug 0 - - - - - - - 
1(2)371M 4 
nmd' 7 - - 6 (2) - 1 - 37,40 12, 36, 38, 39, 41 6 
Ddrn 14 - - 5 5 (1) - 4 27 28-42,44,45 6 
1(2)37Cr 25  14 3 7 - - I (1) 20 1-19,  21,  22, LSl,  LS2, IS1 6 
1(2)37Cl, 32  20 4 8 ( 1 )  - - - 18 1-17, 19-30, ~ $ 1 ,  t ~ 2  6 
1(2)37Cd 1 1  3 4 3 1 - - - - 
1(2)37Cn 44 24 12 7 1 - - 
1(2)37G 8 5 I 2 

1 1 2 
1n.a 1 30 18 

~~ 

cs2, 6 1  

- - 
- 3 (1) 1 - - - 2 3, 5, 7 5 

- 
- - - 

1(2)37Cg 4 
- - - - - - 
- - - - - - 

5 6 (1) - - I IR 1 - 17, 19-24. Is1 -I.73, 7 
JT I -J73 

p(2)TWI 0 - - - - - - - - - 
Total  211 (14) 90 38 (2) 66 (IO) 8 (1) 3 6 ( 1 )  

"Information previously reported: a, GILRERT et nl. (1984); ,L?, PENTZ and WRIGHT (1986); y .  BIACK et nl. (1987). 

'Numbers represent allelic  designations for corresponding gene. 
'Figure in which  RFLP  is depicted. 

Figure in parentheses indicates the number of alleles  with  RFLPs. 
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TABLE 8 

P-element-mediated  germline  transformation analysis 

A 
Mutant" 

Construct" Vector DNA fragment  clone Rescued Not rescued  chromosome' Ficwre" 
Insertion 

pHOOKY pCaSpeR 6.5 kb BamHI-BamHI XRS25  hook - 3 (2) 3 
PB1  PW8 9.1 kb BamHI-SstII XRS24 Be,  Be Ba 2 (11, 3 (1) 4 
PB2 PW8 6.9 kb EcoRI-EcoRI Am24 Bc Be, Ba 1 ( I ) ,  3 (1) 4 
PB3 pCaSpeR 4.0 kb EcoVR-EcoFU AM24 None Be,  Bc,  Ba 3 ( 1 )  4 
PB4  PW8 8.7 kh PstI-BamHI A B 2 2  Ba, Bb  Br, Dox-A2 1 (2) )  3 (6) 4 
PB5  PW8 6.2 kb PstI-BamHI ARS22 Ba Be, B6, Dox-A2 3 ( 1 ) 4 
PB6 pCaSpeR 5.2 kb EcoRI-X~OI AM22 Dox-A2 Ba, Bb 1 ( I ) ,  3. (4) 4 
PB7 pCaSpeR 4.3 kb EcoRI-EcoRI AB22 None Ba,  B6, Dox-A2 3 (4) 4 
PB8 pCdSpeR 3.9 kb EcoRI-EcoRI A1 1 Bg - 1 ( I ) ,  2 (1) 
PB9 pCaSpeR 7.4 kb EcoRI-EcoRI A5 None Bd 1 (2) ,  3 (2) 
PC14 pCar20 2.9 kb ClaI-ClaI A1 amd  Ddc 3 (1) 6 
pC2" p'y3,  pHDlO 7.8 kh PstI-PstI A2 Ddc  amd 1 ( 2 ) ,  2 ( l l ) ,  3 (13) 6 
p c s  pUChsNeo 6.6 kb EcoRI-EcoRI A6 Cc, C6 Cd 1 ( I ) ,  3 (3) 6 
PC4 pUChsNeo 3.7 kb EcoRI-NmI A6 None Cc, C6 
PC5 

1 ( I ) ,  3 (3)  
pUChsNeo  3.3 kb NruI-EcoRI A6 None Cc, Cb 1 ( I ) ,  3 (1) 

PC6 pUChsNeo 4.0 kb BglII-EcoRI A6 C6 Cc, Cd 3 (2) 6 
PC7 pUChsNeo  5.3 kh BamHI-BamHI A6 CC Cb, Cd 3 (2) 6 
PC8 pUChsNeo 2.2 kb HzndIII-XhoI A6 Cd Cc, Cb 3 ( 1 )  6 
PC9 pUChsNeo 2.2 kb EcoRI-EcoRI A6 None Cd 1 ( I ) ,  3 (1) 
PC10 pUChsNeo 6.8 kb EcoRI-EcoRI X1 3 Ca, Ce,  Cg - 1 3 (1) Not shown 
PC1 1 PW8 4.6 kb EcoRI-Sal1 X13 Ca, Ce,  Cg - 1 (2) 6 
PC12 pUChsNeo 5.0 kb BamHI-EcoRI X13  Ce, Cg Ca 2 ( I ) ,  s (2) 6 

5 
5 

Not shown 
Not shown 

Not shown 

pC13 PW8 3.8 kb HzndIII-Hind111 X13 Ce, Cg Ca 1 (3),  3 (1) 6 
pC14 PW8 3.6 kb EcoRI-PVuII X13 Ca, Ce c g  1 (11, 3 (6) 6 
pC15 PW8 5.8 kb ClaI-ChI X18 brat f s ( 2 ) T w I  2 (1) 7 

Information  previously reported: a = SCHOLNICK et al. (1983); MARSH et al. (1985); p = WANC and MARSH (1995); y = M. 
PHISTRY and H. J. WER, personal communication. 

'For simplicity, all lethal  genes  are  abbreviated  without the 1(2)?7 designator,  i.e., 1(2)37Be is Be, l(2)37 Cc is Cc, etc.. 
'Figures indicate the chromosome the  P-element construct integrated into  (number not in parenthesis) and the number of 

different  insertion  events  isolated (number in parenthesis). 
"Figure in which transformation fragment is depicted. 

ception of hk, all  loci  within the distal subcluster are 
separated by no  more than 600 bp from adjacent genes, 
with an average distance of only  260 bp (Figures 2 and 
3). Sequence analysis  of the Be gene  and flanking re- 
gions indicates that Be is 247 bp distal to Be (D. G. 
STATHAKIS and T. R. F. WRIGHT, unpublished data), 
while sequencing regions distal to Dox-A2 reveals Bb is 
190 bp from Dox-A2 (PENTZ et al. 1991) (Figure 3 ) .  All 
loci except hk and Bb are transcribed distal to proximal 
(Table 9). Two unmutated transcription units were  also 
identified within the distal subcluster during screens to 
isolate cDNAs for known  loci (Table 9, Figure 3 ) .  Two 
partial length cDNAs mapping proximal to Dox-A2 iden- 
tify a 4.6-kb transcript on  Northern blots and  represent 
the first unmutated  transcription  unit  in  the region. 
Since these cDNAs did not correspond  to any  known 
loci in the subcluster, they were designated Transcrip- 
tion Unit 37B1 (TU37B1). The TU37B1 transcript is 
detected strongly by the 4.0-kb PstI fragment  from 
-65.8 to -61.8 and detected weakly  by the 1.2-kb PVuII 
fragment from -63.0 to 61.8, placing TU37B1  only 
400-600 bp proximal to Dox-A2 (data  not  shown). 
Therefore,  the location for TU37B1  lies somewhere be- 
tween -62.4 and -57.8 (Figure 3 ) .  Two  cDNAs corre- 

sponding to the  second  unmutated transcription unit, 
designated TU37B2,  were isolated during  the screen 
for Ba cDNAs. Genomic Southern blotting, restriction 
enzyme mapping and DNA sequencing revealed the 
exact position of TU37B2, proximal to Ba, in the region 
from -67.5 to -66.6 (Table 9). Northern blot analysis 
using single-stranded RNA probes  detected  a 0.9-kb 
transcript transcribed in  a distal to proximal direction 
(Table 9). Thus, in addition to TU37C2, formerly desig- 
nated Cs (EVELETH and MARSH 1987),  the  number of 
unmutated  transcription units now identified within the 
Ddc gene cluster is three. 

Two  cDNAs for  the scattered B gene Bd were isolated 
from a pNB40 12-24 hr embryonic cDNA library using 
a 5.8-kb EcoRI fragment from A l l  that hybridized to 
a 3.0-kb transcript in embryos and  pupae (Table 9). 
Mapping of the cDNAs to the genomic DNA produced 
a  unexpected result. The cDNAs hybridized to the ex- 
pected region of the EcoRI probe  fragment  but also 
hybridized to the region of the  7.4kb EcoRI fragment 
used in unsuccessful attempts  to rescue Bd alleles by P- 
element transformation experiments (PEARLSON 1991). 
Southern  blotting revealed that  both cDNAs hybridized 
with probes derived from the distal  5.8-kb fragment and 
the proximal 7.4kb region. The 5.8-kb probe hybrid- 
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ized to all fragments of the cDNA, but  the 7.4  kb probe 
only hybridized to the proximal 0.67  kb of  the cDNA. 
There is no cross hybridization between the 5.8- and 
7.4kb regions. Comparison of cDNA and genomic re- 
striction maps shows there must be a nearly 20-kb intron 
interrupting  the Bd cDNA (Figure 4). 

The precise position of the  scattered B gene Bg was 
not  determined.  The 3.9-kb fragment  that rescues Bg 
mutants identifies a 3.0-kb  mRNA on  Northern blots 
and allows an approximate size for Bg to be inferred 
(Figure 4). However, since RFLPs were not  found in 
the two Bgalleles, and cDNAs corresponding to the Bg 
gene were never isolated, no additional  information on 
Bg was obtained. 

In the proximal subcluster, cDNA clones for Cb were 
isolated from a XgtlO 3-12 hr embryonic library, while 
clones for Cd, Cn and Ce were recovered from a Xgtl0 
crawling third instar larval library (Table 9).  The molec- 
ular analysis of  loci within the proximal subcluster also 
indicate  a  dense  organization, with an average of  700 
bp separating  adjacent loci (Figure 5). With the excep- 
tion of nmd and TU37C1, all are transcribed proximal 
to distal (Table 9). No cDNAs were recovered for  the 
Cggene. However, using the 4.6-kb EcoRI-SulI X13 frag- 
ment  that rescued Cu, Ce and Cg a O.&kb mRNA  is 
detected in addition to the 0.9- and 2.1-kb transcripts 
(data  not  shown). Since the  latter two transcripts are 
accounted  for by the Ca and Ce genes, the Cggene most 
likely encodes  the 0.6 kb  mRNA. 

Three brut cDNAs were isolated using a 8.5-kb E c R I  
fragment from XCS6.12 or a 5.3-kb EcoRI fragment from 
ALL18 to screen  both pNB40 and XgtlO 12-24 hr em- 
bryonic libraries (Table 9). Sequence analysis  of brut 
shows the  gene is transcribed distal to proximal and the 
4.2-kb transcription  unit does not contain any introns 
(Figure 6). 

DISCUSSION 

Mutagenesis  screening within the Ddc gene  cluster 

Effectiveness of deficiency  screening  strategies: The 
efficiency with  which deficiencies were recovered varied 
widely among screens (Table 1). The most productive, 
albeit labor intensive, screening strategy was first to 
screen individual chromosomes for lethal mutations in 
the Ddc region and  then  determine which lethal  chro- 
mosomes were deficiencies. Of the 16,985 chromo- 
somes screened in these five single chromosome F2 
screens (Table 1) (DF 4, 9, 14-16), 123 Ddc region 
lethal chromosomes were isolated of which  six  were 
deficiencies (0.035% recovery). The  F, screens that in- 
volved uncovering rdo, hk, or pr, with or without the 
reversion of Tfi, were  effective at  producing deficiencies 
and required significantly  less effort (Table  1) (DF 1- 
3,  8 and  12). Nonetheless, while generating 30 defi- 
ciencies among  the -206,000 chromosomes screened, 
only nine of these deleted specifically into  the Ddc re- 

gion (0.004% recovery). The yield  of deficiencies from 
the seven Ddc escaper screens was at least  fivefold  lower 
than the rdo hk pr-Tfi screens (Table 1) (DF 10, 11, 
13, 17-20) with  only  seven deficiencies isolated out of 
-234,000 chromosomes screened (0.003% recovery). 
However,  all  were deletions within the Ddc region, a 
frequency similar to the 0.004% recovery from the rdo 
hk fir-lfi screens. 

Our attempts to recover deficiencies by reverting the 
W+ marker in TE37  were unsuccessful since only one 
reversion deficiency was recovered in three screens 
(Table 1) (DF  5-7) involving  132,000 chromosomes 
(0.0008% recovery). The deficiency recovered in screen 
8 was a Tflrevertant, not  a w+ revertant. The production 
of deficiencies by reverting the W+ marker in TE-bearing 
chromosomes has, however, been carried out  quite suc- 
cessfully by others (see ASHBURNER 1989a). 

Effectiveness of using  double  mutagens  in  recessive 
lethal  screens: The rationale for employing two differ- 
ent mutagens in the same screen is to recover small 
aberrations, which facilitates the molecular mapping of 
a  gene, while  still inducing  a reasonable number of 
point mutations. While the focus of our work  was not 
to document precisely the effectiveness of double muta- 
gen screening,  a few points can be made. The double 
mutagen combinations used did  not significantly  in- 
crease the mutation rate. In fact the EMS and formalde- 
hyde rate was only  half that of  EMS alone  (Table 2).  
However, the recovery of RFLPs in various  loci is sig- 
nificantly higher, particularly with the EMS and ?-rays 
combination. Of the 211 mutations analyzed, none of 
the 90 EMS alleles had RFLPs,  while 15.2% of the EMS 
and y-ray-induced mutants and 5.3% of the EMS and 
formaldehyde-induced mutants  had  detectable  aberra- 
tions (Table 7). The very high frequency of RFLPs  in 
alleles induced by y-rays (12.5%)  or DEB (16.7%)  alone 
may be comparable to the EMS/y-ray double mutagen 
combination, however, the small sample size precludes 
any definitive statements.  Therefore, it appears y-ray 
exposure in combination with  EMS or, possibly alone, 
is a good mutagen  for  inducing intragenic RFLP aberra- 
tions. While not used extensively by us, DEB also ap- 
pears to be a  mutagen  that  induces  a high percentage  of 
intragenic  aberrations,  although it may be gene specific 
(REARDON rt nl. 1987; WOHLWIIL and BONNER 1991). 
A second unpredicted benefit of using the  combination 
of  EMS and y-rays was the recovery of mutations in 
two previously unknown loci, Dox-A2 and Bg (Table 2) .  
Therefore our double mutagen strategy was successful 
in yielding both useful intragenic  aberrations and iden- 
tifying  new loci. 

Loci w i t h i  the Ddc gene  cluster  are  not  equally  muta- 
ble: The screening  data from the Ddc region indicate 
genes from this area of the second chromosome  are 
not equally mutable. First, a wide range of alleles was 
recovered from loci  within  this region.  Thus while  only 
one allele of  Bgwas isolated, 42 alleles of Cn were  recov- 
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ered, even though  the same mutagenized chromosomes 
were screened  for  both loci (Table 2). If the  mutation 
data  for recessive lethal loci are normalized for target 
size, a 30-fold difference in gene mutability is seen (Fig- 
ure 8). Even if Bd is excluded because its large intron 
may artificially reduce its mutation  rate, a 20-fold differ- 
ence is still observed. Second, recessive lethal  mutations 
were recovered in  previously unmutated  genes only 
after we conducted screens using different mutagens. 
After completing  the 600 series screen, over 22,000 
chromosomes  had  been analyzed with 14 vital  loci  iso- 
lated (Table 2). Every complementation  group  had 
from 2 to 34 alleles with a mean of 13 alleles per  gene. 
Thus, by convention the Ddc gene region was saturated 
for recessive lethal mutations. Nevertheless, changing 
the mutagen combination in the 7300/7400 series 
screens resulted in the recovery  of mutations in two 
previously unidentified recessive lethal loci, Dox-A2 and 
Bg. Third,  mutation rates appear  enhanced  for  genes 
located within more highly packed chromatin. The mu- 
tability  of proximal subcluster loci are generally higher 
than loci contained within the distal subcluster (Figure 
8). Using mutagenesis data  for loci comprising approxi- 
mately one-third of the first chromosome, LEFEVRE and 
WATKINS (1986) convincingly argued  that  genes from 
four  different regions (lA1-3E8, 6D143A5,  9E1-11A7 
and 19A1-20F4) are  not equally mutable. Studies on 
the third  chromosome also indicate  that  genes are  not 
equally mutable. In the rosy-Ace region,  three times as 
many  transcript..  were detected by reverse Northern 
blots as compared to complementation  groups recov- 
ered by mutagenesis screens (43 transcripts to 12 loci) 
(HALL et nl. 1983; B0s.w et nl. 1984). In addition, WOHL 
WILL and BONNER (1991) also observed an  unequal mu- 
tability of genes within chromomere 6%. 

Taken  together, these data  extend  the generality of 
the  arguments  presented by LEFEVRE and WATKINS 
(1986). First, it appears  that  the  unequal mutability of 
genes is a general  condition  for  the  entire D. mplnnogns- 
tprgenome. This assertion argues  that  the Poisson distri- 

14 

12 FIGL~RE: 8.-Mutation rates of lethal genes 
within the Ddc gene cluster. Mutation rates 

lo were calculated by dividing the number of mu- 
tations recovered  (Table 2) by the gene size 
(Table 9). Four  genes were excluded: Bg and 

6 Cg, their  gene size was unknown; hk  and 
J s ( Z ) r W l ,  not recessive lethal mutations. 

2 

0 
Cr brat 

bution is an invalid  statistical approach to determine 
mutagenesis saturation, and  the negative binomial dis- 
tribution (JOHNSON and KOTZ 1969) is a far better statis- 
tical treatment of mutability distributions (see argu- 
ments of LEFEVRE and WATKINS 1986). Second, it is 
generally accepted that when multiple alleles of each 
locus are  found, a region is saturated  for mutations, 
even if only a single mutagen is used. However, the 
arguments  presented by LEFEVRE and WATKINS (1986) 
and  the results of our screens suggest this assumption 
is not valid. Therefore, it may be  incorrect to state that 
a region is fully saturated  for mutations if only a single 
mutagenesis strategy is used. 

Organization of the Ddc gene  cluster 

Defining  the  cytogenetic  region  containing  the Ddc 
gene  cluster: In the past we arbitrarily defined the Ddc 
region as being encompassed by Df(21a)7W130. We have 
now established that  except  for  the distal part of hk, the 
entire Ddc gene cluster is located between the proximal 
breakpoint of Df(21,)TW203 (37B9-C1,2) and  the distal 
breakpoint of Df(21A)Sd37 (37C6-D1), a maximum of  11 
bands. Of the 162.5 kb  of cloned DNA in this region, 
a maximum of  152.5 kb extends between the break- 
points of these deficiencies (DNA coordinates -85.4 to 
+66.8) (Table 5). HEIRO et nl. (1994) estimate these 11 
bands (37BlO-C7) represent 193.5 2 19.4  kb  of DNA, 
a figure 15-20% larger  than  the actual 152.5  kb. Con- 
sidering  that the values  of HEIRO et nl. (1994) represent 
averaged lengths based upon several assumptions and 
rough estimations using haploid DNA content (SORSA 
1988) and that local variations undoubtedly exist, their 
estimations approximate our precise values remarkably 
well. 

Genetic and molecular  organization of genes within 
the Ddc gene  cluster: Our extensive genetic study  of 
the Ddc gene cluster resulted in a set of 377 mutations, 
including 38 chromosomal deletions  that  enabled us to 
define  18  complementation  groups within the 37B10- 
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D l  interval. All 18 loci  were assigned to transcription 
units by locating RFLPs in mutant alleles (Table 7) (14 
in 11 different  genes)  or by the rescue of mutant alleles 
with  known fragments of genomic DNA (Table 8, Fig- 
ures 2-6) (26 constructs). Besides the 18 loci, three 
additional transcription units were discovered during 
screens for cDNAs using probes derived from this 
cloned region. The 21 genes  are  not randomly distrib- 
uted,  but  rather  14 loci and  three transcription units 
are located in two densely packed subclusters (Figure 
7). The distal subcluster contains six loci (hk, Be,  Be, 
Ba, Bb and Dox-A2) and two unmutated  transcription 
units (TU37B1 and TU37B2) within -27.4 kb of DNA 
(Figures 3 and  4).  The proximal subcluster spans -23.0 
kb of DNA and contains eight loci (amd, Ddc, Cc, Cb, 
Cd, Ca, Ce and Cg) and  one  unmutated transcription 
unit (TU37C2) (Figure 5). Approximately 53.3 kb of 
DNA separate  the two subclusters. Four additional loci 
are also located within the Ddc gene cluster but  are  not 
within the two subclusters. These genes, Bg,  Bd,  brat and 
f s ( 2 ) T W l  are  referred to as the  “scattered  genes”. Both 
Bdand  Bgare located between the two subclusters (Fig- 
ure 6). Interestingly, because of the large size deduced 
for Bd (-23.8 kb), over 44 % of this intervening region 
is occupied by this gene  (Figure 4).  The last  two  scat- 
tered genes, brat and f s ( 2 ) T w I  are -27.2  kb proximal 
to the proximal subcluster within an  area of no  more 
than 14.4 kb (Figure 6). 

Indicative of the  dense packing of genes, two pairs 
of genes found within the Ddcgene cluster overlap. The 
3’ noncoding regions of two unmutated  transcription 
units overlap the 3’ noncoding region of the  adjacent 
lethal locus (TU37B2-Bb and TU37C2-Ddc).  While the 
functional significance of these overlapping gene pairs 
was not  determined,  a few interesting observations can 
be  made. First, the  codon usage for TU37B2 and 
TU37C2 is unusual compared to most D.  melanogaster 
transcripts, suggesting these mRNAs  may not  be trans- 
lated. In addition,  the individual partners of both over- 
lapping  gene pairs (TU37B2-Bb,  TU37C2-Ddc) are ex- 
pressed differentially in time and space (SPENCER et al. 
1986; FREEMAN 1989), suggesting that  the high expres- 
sion of one  gene could suppress the expression of its 
overlapping neighbor by transcriptional interference 
(see  SCHULZ  and BUTLER 1989 for discussion). Recent 
work in the serendipityjanus gene cluster provides evi- 
dence to support  the existence of a transcriptional in- 
terference mechanism in D. melanogaster (YANICOSTAS 

and LEPESANT 1990).  Other studies, however,  have indi- 
cated the  presence of two overlapping genes may be 
fortuitous and  not relevant to regulating  gene expres- 
sion at all (BOGGS et al. 1987; SCHULZ et al. 1990). In 
any event,  more  detailed studies are  required  before 
the significance of the overlapping gene pairs in the 
Ddc gene cluster can  be  ascertained. 

The Ddc gene cluster is a remarkably dense region 
of genes, with the 21 genes from hook to f s ( 2 ) T w I ,  the 

most distal and proximal genes, respectively, contained 
within - 145.3 kb (Table 9). An aspect of this organiza- 
tion is to consider  the  percentage of the region that 
contains a gene actively transcribed at some time during 
development. As one would predict,  the transcriptional 
activity  of both subclusters is extremely high. At one 
time or  another, the  27.4kb distal subcluster is 82% 
transcriptionally active,  while >75% of the 23.0-kb 
proximal subcluster is transcribed. Over 50% of the 
53.3 kb between the two subclusters may be transcribed 
due to the large predicted size  of Bd. Finally, if one 
considers the 145.3 kb containing  the  entire Ddc gene 
cluster, over 49% of the region is transcriptionally ac- 
tive. This figure, however, is an underestimation. First, 
since the size  of fS(2)TWl is not known, the value for 
this gene was not included in the calculations. Second, 
reverse Northern  blot  experiments  indicate  that several 
unidentified transcription units, none of  which corre- 
spond to  any  of the 21 identified genes, are  present 
in the region between D o d 2  and Bg, suggesting the 
existence additional genes (E. S. PENTZ  and T. R. F. 
WRIGHT, unpublished data).  Third, even though  exten- 
sive screens for recessive lethal and female sterile muta- 
tions were conducted, we did not systematically screen 
for visible or male sterile mutations.  Thus, in all likeli- 
hood, several more genes may be  present in the Ddc 
gene cluster. Therefore, it is reasonable to estimate over 
50% of the  entire 145.3-kb Ddc gene cluster is actively 
transcribed at some point  during development. Exclud- 
ing  reiterated  gene clusters, the only other large regions 
exhibiting similar levels  of transcriptional activity are 
the ANTC and BXC  with -60 and 45% transcriptional 
activity,  respectively (LINDSLEY and ZIMM 1992). While 
by their very organization,  dense  gene clusters also ex- 
hibit extraordinarily high transcriptional levels, these 
regions are generally <15 kb (see  Introduction).  The 
Ddc gene cluster, therefore,  represents  one of the few 
large regions known in  the D.  melanagaster genome to 
possess such a high transcriptional activity. 

Gene to band correlation of region 37BlO-C7: The 
entire Ddc gene cluster spans chromomeres 37B10-C7, 
and the position of each gene within the Ddc gene clus- 
ter was mapped to one of these 11 bands (Table 10, 
Figure 9). HEIKO et al. (1994) estimates the  lengths  of 
these chromomeres as follows:  37B10.  4.00 kb; 37Bl1, 
8.25 kb; 37B12,  8.25  kb;  37B13, 19.5 kb; 37C1,2, 57.5 
kb; 37C3,23.25 kb; 37C4,8.25 kb; 37C5,19.5 kb; 37C+, 
4.00 kb; 37C6,  23.25  kb and 3’767, 8.25 kb, with  values 
carrying a ?lo% error. In addition,  an average value 
of 1.5 kb was used as the  interband  length between 
each chromomere  (HEIRO et al. 1994; K o z ~ o ~ a  et al. 
1994).  The distribution of genes in each chromomere 
was determined  (Table 10, Figure 9) using the above 
values for  the estimated size  of each chromomere in 
conjunction with our own region-specific mapping  data 
including  genetic  complementation of genes/defi- 
ciencies (Table 6), cytological location/DNA coordi- 
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TABLE 10 

Gene to chromomere distribution in region 37B10-C7 

Chromomere  Number of Number  of  Gene to hand 
region  chromomeres  Number  of loci transcription units  <;enes average 

3iR10-12 3 > 1 h k ,  I ~ P ,  Br, Bn, TU3iB2, Rh 2.0 
3iRI3 1 4 1 Ilox-A2, TU3iB1, Bg, ( B d ) "  .5.0 
J i C l ,  2 1 4 1 ( R d ) ,  umd, TLWC2, Ildr, 5.0 

Cr 
3ic3 1 > 0 C I I ,  Cd, cn, C P ,  cg 5.0 
3iC4 1 0 0 0 
3 i G  1 2 0 hnt ,  Js(2)7ll1I 2.0 
3 iC+  1 0 0 0 
3iC6 1 0 0 0 
3 i C i  1 0 0 0 

"Since  the Bd gene spans chromomeres  3iB13  and 3iC1, 2, i t  was considered present  in each l,antl and,  therefore,  counted 
twice. 

nates of deficiency  breakpoints  (Table .5) and molecu- 
lar  location/size of genes/transcription  units  (Table 9) 
in the  cluster.  There is an overall 2:1 ratio of genes t o  
chromomeres (21 genes u s .  11 bands)  (Table 10). The 
distribution of the  genes within this  region is not  ran- 
dom.  Thus, while chromomeres 37B10-13,97C1,2-3 and 
37C.5 each  contain  at least hvo genes,  bands  37C4,37C+ 
and 37C7 appear  silent  (Figure 9). In addition,  there 
does  not  appear to be a correlation with gene location 
and packing  ratio  of  chromatin. The  genes of the distal 
subcluster  are  contained within bands o f  low packing 
ratio o f  chromatin, while genes of the  proximal subclus- 
ter  span  both  high  and average  density chromomeres 
(Figure 9). 

The one gene-one  band  hypothesis is invalid: Re- 
gardless o f  the  placement of specific genes within spe- 
cific chromomeres,  the majority of the  chromomeres 
within this  region  contain  multiple  genes.  For  example, 
the  19  genes  from hlr  to Cg lie within thc six chromo- 
somal hands 97B10-CS representing a concentration 
of 3.2 genes  per  band.  Therefore,  our  data clearly dem- 
onstrdte  the one gene-one  hand hypothesis of BRIDGES 
(1995) is invalid. Rut is the  tight  clustering of genes 
within chromomeres 37BIO-C.3 an anomaly?  Are  the 
majority of the  genes within the I). mrlnnognslm-genome 

376 

10 11 12 13 1-2 

more widely distributed or  spread  out? Several lines of 
work clearly demonstrate  that this  region is not  unique 
with respect to gene  to  band ratios. First, current esti- 
mates on  the  number of genes now identified in D. 
mrlunogmlm-is 6898 (GI.:I.RARI' rl nl. 1994) while the latest 
refinement  on  the  number of chromomeres within the 
I) .  mrlnnogcrslrr genome is 51 13 (HEIR<) r /  nl. 1994). 
Therefore,  research  has already  identified many more 
genes  than  chromomeres,  and it is quite  apparent  that 
many more  genes  are still undiscovered while chromo- 
mere estimates have not varied much  for  decades. Sec- 
ond, as evident  from our  introduction,  dense  gene clus- 
ters are  not  uncommon  and  more  are  reported  each 
year. Characteristically,  this type of gene  cluster con- 
tains  from three to five genes within 3-15 kb o f  DNA. 
Since  the size of a fine  chromosomal  band may range 
from 3 to 36 kb (KOZI.O\~A r /  nl. 1994), it is apparent 
that most dense  gene clusters  could lie within a  single 
chromomere. Lastly, hvo other large  regions of the I).  
mrkrnogmlm- genome were also extensively mapped  at 
the  genetic  and  molecular level and  studied with re- 
spect  to  gene  to  band ratios. KOZI.O\~,\ r! d .  (1994)  did 
a thorough analysis of the  gene to band  arrangement  of 
the seven bands 9F12-10A6 from the vPrmilion-sPocnlr.ss 
region on  the first chromosome.  They  presented evi- 

37c 
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F[(;rKI< 9."Comparison  of  the linear DNA map of  the Ddr gene cluster with 3iBIO-C+ chromomere structure. A diagram of 
chromosome region 3fR10 to Sic+ is portrayed at the  top. Individual chromomeres are numhered. Light grey hands represent 
a low packing ratio of chromatin;  medium grey bands, an avcrage packing ratio and dark  gray hands, a high  packing ratio 
(HEIKO P I  nl. 1994).  Interchromomcrrs are  indicated by white hands. Relow the  chromosome region is a map with the  locations 
of all 21 genes and coordinate scale. The diagram is drawn to scale. 
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dence  indicating  that 218 genes were located in this 
285-kb region,  representing  a density of three genes 
per  band. They also found  that  the DNA content  and 
gene  number varies dramatically and regions of small 
bands are genetically more  dense  than large bands. Us- 
ing  the criteria of KOZLOVA et al. (1994)  for assessing 
band-size categories, all the  bands  in  the Df(21a)lWl?0 
region correspond to small bands even chromomere 
37C1-2. Thus,  their findings and ours  are in agree- 
ment. A second region extensively studied is the 315- 
kb rosy-Ace region from 87D5 to 87E5 (SPIERJZR et al. 
1983). This l&chromomere region contains  43 actively 
transcribed regions (HALL et al. 1983; BOSSY et al. 1984), 
representing  a  concentration of  2.7 genes per  band. 
While a  more  detailed  gene to chromomere association 
was not  determined, it is quite  apparent many of these 
bands are oligogenic. Therefore,  our work, along with 
the work  of LEFEvRE and WATKINS (1986) and KOZLOVA 
et al. (1994) clearly indicate  the one gene-one band 
hypothesis is not valid and that multiple genes exist in 
a given chromomere. 

Organization of the Ddc gene  cluster is unique: Not 
only  is the Ddcgene cluster one of the  densest clustering 
of functionally related  genes known  in higher eukary- 
otic organisms, its structural organization is not strictly 
comparable to the  three  gene cluster types found in D. 
melanogaster. The presence of both structurally related 
and  unrelated genes and  the obvious  lack  of tandem 
organization indicate this gene cluster is not reiterated. 
In  addition,  the simple, straightforward intergenic com- 
plementation  among loci  suggests the Ddc gene cluster 
is not a  gene  complex. This is supported by the lack  of 
overt global control of gene expression as evidenced 
by the observation of genes functioning individually in 
ectopic sites well enough to rescue lethality. Finally, 
while there  are cases  of more tightly clustered gene 
regions, such as the seven genes of the 15-kb heat shock 
protein  gene cluster (AYME and TISSIERES 1985),  the six 
genes of the 8-kb serendipity-janus gene cluster (VINCENT 
et al. 1985; YANICOSTAS et al. 1989) and  the seven genes 
of the 10-kb 71E gene cluster (RESTIFO and GUILD 
1986), these dense  gene clusters encompass no  more 
than  15 kb  while the Ddc gene cluster extends over 
145.3 kb with each subcluster occupying over 20 kb. 
Furthermore, since mutations in the majority of loci 
from the Ddc gene cluster appear to be involved in the 
same physiological process (WRIGHT 1995), it would 
seem inappropriate to split the two subclusters apart. 
Therefore,  the Ddc gene cluster is too expansive to be 
considered  a  dense  gene cluster. But is the organization 
of the Ddc gene cluster unique in the D. melanogaster 
genome? While genetic evidence suggests that  the local- 
ization of loci apparently involved in similar functions 
from two other cytogenetic regions (UNDERWOOD et al. 
1990; LITTLETON and BELLEN 1994), evidence indicates 
that  the  genes within these regions are  not organized 
into  gene clusters. Therefore,  the Ddc gene cluster rep- 

resents a  unique  arrangement of clustered, functionally 
related loci. 

Why are  the loci of the Ddc gene  cluster so tightly 
clustered? Our first thought was that  the Ddc gene clus- 
ter evolved due to the necessity  of overt global control 
of gene expression. While  enzymes  as central to cate- 
cholamine biosynthesis such as  tyrosine  hydroxylase, N- 
acetyl dopamine transferase and N-P-alanyl dopamine 
transferase are  not located within the Ddc gene cluster 
(WRIGHT  1987b), this cluster does  contain genes both 
for structurally related (DDC and AMD) and structur- 
ally unrelated enzymes  (DOX-A2)  involved in catechol- 
amine metabolism (EVELETH and MARSH 1986a; 
WRIGHT 1987a, 1995).  Furthermore, of the  15 loci in 
the region affecting cuticle formation, cuticle sclerotiza- 
tion or cuticle melanization, eight affect catecholamine 
pool levels during  prepupal  and  pupal  development 
(WRIGHT 1987a, 1995), suggesting several of these 
genes may encode enzymes  involved in catecholamine 
metabolism. Since the  functions of a majority of these 
genes appear to be interrelated,  one  might  predict 
global coordinate  controls  are operative. However,  miti- 
gating against this prediction is the fact that  genomic 
DNA fragments encompassing only one  or two genes 
relocated out of the subclusters to ectopic sites by P- 
element-mediated transformation can function well 
enough to rescue mutations in  all the essential loci 
(Table 8). However, not all these transformed genes 
may be functioning optimally. We have observed sig- 
nificant variability in the efficiency of rescue by identi- 
cal constructs inserted into  different ectopic locations. 
Thus, transcription levels may be dependent  on local 
enhancers,  Furthermore, drastically reduced levels  of 
gene activity may be adequate to effect rescue. For  ex- 
ample, <lo% wild-type  DDC  activity  is sufficient to en- 
sure  the  complete rescue of  Ddc mutations (WRIGHT 
et al. 1982). Preliminary experiments to insulate the 
transformed fragments from local influences have been 
carried out using a DNA fragment known  to rescue 
both  lethal and female sterile Dox-A2 mutations (E. S. 
PENTZ and T. R. F. WRIGHT, unpublished data).  The 
Dox-A2 fragment was flanked by the insulating SCS and 
SCS’ sequences (KEILUM and SCHEDL 1991) before 
transformation. These initial results are equivocal: one 
transformant still rescued both lethality and female ste- 
rility, but two different transformants rescued neither 
mutant phenotype. Note that all five of the transformed 
lines containing  uninsulated fragments rescued Dox-A2 
mutations  (Table 8). Thus,  the possibility  of global reg- 
ulation of the genes in  the subclusters cannot yet  be 
completely ruled  out. 

The Ddc gene cluster appears evolutionarily con- 
served since subcluster integrity is maintained  in  related 
Drosophila species. In D. virilis and D.  psuedoobscura while 
the proximal and distal subclusters are  separated,  the 
subclusters themselves are  intact and  are still located on 
the same chromosome  (T. R. F. WRIGHT, unpublished 
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data).  Therefore,  the maintenance of subcluster integ- 
rity appears functionally important  enough  to conserve. 
Analyzing the  temporal expression patterns of genes 
within the Ddc gene cluster does offer one insight. Eigh- 
teen of the 21 genes within the Ddc gene cluster are 
expressed during embryogenesis suggesting this com- 
mon time of gene activity may be a reason for  the clus- 
tering of these  functionally  related loci (Table 9) 
(T. R. F. WRIGHT, unpublished data). 
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