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DEVELOPMENTAL BIOLOGY 94,4-65-476 (1982) 

E,xpression of a Set of Head-Specific Genes 
during Drosophila Development 

LAURA SILVEN LEVY AND JERRY E. MANNING 

Department of Molecular Biology and Biochemistry, University of California, Irvine, California 92717 

Received March 18, 1982; accepted in revised form July 15, 1982 

The expression Iof 20 cloned DNA sequences, selected on the basis of the prevalence of their transcripts in Drosophila 
adult head, was ex,smined during Drosophila development. The amount of polyadenylated RNA complementary to these 
clones was measured in the cytoplasm of 0- to 20-hr embryos and on the polysomes of third instar larvae and 5 to 7- 
hr pupae. Four patterns of developmental expression were observed among the 20 clones, including 6 clones whose 
transcripts are prevalent only on polysomes of the adult head. Multiple genes closely clustered within the DNA of 
individual clones were shown to be expressed coordinately during development in some cases and differentially in others. 

INTIRODUCTION 

In the accompanying Ipaper, we reported the selection 
of 20 cloned DNA sequences whose mRNA comple- 
ments appear from 3 toI 177 times more frequently on 
the polysomes of the adult head than on those of the 
adult body. The transcripts comprise from 0.050.66% 
of the mass of polyadenylated mRNA of the head, and 
thus belong to the moderately abundant class of mRNA 
defined by Levy and MclCarthy (1975). Although we did 
not define precisely the tissues within the head from 
which the mRNAs derivie, the most probable candidates 
are the massive compound eyes, the other cephalic sen- 
sory organs, and the brain. Thus, we believe the se- 
quences represent genes expressed in the terminally 
differentiated neural or sensory tissues of the head. 

In this report, we examine the expression of the head- 
specific sequences during Drosophila melanogaster de- 
velopment. We performed these experiments to deter- 
mine if the expression of genes controlled spatially in 
the adult is also regulated temporally during develop- 
ment, and to investigate various aspects of the regula- 
tion. The rapid and well-characterized development of 
Drosophila affords an excellent opportunity to conduct 
such a study. Embryogenesis at 25°C requires approx- 
imately 20 hr from oviposition to complete differentia- 
tion before hatching, in.cluding blastoderm formation 
at Hour 1.5, cellularization at Hour 2.5, gastrulation at 
Hour 3.5, and organogenesis from Hour 7 (Bownes, 
1975; Zalokar, 1976). A large amount of maternally en- 
dowed RNA is found in the cytoplasm of the Drosophila 
egg, and protein synthesis is active in the embryo from 
oviposition (Goldstein and Snyder, 1973). Preformed 
maternal mRNA is recruited rapidly onto the polysomes 
of the embryo (Lovett and Goldstein, 1977; Mermod et 

al., 1980), but no new mRNA is transcribed from zygotic 
nuclei until blastoderm formation (McKnight and Miller, 
1976; Zalokar, 1976). Indeed, the embryonic histone 
genes are not active for the first 90 min, although DNA 
synthesis and mitosis are rapid from oviposition (An- 
derson and Lengyel, 1980). The rate of nuclear RNA 
synthesis increases rapidly from blastoderm (Anderson 
and Lengyel, 1979) and 72% of newly made RNA is 
associated with polysomes at gastrulation (Anderson 
and Lengyel, 1981). By Hour 9, more than 50% of the 
polyadenylated mRNA on polysomes has been tran- 
scribed since fertilization (Anderson and Lengyel, 1981), 
and the rate of total RNA synthesis increases sixfold 
in the first 15 hr of embryogenesis (Anderson and Len- 
gyel, 1979). Population studies of mRNA sequence di- 
versity have shown that only small qualitative changes 
occur during embryogenesis, and that most of the di- 
versity is retained, at least during the first 17 hr of 
development (Arthur et al., 1979). Further, we have re- 
cently reported (Levy and Manning, 1981) that only 
small qualitative changes in mRNA sequence diversity 
accompany the later development of D. melanogaster, 
from third larval instar to adult. However, a recent 
study of the expression of individual cloned gene species 
during Drosophila development illustrated that quan- 
titative modulation of mRNA concentration is a fre- 
quent event. Of the 20 randomly selected clones ex- 
amined in that study, the steady-state mRNA concen- 
trations of six showed dramatic changes during 
development (Biessmann, 1981). Similarly, Mitchell 
and Peterson (1981) demonstrated in developing wing 
a rapidly changing population of mRNAs sufficiently 
abundant to be detected by in vitro translation. 

In this report, we measure the steady-state concen- 
trations throughout development of the mRNAs com- 
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plementary to 20 cloned DNA species. In particular, it 
is possible to determine whether the set of cloned se- 
quences, related by virtue of their expression in the 
adult head, comprise a set or group of subsets with com- 
mon developmental regulation. Further, we reported in 
the accompanying paper that four of the head-specific 
clones were observed to harbor multiple gene species. 
In two cases, clones 549 and 551, the complementary 
RNA species were found similtaneously on the poly- 
somes of adult head. In contrast, the genes located on 
clones 516 and 547 were apparently subject to distinct 
developmental influences. In the study reported here, 
we examine the expression of the four tightly clustered 
gene sets during development to determine what rela- 
tionship, if any, exists between their spatial organiza- 
tion and expression. To investigate these and other as- 
pects of the temporal control during development over 
a set of cloned gene sequences expressed in adult head, 
we have employed a quantitative dot hybridization assay 
to measure their expression throughout embryogenesis 
as well as in third instar larvae and pupae. 

MATERIALS AND METHODS 

Collection of Timed Developmental Stages 

Drosophila melanogaster adults, strain Oregon R, were 
maintained at room temperature in population cages. Eggs 
were collected overnight on cornmeal agar trays spread 
with yeast paste and were discarded. To ensure clearing 
of eggs retained in the females, eggs were then collected 
on fresh trays for 1 hr after the light change and dis- 
carded. Eggs for experimental use were collected on fresh 
trays for the specified length of time and were allowed 
to develop at 25°C to the desired age. They were col- 
lected, washed, and stored at -70°C. Third instar larvae, 
5- to 7-hr pupae, and adult heads were collected as pre- 
viously described (Levy and Manning, 1981). 

Preparation and Radiolabeling of RNA and DNA 

Embryos (Hours O-20) stored at -70°C were crushed 
with a cold mortar and pestle, and homogenized in 
0.02 A4 Tris, pH 7.6, 0.025 M EGTA, 0.05 M MgC12, 
0.025 M NaCl, 0.003 M dithiothreitol. Nuclei were re- 
moved by pelleting at 16,000g for 20 min at 4°C in a 
Sorvall HB-4 rotor. The supernatant was then brought 
to 0.1 M NaAc, pH 5.1, 0.1 M NaCl, 2% SDS, and ex- 
tracted four times with saturated phenol and CHC13 
(1:l). After two additional extractions with CHCl, alone, 
cytoplasmic RNA was precipitated from the aqueous 
phase with 2 vol of cold 95% EtOH. RNA was prepared 
from the polysomes of third instar larvae, pupae, adults, 
and adult head as previously described (Levy and Man- 
ning, 1981). Polyadenylated RNA was purified by oligo- 

(dT)-cellulose chromatography as described (Levy and 
Manning, 1981). The preparation of cloned DNAs and 
radiolabeling of RNA and DNA were performed as de- 
scribed in the accompanying paper (Levy et al., 1982). 

Restriction Enzymes, Electrophoresis, Southern 
Transfer, Northern Transfer, and Dot Blots 

All restriction enzymes were purchased from Be- 
thesda Research Labs (BRL) and were used as recom- 
mended. Electrophoresis of DNA and RNA, Southern 
and Northern transfers, and preparation of dot blots 
were conducted as described in the accompanying paper. 

Hybridizations 

Hybridization of Southern blots, Northern blots, and 
dot blots were conducted as described in the accompa- 
nying paper. 

RESULTS 

Expression of Cloned DNA Sequences during 
Development 

The experiments reported here measure the concen- 
tration of RNA transcripts complementary to 20 cloned 
DNA sequences during Hours O-20 of embryogenesis, 
in third larval instar, pupae, and adult. To accomplish 
this, we employed a method of dot hybridization shown 
in the accompanying paper to be quantitative and re- 
producible. For this assay, DNA (1 pg) from each 
lambda clone was denatured, neutralized, and spotted 
directly onto nitrocellulose (Thomas, 1980) into a l-cm 
square demarcated on the filter. As a measure of back- 
ground, wild-type lambda DNA (1 pg) was spotted into 
each of three squares on the filter. The dot blots were 
then hybridized to radiolabeled RNA from a defined 
developmental stage, and the squares were removed and 
counted by liquid scintillation. Internal standards de- 
scribed in the accompanying paper allow the correlation 
between the number of counts bound to each square and 
the proportion of RNA mass occupied by each sequence. 
Essential to the interpretation of the experiments re- 
ported here is the comparison between hybridizations 
using RNA from different periods in development. To 
allow a meaningful quantitative comparison, all hybrid- 
izations were conducted under identical conditions of 
salt, time, temperature, and DNA excess, with the same 
amount of RNA (1 yg) of constant specific activity 
(3 X lo7 cpm/pg). Further, comparison between hybrid- 
izations to clones whose transcripts exhibit a wide range 
of concentration requires that the hybridization be at 
termination when the reaction is stopped. To determine 
the length of time required to reach termination under 
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FIG. 1. Kinetics of hybridization of 32P-RNA to dot blots of four cloned DNAs. Dot blots of clones 536 (0), 555 (O), 525 (A), and 559 (A) 
were hybridized for varying lengths of time to 6- to S-hr embryo polyadenylated cytoplasmic RNA (1 pg) radiolabeled with polynucleotide 
kinase (sp act = 3 x 107 cpmlpg). Intensity of the hybridization signal was determined by liquid scintillation counting of the hybridized dot 
blot. The proportion of RNA mass occupied by the hybridizing sequence was determined from the intensity of hybridization as described in 
the accompanying paper. 

our conditions, we hybridized four cloned DNAs to ra- 
diolabeled RNA from 6- to 9-hr embryos for 5, 13, 22, 
32, and 48 hr. The kinetics of hybridization to dot blots 
are such that termination is reached after approxi- 
mately 20 hr over a wide range of RNA concentrations 
(Fig. 1). Dot blot hybrildizations reported here and in 
the accompanying paper were conducted for 30 hr. The 
efficiency of hybridization is surprisingly low (<5%) 
compared to the efficie:ncy reported using colony hy- 
bridization in a similar way (lo-15%) (Lasky et aE., 
1980). However, the number of counts bound to dot 
blots is directly proportional to the percentage of RNA 
mass occupied by a sequence as determined by an in- 
dependent method (data in accompanying paper). 
Therefore, we have compared directly the number of 
counts bound to cloned DNA sequences when hybrid- 
ized with RNA populations prepared from progressively 
older embryos, larvae, pupae, adults, and the adult head. 

To accomplish this, the first 20 hr of embryogenesis 
were divided into eight periods (O-2, 2-4, 4-6, 6-9, 
9-11, 11-13, 13-16, and 16-20 hr) and polyadenylated 
cytoplasmic RNA was prepared from each. Scarcity of 
material prohibited the preparation of polysomal mRNA 
from these stages. In addition, polyadenylated mRNA 
was prepared from the polysomes of third instar larvae, 
5- to 7-hr pupae, and aldults. These RNAs were then 
radiolabeled with polynucleotide kinase and hybridized 
three or more times to dot blots of the 20 cloned DNAs. 
The lower limit of detection in these experiments is 
considered to be the standard deviation of background 
measurements, 20 cpm, a number which represents ap- 
proximately 0.007% of RNA mass (see accompanying 

paper). We considered a peak containing approximately 
100 cpm above background to represent a peak of gene 
activity or expression. 

The results of these hybridizations are presented 
graphically below (Figs. 2-5), and demonstrate the num- 
bers of counts bound to each clone and the proportion 
of the RNA mass occupied by each sequence during 
development. The data indicate that 14 of the 20 se- 
quences, known to be expressed in the differentiated 
tissues of the adult head, also exhibit peaks of expres- 
sion at other times in development. We refer throughout 
this report to the abrupt changes in transcript concen- 
tration observed during development as “peaks of 
expression” or “peaks of activity,” although it should 
be noted that we have no information on what combi- 
nation of transcriptional or post-transcriptional mech- 
anisms cause the observed peaks. Thus these terms are 
descriptive and refer to an increase in the level of de- 
tectable cytoplasmic mRNA concentration. The pat- 
terns of expression we observed fall roughly into four 
classes. The first class includes six clones, 512,521,525, 
538, 551, and 557, none of which is expressed signifi- 
cantly at any time other than in the adult head (Figs. 
2A-E). These comprise from 0.05 to 0.63% of the poly- 
adenylated mRNA mass of the head, but represent 
<O.Ol% of the polyadenylated cytoplasmic RNA mass 
at other stages of development. Clones 538 and 551 have 
been localized by in situ mapping to the same chro- 
mosomal region, 28, and clone 551 has been shown to 
encode two mRNA species (see accompanying paper). 
Thus, all three mRNA species encoded at this chro- 
mosomal region are prevalent on head polysomes, but 
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FIG. 2. Developmental expression of six cloned DNA sequences which represent prevalent mRNAs in the head of adult Drosophila. Dot blots 
of clones 512 (A), 521 (B), 525 (C), 538 (D), 551 (E), and 557 (F) were hybridized to polyadenylated cytoplasmic RNA from embryos collected 
throughout Hours O-20 of embryogenesis, and to polysomal polyadenylated mRNA from third instar larvae, 5- to 7-hr pupae, adult flies, and 
the adult head. RNA samples were radiolabeled with polynucleotide kinase (sp act = 3 X LO7 cpm/Fg), and 3 X lo7 cpm were included in each 
hybridization. Intensity of the hybridization signal was determined by liquid scintillation counting of the hybridized dot blot. The proportion 
of RNA mass occupied by the hybridizing sequence was determined from the intensity of hybridization as described in the accompanying 
paper. 

are not expressed abundantly at other times. In addi- 
tion, a small amount of RNA complementary to clones 
521 and 525 was found in the cytoplasm of 0- to 2-hr 
eggs, presumably contributed maternally. In both cases, 
this RNA was no longer detectable after a few hours 
(Figs. 2B, C). 

A second pattern of expression is that of clones 516 
and 549 (Fig. 3). Both of these clones are actively ex- 
pressed during a short period early in embryogenesis, 
predominantly between Hours 6 and 11. The short-lived 

peak of activity of clone 516 was observed only between 
Hours 6 and 9 (Fig. 3A). At this time, the transcripts 
involved occupy approximately 0.04% of the RNA mass. 
Less transcription is apparent from Hours 2 to 6. At 
other times, including the newly laid egg, the transcript 
is rare. In the adult head, however, 516 is again ex- 
pressed to a relatively high level. In contrast, the tran- 
scripts complementary to clone 549 are moderately 
prevalent throughout development (Fig. 3B). Sequence 
549 occupies approximately 0.06% of the maternal RNA 
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mass. Transcription of this clone begins at Hour 2 and 
peaks between Hours 9 and 11 at a level substantially 
higher even than the expression in the adult head. The 
transcript level then drops throughout development un- 
til it rises slightly in thle pupa. 

Six clones demonstrate a third pattern of expression 
in which a peak of activity is seen later in development. 
Clones 528, 547, and 559 are actively expressed late in 
embryogenesis, Hours 13-20 (Figs. 4A-C). None of 
these is expressed signincantly before Hour 13, even in 
the maternal RNA. The peak of activity of clone 559 
is observed only between Hours 16 and 20. In contrast, 
528 and 547 are expressed throughout late embryogen- 
esis, and the level of sequence 547 drops only slightly 
after hatching (Figs. 4A, B). Clones 507, 514, and 527 
are not expressed signifcantly throughout embryogen- 
esis, but they exhibit a p’eak of activity at pupation (Figs. 
4D-F). Transcripts of these clones appear on polysomes 
of pupa more frequently than in the whole adult, and 
in one case, more frequently than in the adult head 
(Fig. 4E). 

The final and most complex pattern of expression 
during development is exhibited by six clones, 503, 506, 
536, 543, 548, and 555 (Figs. 5A-F). Each of these is 
active during two short periods, predominantly Hours 
4-9 of embryogenesis a.nd again in the pupa. The six 
clones in this class comprise from 0.02 to 0.07% of the 
mass of maternal mRNA, but in most cases this level 
drops in the first 2 hr. The transcript concentrations 
rise thereafter, to a remarkably high level in clones 536, 
543, and 548, where they occupy from 0.12 to 0.20% of 
the RNA mass of the embryo (Figs. 5C-E). The peak 
of activity is short-lived, particularly with clone 543, for 
which the transcript concentration rises and drops 
>fivefold in 4 hr (Fig. 5D). Each of the clones then 
exhibits a slight rise in activity late in organogenesis 
(Hours 13-16), and five of them show a large increase 
in the pupa. The sixth, clone 503, has a second peak of 
activity in the larva. All six of these clones are expressed 
more abundantly in the pupa than in the whole adult, 
and three are expressed at a higher level in pupa (or 
larva) than even in the adult head (Fig. 5). 

Clones Containing Multiple Genes 

In the experiments described above, cloned DNAs 
containing approximately 15 kb of the Drosophila ge- 
nome (Maniatis et al., 1.978) were hybridized to 12 dif- 
ferent RNA populatiorrs. Correct interpretation of the 
results depends on the knowledge that the same gene 
species in each clone is responsible for the hybridization 
observed throughout development. To test the possi- 
bility that multiple genes in any clone are expressed 
differentially during development, we digested the DNA 
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FIG. 3. Developmental expression of two cloned DNA sequences 
which represent prevalent mRNAs in the head of adult Drosophila. 
Dot blots of clones 516 (A) and 549 (B) were hybridized to polyadenyl- 
ated cytoplasmic RNA from embryos collected throughout Hours O- 
20 of embryogenesis, and to polysomal polyadenylated mRNA from 
third instar larvae, 5- to 7-hr pupae, adult flies, and the adult head. 
RNA samples were radiolabeled with polynucleotide kinase (sp act 
= 3 X lo7 cpm/pg), and 3 X 10’ cpm were included in each hybrid- 
ization. Intensity of the hybridization signal was determined by liquid 
scintillation counting of the hybridized dot blot. The proportion of 
RNA mass occupied by the hybridizing sequence was determined from 
the intensity of hybridization as described in the accompanying paper. 

with restriction endonucleases Hind111 and EcoRI, frac- 
tionated the products by gel electrophoresis, and trans- 
ferred the pattern to nitrocellulose paper (Southern, 
1975). The resulting Southern blots were then hybrid- 
ized to radiolabeled RNA from each developmental 
stage. We examined the pattern of hybridization to re- 
striction fragments with each RNA in order to observe 
any changes which might indicate expression of an ad- 
ditional gene. For 18 of the 20 clones, the pattern of 
hybridization was identical with RNAs from embryos 
of increasing age, larvae, pupae, adults, and adult head 
(data not shown). In most cases, the hybridizing frag- 
ment or fragments in each clone contained <4 kb of 
DNA. However, clone 549, shown in the accompanying 
paper to encode three mRNA species in head, is com- 
posed of several large DNA restriction fragments whose 
pattern of hybridization is identical throughout devel- 
opment and in head (data not shown). To test directly 
the suggestion that the three mRNA species observed 
in head are expressed simultaneously throughout de- 
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FIG. 4. Developmental expression of six cloned DNA sequences which represent prevalent mRNAs in the head of adult Drosophila. Dot blots 
of clones 528 (A), 547 (B), 559 (C), 507 (D), 514 (E), and 527 (F) were hybridized to polyadenylated cytoplasmic RNA from embryos collected 
throughout Hours O-20 of embryogenesis, and to polysomal polyadenylated mRNA from third instar larvae, 5- to 7-hr pupae, adult flies, and 
the adult head. RNA samples were radiolabeled with polynucleotide kinase (sp act = 3 X lo7 cpm/pg), and 3 X lo7 cpm were included in each 
hybridization. Intensity of the hybridization signal was determined by liquid scintillation counting of the hybridized dot blot. The proportion 
of RNA mass occupied by the hybridizing sequence was determined from the intensity of hybridization as described in the accompanying 
paper. 

velopment, cytoplasmic or polysomal polyadenylated In contrast, the pattern of hybridization to Southern 
RNA from embryos, larvae, pupae, adult head, and adult blots of 2 of the 20 clones revealed that additional genes 
body were fractionated by gel electrophoresis and trans- other than those expressed in the adult head were ex- 
ferred to nitrocellulose paper (Thomas, 1980). The re- pressed during development. For clone 516, it is apparent 
sulting Northern blots were hybridized to radiolabeled from the patterns with 6- to 9-hr embryo RNA (Fig. 7b) 
549 DNA. The results of these hybridizations, several and with head RNA (Fig. 7c) that distinct DNA se- 
of which are shown in Fig. 6, demonstrate that the three quences are responsible for the hybridization observed 
mRNA species encoded by 549 DNA are expressed as at these developmental periods. The developmental 
a set throughout development. Further, visual inspec- expression of clone 516 is of the second class described 
tion suggests that the species are expressed in the same above, with activity that begins at Hour 2 and peaks at 
relative proportions throughout development. Hours 6-9 (Fig. 3A). To determine directly the RNA 
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FIG. 5. Developmental expression of six cloned DNA sequences which represent prevalent mRNAs in the head of adult Drosophila. Dot blots 
of clones 503 (A), 506 (B), 536 (C), 543 (D), 548 (E), and 555 (F) were hybridized to polyadenylated cytoplasmic RNA from embryos collected 
throughout Hours O-20 of embryogenesis, and to polysomal polyadenylated mRNA from third instar larvae, 5- to 7-hr pupae, adult flies, and 
the adult head. RNA samples were radiolabeled with polynucleotide kinase (sp act = 3 X lo7 cpm/pg), and 3 X lo7 cpm were included in each 
hybridization. Intensity of the hybridization signal was determined by liquid scintillation counting of the hybridized dot blot. The proportion 
of RNA mass occupied by the hybridizing sequence was determined from the intensity of hybridization as described in the accompanying 
paper. 

sequences expressed during the active periods, cyto- Similarly, the hybridization of radiolabeled RNAs 
plasmic polyadenylated RNA from 2- to 4-, 4- to 6-, and from late embryo and adult head to Southern blots of 
6- to 9-hr embryos and polyadenylated mRNA from head restricted clone 547 DNA revealed that distinct DNA 
were fractionated by gel electrophoresis and transferred sequences encode the RNAs expressed at those times 
to nitrocellulose (Thomas, 1980). Hybridization of ra- (Figs. 8b, c). The pattern observed with RNA from larva 
diolabeled 516 DNA to these revealed that a single large and pupa is identical to that with 13- to 20-hr RNA 
RNA species (4100 nt) occurs on head polysomes which (data not shown). Interestingly, hybridization with ra- 
is not found in the cytoplasm of early embryos. Two other diolabeled adult body RNA demonstrated activity of all 
RNA species appear in early embryos (2200 nt and the DNA sequences expressed during development (data 
1180 nt), one of which. is not prevalent until Hour 4 not shown). Hybridization of nick-translated 547 DNA 
(Figs. 7 d-g). to a Northern blot of RNA from 13- to 20-hr embryo, 
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FIG. 6. Northern blot analysis of the transcripts complementary to 

clone 549. Polyadenylated cytoplasmic RNA (1 pg) from 6- to 11-hr 
embryos (a), and polyadenylated polysomal mRNA (1 fig) from pupae 
(b), and adult head (c) were denatured in the presence of glyoxal 
(McMaster and Carmichael, 1977), fractionated by agarose gel elec- 
trophoresis, and transferred to nitrocellulose (Thomas, 1980). The 
Northern blots were hybridized to 0.2 pg of nick-translated DNA (sp 
act = 1 X 10s cpm/pg) of clone 549. The sizes indicated by the arrows 
are those of bacteriophage X-DNA digested with the restriction enzyme 
HindIII, radiolabeled with polynucleotide kinase using [32P]ATP, and 
electrophoresed in parallel with RNA samples to provide size markers. 

pupa, adult head, and adult body illustrated that two 
RNA species are encoded by clone 547. The larger (1700 
nt) appears on head polysomes (Fig. 8f), and the smaller 
(1200 nt) is expressed earlier in development (Figs. 8d, 
e). However, both appear on the polysomes of adult body 
(Fig. 8f) as predicted by the Southern blot analysis. 

DISCUSSION 

In this report, we have measured the changing con- 
centration of RNA complementary to 20 cloned DNA 
sequences as a function of developmental time. The 
clones, originally selected on the basis of their abundant 
expression in the differentiated tissues of the adult head, 

were examined throughout embryogenesis as well as in 
third instar larva, pupa, and the whole adult. We have 
focused intently on activity during the first 20 hr after 
oviposition because complete differentiation of the lar- 
val form requires approximately this length of time 
(Bownes, 1975). Further, the morphological changes 
during embryogenesis have been well characterized 
(Demerec, 1950; Bownes, 1975), as has the metabolism 
of DNA and RNA (Zalokar, 1976; Lovett and Goldstein, 
1977; Anderson and Lengyel, 1981). Of particular rel- 
evance here, development of the nervous system and 
sensory organs during embryogenesis has been de- 
scribed in some detail (Demerec, 1950). 

Embryogenesis is initiated with a large endowment 
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FIG. 7. Southern and Northern blot analyses of the transcripts com- 
plementary to clone 516. DNA was isolated from clone 516, digested 
with the restriction enzymes EcoRI and HindIII, and fractionated by 
agarose gel electrophoresis (a) visualized by EtBr staining; the sizes 
indicated by arrows were determined by comparison to DNA size mark- 
ers electrophoresed in parallel. Fractionated DNA was transferred to 
nitrocellulose (Southern, 1975), and hybridized to polyadenylated cy- 
toplasmic RNA (1 fig) from 6- to 9-hr embryos (b) or to polyadenylated 
polysomal mRNA (1 rg) from adult head (c), which had been radio- 
labeled with polynucleotide kinase. Polyadenylated cytoplasmic RNA 
(1 ag) from 2- to 4-hr (d), 4- to 6-hr (e), and 6- to 9-hr (f) embryos, 
and polyadenylated polysomal mRNA (1 p(p) from adult head (g) were 
denatured in the presence of glyoxal (McMaster and Carmichael, 1977), 
fractionated by gel electrophoresis, and transferred to nitrocellulose 
(Thomas, 1980). Northern blots were hybridized to 0.2 pg of 516 DNA 
nick-translated to a specific activity of -1 X 10s cpm/pg. The arrows 
adjacent to lane d indicate sizes of bacteriophage X-DNA digested with 
HindIII, radiolabeled with polynucleotide kinase using [y-32P]ATP, and 
electrophoresed in parallel with RNA samples to provide size markers. 
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of maternal RNA (0.19 pg/egg; Hough-Evans et al., 
1980). Protein synthesi,s is active at ovulation, increas- 
ing at the time of fertilization (Goldstein and Snyder, 
1973), although no transcriptional activity can be de- 
tected prior to blastulation (90-120 min) (McKnight 
and Miller, 1976; Zalokar, 1976). Nine of the twenty 
clones examined here were observed to be expressed at 
a significant level in maternal RNA (0- to 2-hr eggs), 
where they represented. from 0.02 to 0.08% of the cy- 
toplasmic polyadenylat’ed RNA mass. The concentra- 
tion of four of these declined sharply during the first 
2 hr (Figs. 2B, C, 4D, 5F). Recently, comparative screen- 
ing of a Drosophila library with 0- to 2-hr RNA and 2- 
to 5-hr RNA revealed th.at a proportion of the sequences 
present in maternal R:NA disappeared rapidly in the 
first 2 hr (Scherer et al., 1981). Further, a significant 
loss of the maternal RNA complementary to two cloned 
sea urchin genes has been reported to occur in the first 
hours of embryogenesis (Lev et al., 1980). 

Transcription of the Drosophila embryonic genome 
begins at approximately 90 min, as documented in the 
case of the histone genes (Anderson and Lengyel, 1980). 
Scherer et al. (1981) e:mployed a comparative library 
screening procedure to report that 50-70 new sequences 
whose abundance is >0.05% appear at Hours 2-5. In- 
deed, they have selected the cloned DNAs of several of 
these sequences, and report that most of them peak in 
activity at 6-9 hr, dechning thereafter (Scherer et al., 
1981). Our results demlonstrate abrupt transcriptional 
activity of 6 of the 20 clones at Hours 2-4 (Figs. 3B, 
5B-F). The patterns of expression thereafter can be 
divided into four categories. Six of the clones are not 
expressed significantly at any time other than in the 
adult head (Fig. 2), where their transcripts comprise 
from 0.05 to 0.63% of the polyadenylated mRNA mass. 
These may derive from terminally differentiated tissues 
of the head, for example, the compound eyes, which do 
not differentiate fully until late in metamorphosis (De- 
merec, 1950). They are indeed good candidates to be 
among the messages responsible for abundant proteins 
characteristic of the differentiated state. The other 14 
clones encode genes which apparently have a role in 
embryogenesis. They are expressed in three different 
patterns which can be correlated with general devel- 
opmental events and particularly those of the structures 
contained in the adult head. 

According to Demerec (1950), neuroblasts, from which 
the central nervous system derives are first distinguish- 
able in the 4-hr embryo, where they exhibit distinctive 
morphology and mitotic activity. Their differentiation 
continues somewhat beyond Hour 7. Later, during the 
singularly important HIours 9-11, ganglionic masses 
which will give rise to the brain pull away from the 
surface and begin to compact, rudiments of the optic 
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FIG. 8. Southern and Northern blot analyses of the transcripts com- 
plementary to clone 547. DNA was isolated from clone 547, digested 
with the restriction enzymes EcoRI and HindIII, and fractionated by 
agarose gel electrophoresis ((a) visualized by EtBr staining; the sizes 
indicated by arrows were determined by comparison to DNA size mark- 
ers electrophoresed in parallel). Fractionated DNA was transferred to 
nitrocellulose (Southern, 1975) and hybridized to polyadenylated cy- 
toplasmic RNA (1 pg) from 13. to 20-hr embryos (b) or to polyaden- 
ylated polysomal mRNA (1 rg) from adult head (c) which had been 
radiolabeled with polynucleotide kinase (sp act = 3 X lo7 cpm/wg). 
Polyadenylated cytoplasmic RNA (1 pg) from 13. to 20-hr embryos (d), 
and polyadenylated polysomal mRNA from pupae (e), adult body (f), 
and adult head (g) were fractionated by gel electrophoresis, and trans- 
ferred to nitrocellulose (Thomas, 1980). Northern blots were hybridized 
to 0.2 pg of 547 DNA nick-translated to a specific activity of -1 X lo8 
cpm/pg. The arrows adjacent to lane d indicate the sizes of bacterio- 
phage A-DNA digested with HindIII, radiolabeled with polynucleotide 
kinase using [y-32P]ATP, and electrophoresed in parallel with RNA 
samples to provide size markers. 

lobes invaginate, and the first cholinesterase activity is 
observed. Development of the larval cephalic sense or- 
gans occurs late in embryogenesis, Hours 14-16. In the 
larva, the central nervous system consists of the two 
brain hemispheres and the ventral ganglionic mass 
which will appear in the adult but are located in the 
larval third thoracic segment. The imaginal eye and 
antenna1 discs, attached to the larval brain, reach their 
maximal size late in larval development. During meta- 
morphosis, the central nervous system of the larva is 
not destroyed, but undergoes various changes in shape, 
size, and internal anatomy to become the cephalic and 
thoracic structures of the adult central nervous system, 
the brain and ventral ganglionic mass. The compound 
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eyes differentiate fully only late in metamorphosis. Of 
the 14 head-specific clones expressed during develop- 
ment, 2 peak in activity early in embryogenesis, Hours 
6-11 (Fig. 3). Six others are active later in development, 
3 between Hours 13 and 20 of embryogenesis (Figs. 4A- 
C), and 3 in the 5 to 7-hr pupa (Figs. 4D-F). Of the 
latter, the transcripts appear on polysomes of pupa more 
frequently than on those of the whole adult or even the 
adult head (Fig. 4E). Finally, a group of 6 clones is ex- 
pressed both early in embryogenesis (Hours 4-9) and 
in pupa (or larva, in one case; Fig. 5). The transcripts 
complementary to all 6 of these clones are more abun- 
dant on polysomes of pupa (or larva) than on those of 
the whole adult or adult head. Thus, the activity which 
gives rise to the abundance of transcripts observed in 
adult head may actually begin in the pupa or earlier. 
Most importantly, the data illustrate that 14 of 20 
cloned DNA sequences expressed prevalently in the tis- 
sues of the adult head are also active for brief periods 
at other times in development. Further, subsets of the 
20 sequences are regulated temporally in one of four 
patterns. Studies of the changing prevalence of cloned 
mRNA species during development of sea urchin and 
Xenopus have shown a similar phenomenon to occur in 
a few cases. In particular, a gene expressed in the early 
sea urchin embryo was shown to disappear from the 
polysomes of gastrula, but to reappear on the polysomes 
of adult intestine (Lev et al., 1980). In Xenopus, some 
of the >200 cloned species followed throughout devel- 
opment exhibited patterns of expression which suggest 
some common regulation (Dworkin and Dawid, 1980). 
However, the whole of embryogenesis in these organ- 
isms is too long to permit a detailed analysis; therefore, 
brief periods of activity would not have been detected. 

In some cases reported here, peaks of expression dur- 
ing embryogenesis are indeed quite brief (Figs. 3A, B, 
5B-E). For example, the transcript of clone 543 is ob- 
served to rise and fall fivefold in concentration between 
Hours 2 and 6 (Fig. 5D). The concentrations of se- 
quences 536 and 549 rise and drop from 2.5- to 4-fold 
between Hours 2 and 11. Newly synthesized mRNA in 
sea urchin embryos turns over with a half-life of 5.7 hr 
(Galau et al., 1977), a length of time comparable to the 
peaks of activity we observe during Drosophila embryo- 
genesis. Lengyel and Penman (1977) reported that 
mRNA in a cultured Drosophila cell line is composed 
of two components with half-lives of 1 hr and 6-7 hr. 

A further issue we address here is the relationship 
between the spatial organization of genes and their 
expression. Nineteen of the twenty cloned sequences 
were shown in the accompanying paper to occur at 
unique loci on all five polytene chromosome arms. No 
correlations are obvious between the 19 loci identified 
and the patterns of expression exhibited by the cloned 

sequences. Two clones, 507 and 547, occur at locus 66D, 
and appear to have in common the gene sequence en- 
coding the larger of the two mRNA species comple- 
mentary to 547 DNA. It is not known whether the clones 
were derived from the identical genomic DNA or from 
a repeat element (see accompanying paper). However, 
we demonstrate in this report that the gene sequence 
held in common is expressed significantly only in the 
adult head. Two other clones, 538 and 551, map to 
closely adjacent loci (28A and 28C), and encode three 
distinct mRNA species in head (see accompanying pa- 
per). Interestingly, both clones 538 and 551 clearly dem- 
onstrate the pattern of expression characteristic of class 
I described above, in which no significant transcription 
is apparent in the cytoplasm of any developmental stage 
except in the adult head. 

Of more significance than the relationship between 
cloned DNAs is the relationship between genes tightly 
clustered within a single clone. In several specific cases, 
sets of closely clustered genes are expressed coordinately 
during development. This is true of four genes encoding 
the larval cuticle proteins of Drosophila (Snyder et al., 
1981), four heat-shock genes at the locus 67B on Dro- 
sophila chromosomes (Corces et al., 1980; Wadsworth 
et al., 1980; Voellmy et al., 1981), and several sets of 
developmentally regulated genes in Dictyostelium (Man- 
giarotti et al., 1981). Further, the genes encoding Dro- 
sophila chorion proteins are clustered at a few chro- 
mosomal loci which may represent coordinately regu- 
lated gene sets (Griffin-Shea et al., 1980; Spradling et 
al., 1980). We report here that two clusters of genes, 
those on clones 551 and 549, are subject to common 
regulation during development. Clone 551 encodes two 
large mRNA species (see accompanying paper) which 
are prevalent only in the adult head where together they 
occupy 0.24% of the mRNA mass (Fig. 2E). The three 
RNA species encoded by clone 549 are expressed co- 
ordinately throughout development (Fig. 6). Although 
their total level of expression is temporally regulated 
(Fig. 3B), the relative amounts of each species appear 
not to change (Fig. 6). 

In contrast, clone 516 encodes three RNA species, 
only two of which are expressed during embryogenesis 
(Hours 2-9; Figs. 2A, 7D-F). The third is expressed only 
in the adult head, and is the only one of the three species 
found on head polysomes (Fig. 7g). Clone 547 encodes 
two developmentally controlled RNA species, also sub- 
ject to distinct regulatory influences. The larger species 
represents 0.30% of the mass of polyadenylated mRNA 
of the head (Fig. 4B), and is the only one expressed on 
head polysomes (Fig. 8f). The smaller is found in the 
cytoplasm of late embryos (13-20 hr), and on the poly- 
somes of pupa and adult body (Figs. 8d, e, g). Thus, it 
is clear that immediate physical proximity of gene se- 
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quences does not ensure coordinate regulation of expres- 
sion. Similarly, Scherer et al. (1981) selected cloned 
DNAs expressed during Drosophila embryogenesis, some 
of which encode differentially regulated RNA species. 
Other clones of this type have been described from Dic- 
tyostelium (Mangiarotti. et al., 1981) and Aspergillus 
(Zimmermann et al., 19;SO). The globin gene clusters of 
humans also represent adjacent genes which are ex- 
pressed distinctly during development, although the genes 
of each cluster may have arisen from a common ancestor 
(Fritsch et al., 1980; Lauer et al., 1980). Each of the cloned 
DNA sequences in this study has been mapped to a single 
locus on the chromosomes of D. melanogaster under con- 
ditions of in situ hybridi’zation in which a repeat element 
as small as 500 nucleotides can be identified. Thus, the 
genes appear to represent single-copy DNA (see accom- 
panying paper). However, the closely clustered genes 
which reside on a single-cloned species may represent 
members of a small multigene family. Such a possibility 
has not been ruled out, and may indeed influence sig- 
nificantly the regulation of their expression. 

To summarize, we have described in this and the ac- 
companying paper many aspects of the expression and 
organization of a set of cloned DNA sequences selected 
because of the prevalence of their transcripts on poly- 
somes of the adult head. Our data indicate that in- 
creased transcriptional activity contributes to the abun- 
dance on head polysomes, although some post-tran- 
scriptional mechanism may also exert an influence. We 
report here that the RNA transcripts are found as mod- 
erately abundant species not only in the adult head, but 
also for brief periods at other times in development. 
Further, we have shown that although the head-specific 
clones are not clustered on polytene chromosomes, 
many of them contain m.ultiple gene sequences clustered 
on the approximately 15 kb of DNA. The expression of 
closely clustered genes is shown to be coordinately reg- 
ulated in some cases and not in others. 
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