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CHAPTER I 

INTRODUCTION 

The cuticle of insects is an extracellular structure which serves 

functionally as both skin and skeleton. Morphologically there is a 

difference between larval, pupal and adult cuticles of lepidopterans, 

larval cuticle being soft, pupal cuticle being hard and brown in color 

and adult cuticles being soft, pigmented and with scales. This gave 

rise to the speculation that the components of the cuticle at the three 

stages, namely, larva, pupa and adult, might be different (1,2). 

Cuticle is primarily made up of proteins and chitifi and to some 

extent waxes (3). All these components are secreted by the 

underlying epidermal cells. The composition of waxes and chitin 

appears to be the same in an insect at all stages of development. So it 

was logically assumed that the proteins of cuticles during various 

stages should be different. However, the difference in the 

morphological appearance of cuticles could be due to a mere 

variation in the structure as a consequence of the differences in the 

manner of cross-linking between chitin and different proteins and/or 

changes associated with the formation of the cuticle (4). Several 

studies (5,6,7 and 8) done during the early 80's show that stage 

specific proteins do exist, which is the reason, or one of the main 

reasons, for the morphological differences in cuticles. Two 

hormones play an important role in the synthesis and secretion of 

cuticular components by the epidermal cells. A steroid hormone, 
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20-hydroxyecdysone, induces the epidermal cells to secrete cuticular 

components (9,10,11). This hormone, also known as molting 

hormone, induces the molting processes, whereby biochemical 

changes occur, leading to shedding of a thin outer layer of the old 

cuticle. The formation of the new cuticle from newly synthesized 

cuticular components is also aided by the same hormone. Prothoracic 

glands of the insects synthesize and secrete this hormone as 

ecdysone. This prohormone, ecdysone, is converted in the peripheral 

tissues to 20-hydroxyecdysone which is the active form of the 

hormone (Fig. 1). The hydroxylation of ecdysone to 20-

hydroxyecdysone in the peripheral tissues such as fat body, is 

catalyzed by the mitochondrial P450 dependent 20-monooxygenase 

(12). The biological activity of 20-hydroxyecdysone is 200 times that 

of ecdysone. The secretion of the hormone by prothoracic glands is 

under control of prothoracicotrophic hormone, a brain hormone (Fig. 

2) (12). Another hormone, juvenile hormone, a sesquiterpinoid 

compound, is secreted by corpora allata. Four types of juvenile 

hormones exist in insects (Fig. 3). In the silkmoth, juvenile hormone I 

is the active hormone (13) which takes part in the regulation of the 

metamorphic changes. Juvenile hormone III is not found in 

significant amounts during early developmental changes, but it plays 

a very important role as a gonadotrophin in adult females of some 

insects (14). In lepidopterans, the level of the juvenile hormone I 

which is regulated by an enzyme juvenile hormone esterase (JHE) 

goes down during metamorphosis. A large amount of data 

accumulated over the years has led to the general hypothesis that 
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Figure 1. The conversion of ecdysone (left) to 
20-hydroxyecdysone (right) by the mitochondrial 

P-450 ecdysone 20-monooxygenase (ref. 14). 
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20-hydroxyecdysone induces epidermal cells to secrete the cuticle 

while juvenile hormone I influences the qualitative nature of the 

cuticle produced. During larval stage, the growth of the insect is 

rapid. With all the beneficial effects of cuticle for the insect, one 

disadvantage is the limitation it places on the growth of the larva 

because of its limited expandability. One way to get around this 

disadvantage, is to synthesize a new and larger cuticle which will 

replace the old and smaller cuticle during the molting process. During 

the larval stage, prior to each molt, the 20-hydroxyecdysone level 

increases which induces the synthesis of a new cuticle and shedding 

off the old cuticle. The larval stage may have many instars during 

which molting of the old cuticle and deposition of new cuticle takes 

place repeatedly and during this time the variation in the level of the 

juvenile hormone I is not significant. During larval to pupal 

metamorphosis, however, the pattern of hormonal changes is 

different. The 20-hydroxyecdysone level increases as usual, to affect 

the synthesis of the new pupal cuticle, but prior to this occurrence, 

the regulation of the juvenile hormone level becomes critical. The 

juvenile hormone I level appears to be regulated at both the levels of 

the synthesis and degradation. The synthesis of juvenile hormone I is 

reduced by mechanisms still unknown and the existing hormone 

level is reduced by JHE whose activity and quantity increases at the 

specific time (15). If a juvenile hormone I analog which is resistant 

to degradation by juvenile hormone esterase activity or to other 

unknown factors, is injected into fifth instar larva of Manduca sexta. 

at the time the juvenile hormone I normally disappears, instead of 



changing to pupa, the larva turns itself into a giant larva. This 

experiment adds strength to the hypothesis that juvenile hormone I 

determines the path of differentiation brought about by 20-

hydroxyecdysone during metamorphosis. The study of hormonally 

regulated cuticular proteins has been vigorously pursued in a few 

insects namely Drosophila species (fruit fly), Manduca sexta (tobacco 

hornworm) and Antheraea polvphemus. and Hyalophora cecropia 

(silkmoth). The study of oak silkmoth (Antheraea polyphemus) 

cuticular proteins will be considered in detail as it pertains to the 

main project of the dissertation, namely, the isolation and 

characterization of pupal stage specific protein genes. 

The pupa of silkmoth Antheraea polyphemus enters a state of 

developmental arrest (diapause), in which the metabolic activity 

almost comes to a standstill with virtual absence of cell division. This 

diapause lasts through the winter and early spring. When changes 

occur in the environmental parameters, such as temperature and 

photo period during spring, 20-hydroxyecdysone level increases 

which elicits adult development including the secretion of adult 

cuticle, gonad maturation, development of sensory structures and 

about three weeks later the adult moth escapes from the remnants of 

the old pupal cuticle and cocoon. The diapausing pupa can be stored 

at 4°C for many months without any metamorphic change and adult 

development is initiated when pupa is brought to room temperature 

and/or injected with 20-hydroxyecdysone (17). But when the pupa is 

brought to room temperature and is injected with both 20-

hydroxyecdysone and juvenile hormone I, instead of the 
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development of adult, the organism develops into another pupa. 

Synthesis of a second brown and brittle pupal cuticle occurs which is 

morphologically different from the adult cuticle with scales. This 

kind of manipulation of the synthesis of adult and pupal cuticles by 

20-hydroxyecdysone and juvenile hormone I is advantageous from 

the research point of view, because (i) the pupal and adult cuticles 

could be obtained before complete sclerotization and tanning of 

cuticle, facilitating the extraction of cuticular proteins, and (ii) the 

growth (adult and pupal) could be initiated whenever required 

instead of waiting for a particular period, namely, early spring for 

the development of the adult. Under normal circumstances, it is 

extremely difficult to obtain the pupal cuticular proteins and mRNAs 

which are specific to pupal stage. 

Katula £lal-, (18), first studied the mRNA populations during 

wing development in the silkmoth Antheraea polyphemus. The wing 

epidermis, which is basically a single layer of cells that can be easily 

removed from the pupa, was utilized to study the effects of 20-

hydroxyecdysone and juvenile hormone I. As anticipated, 20-

hydroxyecdysone increased the content and the rate of synthesis of 

RNAs and proteins of the wing tissue. Surprisingly, administration of 

both 20-hydroxyecdysone and juvenile hormone I together had 

similar effects on these two parameters, even though the 

morphological change later during development is obviously 

different. This work was further extended to analyze the products of 

translation of the various poly A"*" RNA populations with a wheat 

germ cell free system. The in vitro translated proteins were 



subjected to one- and two-dimensional gel electrophoresis and 

fluorography. The poly A"*" RNAs obtained from epidermis of pupae 

treated with 20-hydroxyecdysone alone showed production of new 

proteins. A few differences were observed between samples from 

the two hormone treatments. Juvenile hormone I application resulted 

in quantitative changes in specific mRNAs, but no new mRNAs 

unique to juvenile hormone I action were observed (18). This work 

was continued with the cuticular proteins of pupal and adult stages 

of the silkmoth (1). Proteins from the untanned pupal and adult 

abdominal and wing cuticles were analyzed using one- and two-

dimensional gel electrophoresis. Both pupal and adult cuticles contain 

from 30 to 40 polypeptides of which about 10 in each case make up 

the major proportion. The major proteins fall in the molecular weight 

range of 15,000 to 40,000 daltons. SDS-polyacrylamide gel 

electrophoresis and amino acid analysis showed that the protein 

composition of pupal and adult cuticles differ from one another (Figs. 

4 and 5). Immunological analysis, however, indicated some structural 

component to be common among some of the proteins as good 

antibody cross reactivity was seen. The cuticular proteins of pupal 

stage were compared with the in. vitro translated products of pupal 

stage specific mRNAs using two-dimensional gel electrophoretic 

analysis and it was found that there is a strong similarity between 

them, which indicated that some of the pupal stage specific mRNAs 

from epidermal cells code for the cuticular proteins. 

With the information available, the next logical step was to 

identify the genes which are pupal stage specific. To isolate and 
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characterize pupal stage specific genes it is essential to use a probe, 

which is very specific to pupal stage (19). Labeled cDNAs were 

synthesized from the pupal stage specific poly A""" RNAs. The labeled 

cDNAs were hybridized with other poly A"*" RNAs obtained from 

stages in which no pupal poly A"̂  RNAs were present (for example, 

day 1 of the pupal development during which no poly A"*" RNAs of 

pupal stage is present). The hybridization was carried to saturation 

and the single stranded cDNAs which were specific to pupal stage 

and the double stranded mRNA:cDNA were separated using 

hydroxyapatite column. The pupal stage specific cDNAs ("null" 

cDNAs) were then hybridized to various mRNAs. Both hybridization 

curves and kinetic analysis showed that the "null" cDNAs were 

indeed specific to pupal stage (Fig. 6). These results demonstrated 

that the labeled "null" cDNAs could be used as a probe to isolate 

pupal stage specific genes. 

If the pupal stage specific genes can be isolated and the 

flanking regions which may serve as regulatory sequences of these 

genes are delineated, they can be utilized for the following purposes: 

1. determining the details about the organization of pupal stage 

specific cuticular genes; 2. determining whether the pupal stage 

specific genes are expressed at other developmental stages such as 

the larval and the adult; 3. analyzing whether the cuticular genes of 

the silkmoth show any homology with the genomic DNAs of other 

insects; and 4. studying about the mechanism of regulation of the 

expression of the genes. The first important question was about the 

organization of the genes, since Snyder etal-, (8,20) showed that the 
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Drosophila melanogaster larval cuticular protein genes were 

clustered and all four genes in the cluster showed remarkable 

homology among themselves. They hypothesized that the homology 

is due to evolution of the various larval cuticular genes from a single 

gene. So it was considered important and interesting to study the 

organization of the pupal stage specific genes to determine whether 

they are clustered. The second question of importance is about the 

expression of the stage specific genes, occurring at a particular 

developmental stage (pupa) or at other developmental stages also 

(larval and adult stages). It was shown in Drosophila melanogaster 

that the larval cuticular protein genes were not expressed during 

pupal and adult developmental stages. On the contrary, it was shown 

by electrophoresis that some of the larval and pupal cuticular 

proteins of Tenebrio molitor were identical, suggesting that some of 

the cuticular protein genes may be expressed during different stages 

of development (21). However, a similar electrophoretic separation 

followed by analysis of individual polypeptides of similar molecular 

weight from the pupal and adult stages of the silkmoth showed them 

to be different. Both these findings could be wrong as the 

polypeptides which showed single bands on one-dimensional gels, on 

which both conclusions were arrived at, separate into several 

polypeptides of differing pis on two-dimensional gels (57). In fact, 

Willis (5,21,57) came up with a new hypothesis which modified the 

model for the "classical" paradigm showing the organization of genes 

into stage-specific sets. The new model proposes that some genes 

may be expressed during different developmental stages, the 
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characteristic being dependent on the nature of the cuticle rather 

than the stage. It is interesting to note that in Tenebrio molitor. both 

stage specific cuticular proteins (5) and others that are synthesized 

at both the larval and pupal stages (21), are present. Thirdly, 

expression of the cuticular protein genes of all insects appear to be 

controlled by a single hormone 20-hydroxyecdysone. It will be 

interesting to understand whether the cuticular genes of various 

insects show any homology, and if so, it may suggest that the 

cuticular genes might have evolved from similar ancestral genes 

through hundred million years during the evolution of the various 

insect orders. Analysis of 5' flanking sequences of such genes might 

yield information on the elements required for hormonal regulation. 

By isolation and characterization of the pupal stage specific genes, it 

will be possible to provide answers to some of the questions posed 

above. 



CHAPTER II 

CONSTRUCTION OF SILKMOTH GENOMIC 

DNA LIBRARY IN EMBL4 PHAGE VECTOR 

Introduction 

In order to analyze in detail the structure and function of the 

pupal stage specific cuticular genes and their adjacent regulatory 

regions, it was essential first to isolate and analyze the gene(s) as 

individual genomic clones. To do this, a genomic DNA library 

optimally containing overlapping sets of large DNA fragments that 

include at least one copy of each sequence in the genome had to be 

generated. These fragments can then be cloned and propagated in an 

appropriate procaryotic vector, usually a bacteriophage (23,31,32 

and 33). The recombinant phages thus generated constitute members 

of the library, each of which has its own cloned segment of DNA. The 

genomic library can be screened by hybridization with a radioactive 

probe specific to gene(s) expressed during any specific stage of 

development. This in turn allows selection of the desired 

bacteriophage clone(s) from the library. The selected bacteriophage 

clones can be plaque purified and the purified clones can be grown 

preparatively to obtain DNAs in amounts adequate for detailed 

analysis. 

The bacteriophage vector chosen for the construction of the 

genomic library was EMBL4 (Fig. 7), a derivative of lambda phage 

1059 (22 and 34). EMBL4 was digested with Bam HI and Sal I to 

obtain arms and the silkmoth DNA was partially digested to obtain 

16 
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15 to 20 kb DNA fragments. Both DNAs were subjected to ligation 

and were packaged to prepare the library (23). 

Methods and Results 

Dr. Agnes Moine did the major part of the work involved in the 

construction of the silkmoth genomic DNA library in EMBL4 phage 

vector with my assistance. 

Preparation of Vector DNA 

EMBL4 DNA was digested at a concentration of 228 ^g/570 p.1 

with Bam HI and Sal I restriction enzymes at 37°C for 2 hours to 

remove the stuffer fragment. Bam HI removes the stuffer fragment 

and Sal I cuts the stuffer fragment into two fragments and it also 

removes the Bam HI restriction site from the stuffer fragment, which 

makes the isolation of arms of EMBL4 much easier. When digestion 

was complete, the sample was extracted equal volumes with phenol 

and CHCI3 (25:25) and DNA was precipitated with two volumes of 

ethanol in 0.15 M NaCl. The pelleted DNA was resuspended in at a 

concentration of 150 |xg/ml in TE buffer, pH 7.5. MgCl2 was added to 

0.01 M and the solution was incubated at 42°C for 1 hour to allow the 

cohesive ends of bacteriophage DNA to reanneal. An aliquot of DNA 

was analyzed by gel electrophoresis to determine whether annealing 

had occurred. Two 3 8-ml sucrose (10-40% w/v) gradients were 

prepared in ultracentrifuge tubes (Beckman SW27). The sucrose 

solution was made in a buffer containing 1 M sodium chloride, 20 

mM Tris HCl, pH 8.0 and 5 mM EDTA, pH 8.0. Seventy îg of annealed, 
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digested DNA in a volume of 500 |xl, were loaded onto each gradient 

and were centrifuged at 26,000 rpm for 24 hours at 15°C. All 0.5 ml 

fractions were collected through a 21-gauge needle inserted through 

the bottom of the centrifuge tube. Fifteen \i\ of every third fraction 

was electrophoresed through a 0.7% agarose gel. The fractions 

containing the annealed arms were located and pooled. The pooled 

fractions were dialyzed against a large volume of TE at 4°C for 12 

hours, with at least one change of buffer. After dialysis, the sample 

was extracted with 2-butanol to reduce the volume to 5 ml. The DNA 

was precipitated with ethanol. After centrifugation, the pellet was 

dissolved in TE to give 0.5 îg/jil DNA (EMBL arms) (23,25). 

Preparation of 15-20 kb Fragments of the 
Silkmoth Genomic DNA 

To establish ideal conditions for partial digestion of the 

genomic DNA, the following procedure was used (24): 10 jig of 

silkmoth genomic DNA isolated from wing epidermis nuclei and 

restriction enzyme buffer (high buffer with 100 mM sodium 

chloride) for Mbo I were mixed in a final volume of 150 |il. 30 |il of 

the mixed solution was dispensed into an Eppendorf tube (tube 1). 

15 |xl of the solution was added to tubes 2-8. The remainder of the 

solution was added to tube 9. All tubes were chilled on ice. Four units 

of restriction enzyme were added to tube 1. The concentration of the 

enzyme was thus 2 units/|Xg of DNA. The contents were mixed well 

and the two-fold serial dilution was continued through to tube 8. 

Tubes 1-8 were incubated for 1 hour at 37°C. The reaction was 
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stopped by chilling the tubes to 0°C and by adding EDTA to a final 

volume of 20 mM. Three 1̂ of gel loading dye [0.25 bromophenol 

blue and 40% (w/v) sucrose in water] was added to each sample and 

analyzed by electrophoresis through a 0.7% agarose gel. EMBL4 DNA 

digested with Bam HI and pBR322 multimers were used as markers. 

Electrophoresis was carried out slowly (1-2 V/cm) until the 

bromophenol blue has just migrated off the gel. The gel was 

photographed and using the photograph and the markers, the 

amount of the enzyme needed to produce the maximum intensity of 

fluorescence in the 15-20 kb region of the gel was determined (Fig. 

8). The intensity of the fluorescence is related to the mass 

distribution of the DNA (25). About 0.015 unit of the Mbo I 

enzyme/|Xg of the silkmoth genomic DNA, was needed to produce 

maximum concentration of 15-20 kb of partially digested DNA. 

Having standardized the optimal conditions for partial digestion 

of the genomic DNA, large scale preparation of partially digested 

genomic DNA was carried out in the same manner, using 400 fjig of 

the silkmoth genomic DNA. 

Ligation and Packaging 

The EMBL4 arms have Bam HI restriction sites and the 

partially digested genomic DNA of the silkmoth has Mbo I restriction 

sites. Both ends are compatible and the DNAs can be ligated together 

by bacteriophage T4 DNA ligase. A series of test ligations were 

performed to determine the ratio of arms to inserts (partially 

digested silkmoth genomic DNAs) that gave the greatest number of 
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One îg of silkmoth genomic DNA was digested with 
varying concentrations of Mbo I. EMBL4 digested with 
Bam HI and pBR 322 multimers were used as markers. 
Mbo I (0.015 units) gave 15 to 20 kbs of partially 
digested DNA. 
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packageable molecules (23). Although the ratio is theoretically 2:1 

(arms: inserts), some of the molecules may lack a cohesive terminus, 

so that the effective concentration of ends available for ligation may 

be less than the calculation suggests. For the test ligations, molar 

ratios of 4:1, 2:1, 1:1 and 0.5:1 (arms:inserts) were used (26). 

The test ligation was carried out in the following manner: Each 

ligation reaction contained a total of 2 jig of DNA in a volume of 10 |il. 

Also a control was set up containing only 1.5 \ig of EMBL4 arms to 

estimate the background caused by contamination of the arms with 

stuffer fragment(s) or with intact EMBL4 DNA. DNAs (2 |ig) and one-

tenth volume of.lOX ligation buffer (0.66 M Tris.HCl, pH 7.5, 50 mM 

MgCl2, 50 mM DTT and 10 mM ATP) were mixed in a final volume of 

10 îl. An aliquot (1 p.1) from each reaction was removed and added to 

10 |il of TE (pH 7.9). This was kept for later analysis by gel 

electrophoresis. Bacteriophage T4 DNA ligase (50 Weiss units) was 

added to the remainder of the solution and incubated for 16 hours at 

12°C. Another aliquot (1 .̂1) from each reaction was removed and 10 

jxl of TE pH 7.9, was added to each. The aliquots were heated with 

those set aside before, for 5 minutes at 68°C in order to denature any 

unligated bacteriophage DNA cohesive ends. The samples were 

analyzed by electrophoresis through a 0.7% agarose gel, using as 

markers multimers of pBR322 and intact lambda DNA. The ligation 

reactions were successful with ratios of 2:1 and 4:1 (arms:inserts) 

and it was observed that the ligated material was almost as large as 

the intact bacteriophage lambda DNA which was run as a control. 

Five |il of each ligation reaction was used as a substrate for an i_n 
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vitrp packaging reaction with 25 l̂l of packaging extract (Packagene 

from Promega Biotec, Madison, WI). A mock packaging reaction was 

carried out, containing no DNA, to measure any background that 

might be contributed by the extracts. Also a packaging reaction with 

the standard preparation of EMBL4 DNA was carried out. Ten-fold 

serial dilutions of the packaged materials (test and control) were 

carried out (number of phages expected was assumed to be between 
5 8 

10 to 10 per ml). 0.1 ml of each dilution to be assayed, was 

dispensed into 13 mm x 100 mm test tubes. A 0.1 ml of plating 

bacteria (freshly grown KH 802) was added to each tube and mixed. 

Incubation was done at 37°C for 20 minutes to allow the 

bacteriophage particles to adsorb to the bacteria. Three ml of NZYM 

medium containing melted 0.7% agar, which was kept at 47°C was 

added to the tube containing phage and bacteria. The contents were 

immediately mixed and poured onto a labeled plate containing 35 ml 

of hardened bottom agar medium. The plates are gently swirled to 

ensure even distribution of bacteria and top agar. The plates were 

kept at room temperature for 10 minutes to allow the top agar to 

harden. The plates were incubated at inverted position at 37°C for 16 

hours. The number of recombinant phage plaques produced were 

counted in each plate. From these results the optimal ratio of 

arms:inserts in the ligation reaction was determined and it was found 

that the 2:1 ratio (arm:insert) was the best. This ratio was used in the 

subsequent large scale ligation and packaging reaction. Fourteen .̂g 

of EMBL4 arms and 7 îg of partially digested silkmoth DNA was used 

in the large scale ligation and packaging reaction. By plating the 
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packaged recombinant phage DNA with KH 802 bacteria, the titer 

was found to be 5 x 10^ phage per ml. 

Amplification of the Library 

The library of recombinant bacteriophages was amplified by 

growing a phage stock directly from the packaging mixture (24). An 

aliquot of the packaging mixture (25,000 recombinant phages per 5 

l̂l) was mixed with 0.2 ml of plating bacteria (KH 802) and incubated 

at 37°C for 20 minutes. Eight ml of melted top agar kept at 47°C were 

mixed with the infected bacteria and spread onto a freshly poured, 

150 mm plate of bottom agar. Sixteen such plates were prepared and 

incubated at 37°C for 11 hours. The plaques were not allowed to 

grow large to prevent touching of the plaques. The plates were 

overiaid with 12 ml of SM solution (5.8 g NaCl, 2 g MgCl2, 50 ml of 1 

M Tris.HCl, pH 7.5, and 5 ml of 2% gelatin in a total volume of 1 liter). 

The plates were stored at 4°C overnight. The bacteriophage 

suspension was recovered from each plate and transferred to a 

sterile polypropylene tube. The plates were rinsed with 4 ml SM 

solution and poured into a polypropylene tube. CHCI3 was added to 

5% and the tube was incubated for 15 minutes at room temperature 

with occasional shaking. Cell and agar debris were removed by 

centrifugation at 4,000 g for 5 minutes at 4°C. The supernatant was 

recovered and CHCI3 was added to 0.3%. The supernatant was stored 

in aliquots of 10 ml at 4°C. 
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Results 

The titer of the library after amplification was checked by 

plating the phages using a series of 10-fold dilutions and it was 

found to be 4x10 phage per ml. 



CHAPTER m 

ISOLATION OF PUPAL STAGE CLONES 

Introduction 

It was mentioned in the first chapter that the pupal cuticular 

proteins of the silkmoth Antheraea polvphemus have been 

extensively studied by one-dimensional and two-dimensional 

electrophoretic analysis (1). The mRNA populations of the wing 

epidermis during pupal development have been characterized by 

one- or two-dimensional gel analysis of in vitro translation products. 

The two-dimensional gel profile showed close resemblance to the 

pupal cuticular proteins (18). Based on the above information, the 

isolation of pupal stage specific cuticular protein genes was 

attempted using pupal stage specific mRNAs as probes. The detailed 

analysis of such genes will provide information on the organization of 

the pupal cuticular protein genes with respect to those of other 

stages, and what homology, if any, exists between pupal and other 

cuticular protein genes expressed at the adult and larval stages. Such 

a study of these pupal cuticular genes will also be valuble to analyze 

the mechanisms by which eucaryotes express specific sets of genes at 

a particular developmental period. 

The genomic library of the silkmoth, prepared as described 

earlier, was screened with labeled pupal stage specific cDNA probes. 

Eight pupal stage specific clones were isolated after three rounds of 

selection and purification. These pupal clones were subjected to 

further analysis to determine the organization of the pupal stage 

26 
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cuticular protein genes and to study the relationship of these genes 

to those of the adult and larva. 

Preparation of the Probes to Screen 
the Library 

The preparation of a cDNA probe which is very specific to 

pupal stage is essential to screen the genomic library. When 20-

hydroxyecdysone and juvenile hormone I are administered to the 

diapausing pupae, accumulation of mRNAs as well as the synthesis of 

the pupal cuticular protein occur between 4 to 6 days (62). The 

nomenclature "JO" is used for the day on which injection of 20-

hydroxyecdysone and juvenile hormone I are given and the 6th day 

after hormone administration is called "J6." J6 RNA was extracted 

from the wing epidermis and poly A"*" mRNA separated on oligo dT 

cellulose column (52) was utilized to synthesize labeled cDNA using 

reverse transcriptase enzyme (27). The J6 cDNA was hybridized with 

Jl mRNA. Hybridization will occur between common mRNAs and 

cDNAs. The double-stranded mRNA:cDNA hybrids were separated 

from the single-stranded cDNA using a hydroxyapatite column. The 

single-stranded cDNA thus obtained corresponded to mRNAs which 

were expressed during the synthesis of pupal cuticular proteins 

(Sridhara, S., unpublished). This cDNA was called "J6 null cDNA" 

(cDNA enriched for the pupal stage) and the labeled "J6 null cDNA" 

was used as a probe to screen the genomic DNA library. 
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Materials and Methods 

Animals and Hormone Application 

Pupae of Antheraea polvphemus were obtained commercially 

and stored at 4°C until used. Development was elicited by removing 

pupae from the cold, placing them in an incubator at 25°C for 2 hours 

and then injecting 20-hydroxyecdysone in water (2 ^g/g pupa) and 

juvenile hormone I in olive oil (2 p-g/g pupa), through an 

intersegmental membrane. The pupae were kept in the incubator 

(with 16 hours light: 8 hours dark photoperiod) for various periods 

of time. Under these conditions new pupal wings are observed under 

the cuticle of the old pupa by day 5-6. Wing epidermis was dissected 

every 24 hours after hormone administration. Wing epidermis of 

other silkmoths Antheraea luna and Hyalophora cecropia. were 

isolated after 6 days of hormone administration. 

Isolation and Analysis of RNA 

RNA was isolated by extraction of wing epidermis dissected 

from developing pupae with phenol-chloroform (25:25) by standard 

procedures and purified (18). Poly A"*" RNA was isolated by 

fractionation on an oligo dT cellulose column (52). 

Svnthesis of Labeled J6 cDNA 

DNA complementary to J6 poly A+ RNA (J6 cDNA), was 

synthesized using AMV reverse transcriptase under the following 

conditions. The mixture in a total volume of 100 îl contained: 5 

^g/ml oligo dT cellulose, 40 îg/ml J6 poly A+ RNA, 4 mM sodium 
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pyrophosphate, 1 mM each of dATP, dGTP, TTP, [32-p] dCTP 100 îCi 

(400 Ci/mmol, New England Nuclear, Boston, MA.), 50 mM Tris.HCl, 

pH 8.4, 8mM MgCl2, 140 mM. KCl, 4 mM DTT, 5 fig actinomycin-D. 

The RNA, primer and KCl were mixed together, kept at 65°C for 5 

minutes and then transferred to waterbath at 37°C. The remaining 

components were mixed separately and kept at 37°C. At the end of 5 

minutes at 37°C, the two were combined and Avian Myeloblastosis 

virus reverse transcriptase (30 units/fig RNA) was added. The 

reaction was terminated after 90 minutes by the addition of 5 fil of 

100 mM EDTA and 5 \i\ of 20% (w/v) SDS. The entire mixture was 

brought to 1 ml with NETS (0.15 M NaCl, 2 mM EDTA, pH. 8.0, 10 mM 

Tris. HCl, pH 7.4, and 0.2% (w/v) SDS,) and extracted with phenol: 

CHCI3 (25:25) mixture after the addition of 10 .̂g of calf thymus DNA 

and 10 \ig of purified E. coli tRNA as carriers. The aqueous layer was 

removed and the phenol layer again extracted with 1 ml of NETS. The 

aqueous layers were combined and precipitated at -20°C with twice 

the volume of ethanol. The precipitated material was collected by 

centrifugation at 12,000 g for 30 minutes at 4°C and dissolved in 

0.45 ml water, brought to 0.1 M with NaOH and left at room 

temperature (25°C) for 6 hours to destroy the RNA. The solution was 

then neutralized with HCl and passed through a G-lOO Sephadex 

column. The material eluted in void volume was supplemented with 

20 îg of E^ coli tRNA and precipitated with twice the volume of 

ethanol and the pellet was dried using a vacuum dryer. The pellet 

was dissolved in 100 \i\ of water. 
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cDNA:mRNA Hybridization and Separation of 
J6 Null cDNA 

A cDNA population highly enriched for cDNA sequences (null 

cDNA) specific for pupal wing epidermal cell mRNAs was prepared 

(probably corresponding to the cuticular proteins) as follows: About 

25 X 10 dpm of J6 cDNA (specific activity 3 x 10^ dpm/̂ ig) was 

mixed with 55 [ig of Jl poly (A+) mRNA in 200 \i\ of hybridization 

buffer (0.24 M phosphate buffer) and incubated in sealed capillary 

tubes under standard hybridization conditions (28). The 

hybridization was carried out at 68°C for 5 days during which the 

hybridization was driven to the maximum extent (29). The solution 

diluted in distilled water was passed through a hydroxyapatite 

column (Bio-rad, Richmond, VA.) at 65°C and unhybridized RNA and 

cDNA were eluted with 0.12 M phosphate buffer. This solution 

containing unhybridized cDNA and RNA was dialyzed extensively 

against Tris.HCl (pH 7.6) 50 mM, borate 0.1 M and the cDNA 

precipitated in the presence of E. coli tRNA and with twice the 

volume of ethanol at -20°C. RNA present in this cDNA was digested 

with sodium hydroxide, passed through G-50 sephadex column and 

the single stranded cDNA collected. 

Synthesis of Jl cDNA 

The synthesis of Jl cDNA was carried out similar to the 

synthesis of J6 cDNA, as described above. 
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Screening of the Genomic DNA Library 

A total of at least 100,000 recombinant plaques of the genomic 

DNA library of silkmoth Antheraea polvphemus (genomic complexity 

10 bp) must be examined to isolate the clones containing the pupal 

stage specific genes, to achieve a 99% probabality (23). Hence eight 

150 mm petri dishes containing NZYM agar (10 g casein hydrolysate, 

5 g yeast extract, 10 g NaCl and 1.2 g MgS04^ in 1 liter) were used. 

Approximately 20,000 plaques were grown on each plate. 

The following procedure was used to screen the genomic DNA 

library (30): The titer of the genomic DNA library was 4 x 10^ phage 

per ml. Fifty |il of the phage library containing 2x10 phages were 

mixed with 200 \i\ of overnight grown fresh KH 802 bacteria. The 

phages were adsorbed to cells for 20 minutes at 37°C. The adsorbed 

bacteria were mixed with 8 ml of molten NZYM top agar kept at 50°C, 

and were immediately poured over the NZYM agar plate (at room 

temperature) which was swirled for even distribution of the top agar 

with adsorbed bacteria. The top agar was allowed to harden for 15 

minutes at room temperature. The plates were kept at 37°C for 12 

hours. The plates were kept at 4°C for at least an hour before further 

use. 

Transfer of DNA From Plated Plaques (Phages) 
to Circular Nitrocellular Filters 

Four nitrocellulose filters were used for lifting phages from 

each plate. The first nitrocellulose filter placed on the agar plate for 1 

minute was carefully and slowly peeled off the plate. The other 
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filters marked B, C and D were left on the plates for 3, 5 and 7 

minutes, respectively. These filters were placed on a 3 MM Whatman 

filter paper soaked with denaturing solution (1.5 M NaCl and 0.5 M 

NaOH) for 1 minute. Then, they were transferred to another 3 MM 

Whatman filter paper soaked with neutralizing solution (1 M. Tris 

HCl, pH 8, andl.5 M NaCl) and kept for 5 minutes. The filters were 

dried, plaque side up, for at least 1 hour at room temperature. The 

phage DNA was fixed to the nitrocellulose filter by baking for 2 hours 

in a vacuum oven at 80°C (36). 

Hybridization of the Probes to the Phage DNA 

on the Filter 

The baked filters were washed with the prewashing solution 

(50 mM Tris HCl, pH 8.0,1 M NaCl, 1 mM EDTA, pH 8.0 and 0.1% SDS) 

for 1 hour at 42°C. The prewashing solution removes the fragments 

of agar, absorbed medium or any loose bacterial debris from the 

filters. The washed filters were prehybridized by immersing in 

prehybridization buffer [50% (v/v) formamide, 5X Denhardt solution 

(5 g ficoll, 5 g polyvinylpyrrolidone and 5 g bovine serum albumin, 

in 500 ml), 5X SSC (3 M NaCl and 0.3 M sodium citrate), 0.1% (w/v) 

SDS, 100 fig/ml calf thymus DNA and 50 mM phosphate buffer pH 

7.0) for 12 hours at 42°C. The [^^P]-labeled J6 null cDNA and Jl 

cDNA were denatured for 5 minutes at 97°C in 50% formamide 

solution and cooled immediately on ice. The denatured probes were 

added to the prehybridizing solution and the filters were immersed 

one by one so that the wetting of the filters was complete. Filters A 



33 

and C were added to the hybridization solution containing labeled J6 

null cDNA probe and filters B and D were added to the hybridization 

solution with Jl cDNA probe. The concentration of the probe was 

adjusted so that the hybridization solution contained 0.5-1.0x10^ 

cpm per ml. Hybridization was carried out at 42°C overnight. 

The filters were then washed in 500 ml of solution (2x SSC, 

0.1% SDS) three times for 10 minutes each wash, at room 

temperature. The filters were washed successively with 2x SSC, Ix 

SSC, 0.2x SSC and O.lx SSC solutions (all of them containing 0.1% SDS) 

for 30 minutes each at 68°C. After washing the filters under high 

stringency conditions (washing at 68°C with O.IX SSC (30), the filters 

were dried in air on a sheet of Whatman 3MM paper at room 

temperature. The filters were covered with Saran wrap, and exposed 

to X-ray film (XAR-5, Kodak, Rochester, NY) for 4 to 6 days at -80°C. 

The results obtained by screening of the silkmoth genomic DNA 

library with J6 null cDNA probe and Jl cDNA is shown as a flow chart 

(Fig. 9). 

Results and Discussion 

An example of filter A hybridized with "labeled J6 null cDNA" 

and of filter B hybridized with Jl cDNA is shown (Fig. 10). Using 

markers and the numbers on the filters, the location of positive 

signals in the filters were matched to the phage plaques in the agar 

plates. The positive signals in filters A and C indicate that the phage 

plaques corresponding to them may contain the pupal stage specific 

gene(s) in the DNA fragment which was inserted into the phage DNA. 
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Genomic Library of Silkmoth Antheraea Dolyphemus 

J6 "null" cDNA 

50 positive clones 

three rounds of selection 

and purification 
\1/ 

8 clones specific for J6 stage 

Ni/ 

Restriction mapping 

3 different J6 specific clones 

ApPCP 14, 15 and 112 

Figure 9. Screening of the genomic DNA library of silkmoth 
Antheraea polyphemus with J6 "null" cDNA probe to isolate 

J6 stage clones. 
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Figure 10. Purification and selection of 
J6 specific clones. 

Filters A and B were lifted from a NZYM 
agar plate and hybridized to Jl cDNA and 
J6 "null" cDNA, respectively. Autoradiogram 
shows that the filter B has a spot "I" which 
is not found in the filter A, indicating that 
the spot is specific for J6 stage. 
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To ensure accuracy, the positive signals should be present in both A 

and C filters obtained from the same plate in the same place. The 

filters B and D which were hybridized with labeled Jl cDNA, were 

also matched with filters A and C obtained from the same plate. The 

positive signals of A and C should nol match any of the positive 

signals in filters B and D, indicating that the signals are specific to 

pupal stage specific clones. Since the single copy cDNAs hybridize to 

only 85-90% by day 5, it is possible that 10-15% of cDNA which 

comprises 3,000 to 4,000 individual species will still be in this 

fraction. 

By screening the eight plates, containing more than 160,000 

phages, 60 plaques showing positive signals specific to pupal stage 

were selected. To improve the chances of picking of the positive 

clone, 10 phage plaques near each positive signal were toothpicked 

and a total of 500 phage plaques were grown on a set of 10 plates, 

containing the KH 802 bacterial lawn (Fig. 11). The phage DNAs from 

these were transferred to three nitrocellulose filters in the same 

manner described under "Transfer of DNA from plated plaques to 

nitrocellular filters." Two filters were hybridized with labeled J6 null 

cDNAs and one filter was hybridized with labeled Jl cDNA which was 

used as a control. By this procedure 40 positive phage plaques were 

selected. These 40 phage plaques were subjected to two more rounds 

of purification selection procedures and finally eight strongly 

positive pupal stage specific clones were selected. The further 

characterization of these clones is described in Chapter 4. 
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Figure 11. Final purification of the J6 
specific clones. 

Positive clones, from the screening 
of the genomic DNA library of the 
silkmoth by the pupal specific probes, 
were picked and grown. Filters lifted 
from these plates containing plaques, 
were probed with J6 cDNA. 



CHAPTER IV 

CHARACTERIZATION OF PUPAL STAGE 

CLONES 

Studies on the cuticular proteins and poly A"'" RNAs of the wing 

epidermis of the silkmoth, followed by those on some of the adult 

specific genes, provided evidence to support the hypothesis that 

some of the adult cuticular protein genes are stage specific as they 

are not expressed at other developmental stages, viz., larva and pupa 

(Moine, A. and Sridhara, S., in preparation). Similarly, larval cuticular 

genes were shown to be stage specific (8) in the fruit fly (order 

diptera). In this case, at least four larval cuticular genes are clustered 

in a 8 kb DNA fragment located at the chromosomal locus 44D. On the 

other hand, some cuticular proteins from different metamorphic 

stages of the giant silkmoth Hyalophora cecropia. appeared to be not 

stage specific (37). Similar results were also found in the mealworm, 

Tenebrio molitor (order cleoptera) in which many larval and pupal 

cuticular proteins appeared to be identical, but distinct from those of 

the adult, indicating that larval and pupal stages shared a few 

proteins (27). These results were arrived at by gel electrophoretic 

analysis of the proteins and hence cannot be taken to prove the 

hypothesis. It was also demonstrated that some larval proteins were 

stage specific as they were not expressed at the pupal and adult 

stages (38). This kind of variation in the expression of cuticular genes 

during different stages complicates the explanations for the 

mechanism by which these genes are expressed and necessitates the 
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study of the cuticular genes in other insects as well. The pupal stage 

specific cuticular genes of the silkmoth could be analyzed by the 

modern recombinant DNA procedures as the results would enhance 

the understanding of the organization and regulation of expression of 

the cuticular genes. 

Eight individual clones were selected by screening the genomic 

DNA library of the silkmoth with probes obtained from pupal stage 

specific poly A RNAs of the wing epidermis (whose major function is 

the synthesis and secretion of pupal cuticular proteins). These clones 

were utilized to determine whether the genes are clustered and 

whether these pupal stage genes were expressed at other 

developmental stages. 

The cuticular proteins are synthesized as a consequence of the 

action of 20-hydroxyecdysone on the epidermis during the 

metamorphic changes in all insects. It will be interesting to compare 

the regulatory portions of the cuticular genes of insects belonging to 

various orders. 

Materials and Methods 

Isolation of Recombinant Phage DNA from 
Small Scale Liquid Sultures 

Small amounts of DNA from these isolated clones were 

prepared as follows: 0.1 ml of a fresh, overnight, KH802 bacterial 

culture was mixed with approximately 3 x 10 bacteriophage 

(recombinant EMBL4 DNA with a fragment of genomic DNA of the 

silkmoth as insert) in a 1.5 ml Eppendorf tube and this was 
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incubated for 20 minutes at 37°C to allow the bacteriophage to 

adsorb. After incubation, the contents were added to 10 ml of 

sterilized NZYM medium and this was incubated with vigorous 

shaking for 12 hours (or until lysis occurred). CHCI3 was added to 1% 

(v/v) and the incubation was continued for 15 minutes. The lysate 

was centrifuged at 8000x g for 10 minutes to remove the bacterial 

debris. DNAase I (15 fig per ml) and RNAase (30 [ig per ml) were 

added to the supernatent and kept for 30 minutes at 37°C. Phages 

were brought down by addition of an equal volume of a solution 

containing 20% polyethylene glycol and 2 M NaCl in SM solution and 

kept on ice for 3 hours. The pellet, obtained by centrifugation, was 

resuspended in 1.25 ml of SM solution. SDS (0.2%) and proteinase K 

(100 M-g/ml) were added to the solution and incubated for 1 hour at 

37°C. Extraction was done with equal volumes of phenol, 

phenol:CHCl3 (25:25) and finally with chloroform alone. NaCl was 

added to 0.15 M. DNA was precipitated with 2x volume of ethanol at 

-20°C overnight. DNA was pelleted and washed with 70% ethanol. 

Finally the pellet was dried and dissolved in 50 |il of TE buffer, pH 

7.5. 

Digestion of Recombinant Phage DNAs with 
Restriction Enzyme Eco RI and Analysis of 
the Digested DNA 

One |Lig of the recombinant DNA was digested with 10 units of 

restriction enzyme Eco Rl in high salt restriction enzyme buffer (100 

mM NaCl) in a final volume of 20 p.1. The digested DNAs were 
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analyzed for the differences in the restriction patterns by 

electrophoresis in 0.7% agarose gels. 

Large Scale Preparation of Recombinant 
EMBL4 DNA 

The procedure employed was the same as for the minilysate 

except for scaling up to 250 ml of the medium. The supernatant 

obtained by centrifugation of the phage suspension after the DNAase 

and RNAase treatments, was mixed with CsCl (7.5 gm CsCl. in 10 ml 

of the supernatant to obtain a density of 1.5). The solution in a quick 

seal polyallomer ultracentrifuge tube was centrifuged at 35,000 g in 

a Beckman 80Ti rotor for 24 hours at 20°C. The phage DNA band seen 

at approximately middle of the tube was removed and dialyzed 

against 4 liter dialysis buffer (20 mM Tris HCl, pH 7.5, 0.1 M NaCl and 

0.01 M MgS04) overnight. The dialysed solution was treated with 

Proteinase K (50 fig/ml) and 0.2% SDS for 1 hour at 37°C, extracted 

with phenol:chloroform (25:25) and DNA precipitated with ethanol in 

the presence of 150 mM NaCl, at -20°C overnight. DNA was collected 

by centrifugation and washed with 70% ethanol and the dried pellet 

dissolved in 0.5 ml of TE buffer, pH 7.5. 

Restriction Mapping of the Selected 
Recombinant Phage DNA 

The digestion of the DNA with various restriction enzymes was 

carried out according to supplier's protocols (IBI, New Haven, CT., 

BRL, Gaithersburg, MD). Restriction mapping was carried out by 

single and multiple digestions of the recombinant DNAs. The digested 
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DNAs were electrophoresed in a 0.7% agarose gel at a very low 

voltage (1.5 V/cm) overnight with Hind III digested lambda DNA as 

a marker. Bands of DNA in the gel were stained with 0.5 fig/ml 

ethidium bromide. The gel was photographed and the photograph 

was utilized to analyze and measure the sizes of the DNA fragments. 

Southern Transfer of Restriction Enzyme 
Digested DNAs of Clone Ap PCP 
14. 15 and 112 

The recombinant phage DNAs were digested with restriction 

enzymes, separated on agarose gels by electrophoresis and 

photographed for further reference. The DNA in the gel was 

denatured by soaking the gel in several volumes of 1.5 M NaCl and 

0.5 M NaOH for 1 hour at room temperature with constant shaking. 

The gel was then neutralized by soaking in several volumes of a 

solution of 1 M Tris HCl. pH 8, and 1.5 M NaCl, at room temperature 

with constant shaking. The DNAs were transferred to a nitrocellulose 

filter, overnight in lOx SSC. The nitrocellulose filter containing DNAs 

was soaked in 6x SSC solution at room temperature for 5 minutes to 

remove any agarose sticking to the filter. The filter was dried at 

room temperature and baked at 80°C under vacuum for 2 hours. The 

filter with the transferred DNA was utilized for further experiments 

(40,41). 
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Electrophoresis of Polv A RNA+ through Gels 
containing Formaldehyde and Northern 
Transfer of RNAs 

Isolation of poly A"*" RNAs of larval, pupal and adult stages of 

the silkmoth was done using oligo dT-cellulose columns. A 1.5% 

agarose gel was prepared using 5x RNA gel buffer (0.2 M 

morpholinopropanesulfonic acid (MOPS), pH 7.0, 50 mM sodium 

acetate and 5 mM EDTA [pH 8.0]) and formaldehyde to give Ix and 

2.2 M final concentrations, respectively. The poly A"̂  RNA sample was 

prepared in Ix running buffer, 2.2 M formaldehyde and 50% (w/v) 

formamide by incubating for 15 minutes at 65^0. RNA was loaded in 

the gel with the loading dye (50% glycerol, 1 mM EDTA, pH 8.0, 0.4% 

bromophenol blue and 0.4% xylene cyanol) and electrophoresed 

overnight at low voltage. RNA markers (ribosomal RNA of rat liver) 

and DNA markers (X DNA digested with Hind III) were used. The 

lanes containing the markers were cut and washed with four changes 

of water for an hour, followed by 30 minutes washing with 0.1 M 

ammonium acetate and the gel was stained with 0.5 fig/ml ethidium 

bromide in 0.1 M ammonium acetate for 15 minutes. The markers 

stained with ethidium bromide was photographed under UV light for 

further reference. The rest of gel was soaked for 5 minutes in several 

changes of water. The gel was transferred to a dish containing 50 

mM NaOH and 10 mM NaCl and soaked for 45 minutes at room 

temperature. Neutralization of the gel was carried out in 0.1 M Tris 

HCl, pH 7.5, for 45 minutes at room temperature and then soaked in 

20x SSC for an hour. The RNA in the gel was transferred to 

nitrocellulose overnight as described under the transfer of the gel 
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containing DNA to the nitrocellulose filter. After the transfer, the 

filter was washed in 3x SSC, dried in air for 1 hour, and baked for 2 

hours at 80°C under vacuum (42,43). 

DNA Labeling and Hvbridizatinn ;̂ 
32 

[ P]-labeled cDNA probes were prepared with poly A"*" RNAs 

as described under screening of the genomic DNA library. ["^^P]-

labeled nick translated probes were synthesized according to the 

standard protocols (49,50 and 51). 

Hybridizations of [^^^P-labeled probes to filter bound DNAs 

and RNAs were performed as described in the screening of the 

genomic DNA library. 

Hvbrid Selection and Translation of RNAs 

RNA was selected by a procedure similar to that described by 

Ricciardi et al- (44). Either 10 p.g of bacteriophage DNA or 5 jig of 

plasmid DNA (previously nicked by ultraviolet irradiation) were 

denatured by heating and applied to the nitrocellulose filters in lOx 

SSC. A prehybridization step was included with 500 |xl of 50% (v/v) 

formamide, 0.4 M NaCl, 0.1 M PIPES [piperazine-N,N'-bis(2-ethane-

sulfonic acid), pH 6.5, for 6 to 12 hours at 42°C. Hybridizations were 

then carried out for 24 to 48 hours at 42°C in 500 \i\ of the solution 

of the same buffer containing 15 îg of poly A+ RNA or 500 p-g of total 

cellular RNA isolated from the wing epidermis. Following 

hybridization, filters were washed four times with 2x SSC at 65°C, 

followed by three times with O.lx SSC, 0.5% SDS at 65°C, then three 



45 

times in 1 ml of 0.01 M Tris HCl, pH 7.8, andl mM EDTA, pH 7.8, at 

65°C. RNA was eluted in boiling distilled water for 60 seconds and 

recovered by lyophilization followed by two ethanol precipitations. 

Inv i lm translation of the RNA obtained by hybrid selection 

procedure, was carried out using a wheat germ cell free translation 

system prepared in the laboratory (18). 

Subcloning DNA Fragments into PUC 19 and 
Bluescript (Stratagene^ 

DNA fragments generated by digestion of restriction enzymes 

Eco RI and Sal I, were ligated into the plasmid vector, pUC 19, and 

the transcription vector, Bluescript (Stratagene, San Diego, CA.), by 

the procedure of Yen and Davidson (47). 

Results 

In the previous chapter, the selection of eight pupal stage 

specific clones from the silkmoth genomic DNA library was described. 

These clones were subjected to further analysis through restriction 

mapping which permitted the grouping of the eight clones into four 

sets of different clones. Clones Ap PCP 11 and 14 were similar. Clones 

Ap PCP 17, 19 and 21 were also similar. Further studies with finer 

restriction mapping, indicated that clone Ap PCP 14 was similar to 

clone Ap PCP 17 except for the fact that clone Ap PCP 14 was 3 kb 

longer than the clone Ap PCP 17. This finding was confirmed by 

hybridizing the Eco RI fragments of Ap PCP 17 with the Eco RI 

fragments of Ap PCP 14, which showed that a 3 kb Eco RI fragment 
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of Ap PCP 14 was absent in the Ap PCP 17. Clones Ap PCP 18 and 

112 also looked similar. Clone Ap PCP 15 proved to be a unique 

clone. By this kind of restriction analysis, three distinct pupal stage 

specific clones were selected and they are abbreviated as Ap PCP 14, 

15 and 112 (Fig. 12). They contain, respectively, a 15 kb, 14.2 kb and 

13.8 kb of genomic DNA inserts. 

Coding Regions in the Pupal Stage Clones 

It was of interest to know whether the DNA fragments of the 

clones have single or multiple coding regions which would indicate 

the organization of the coding regions for the pupal stage genes. The 

pupal stage poly A"*" RNAs were electrophoresed in a denaturing 

formaldehyde gel as described under the Methods section, and 

transferred to a nitrocellulose filter. The northern blot was probed 

with nick translated, labeled Ap PCP 14, 15 and 112. The 

hybridization was carried out in 50% formamide at 42°C and then the 

washing was carried out under high stringency. The autoradiogram 

revealed that the DNAs of clone Ap PCP 14 and 15 hybridized to only 

one mRNA each and DNA of clone Ap PCP 112 hybridized to two 

mRNAs. The size of poly A+ RNAs complementary to clone Ap PCP 14 

was 2.1 kb, to clone Ap PCP 15 was 1.3 kb and to clone Ap PCP 112 

they were 2.4 and 1.1 kb (Fig. 13). These results demonstrated that 

the genomic DNA of about 14 kb size each (Ap PCP 14 and 15) 

contained a gene that coded for a single pupal stage mRNA and a 

13.8 kb of genomic DNA (ApPCP 112) contained two genes coding for 

pupal stage mRNAs. 
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Figure 12. Restriction map of Ap PCP 14, 15 and 112. 
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Figure 13. Expression of Ap pep 14, 
15 and 112 encoded genes. 

Poly A+ RNA was isolated from 
silkmoth during pupal stage 
development and the RNA was 
subjected to electrophoresis. 
RNA blots were prepared and 
hybridized to labeled Ap PCP 
14, 15 and 112 (nick translation). 
Lane 1 was probed with Ap PCP 
14, lane 2 with Ap PCP 15 and 
lane 3 with Ap PCP 112. 
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Based on the above finding it was decided to locate the coding 

regions in Ap PCP 14, 15 and 112. The restriction enzyme digested 

Ap PCP 14, 15 and 112 DNAs were electrophoresed and transferred 

to a nitrocellulose filter. This filter was probed with [32p]-labeled 

cDNA prepared from J6 poly A"*" RNAs (pupal stage specific RNAs). 

The 3 kb Eco RI fragment of clone Ap PCP 14 contained the coding 

region of a pupal stage specific RNA and a 1.8 kb Sal I fragment of 

clone Ap PCP 15 contained the coding region. The coding regions of 

clone 112, were present in a 2 kb Kpn I and Sal I fragments and/or 

in two Eco RI fragments. 

It was demonstrated that the Drosophila larval cuticular genes 

showed a high percentage of homology among themselves and based 

on that finding, it was hypothesized that many larval cuticular genes 

could have evolved from a single gene. The close clustering of these 

genes was considered as a reason for the regulation of the expression 

of all the larval cuticular genes by ecdysterone at the same time (8). 

A similar study was attempted to check whether the pupal cuticular 

genes of the silkmoth show any homology. The three pupal stage 

clones were digested with Eco RI, electrophoresed in 0.7% agarose gel 

and transferred to nitrocellulose filters. The nitrocellulose filters 

containing the digested DNAs were probed with nick translated Ap 

PCP 14, 15 and 112 individually. The hybridization studies indicated 

that there was little homology among the coding regions and the 

flanking regions in all the three clones. This result indicates that the 

four genes isolated so far are quite different from each other (Fig. 

14). 
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Figure 14. Southern blotting analysis of pupal clones. 

(I) Ap PCP 14 and 15 DNAs were digested with Eco RI and separated 
on a 0.7% agarose gel. DNA blots were prepared and probed with 
labeled Ap PCP 14 and 15. 

lane 1: Ap PCP 14 digested with Eco RI 
lane 2: Ap PCP 15 digested with Eco RI 
panel A: probed with labeled Ap PCP 14 
panel B: probed with labeled Ap PCP 15. 

: undigested X phage: : two arms of X phage: 
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(Figure 14 continued) 
(II) Southern blotting analysis of Ap PCP 112. 
Ap PCP 112 was digested with Eco RI and separated on a 0.7% 
agarose gel. DNA blots were prepared and probed with labeled 
Ap PCP 14 and 15. 

lane 1 and 2: Eco RI digested Ap PCP 112. 
lane 1 was probed with labeled Ap PCP 14. 
lane 2 was probed with labeled Ap PCP 15. 

(III) Southern blot analysis of Bl PI and P2 (containing 
Ap PCP 112 genes). 
Bl PI and P2 DNAs were digested with Eco RI and separated on 
0.7% agarose gel. DNA blots were prepared with 
labeled Bl P2. 

lane 1: Bl PI digested with Eco RI. 
lane 2: Bl P2 digested with Eco RI. 
^ : undigested X phage, ->: two arms of X phage, 
••: Bluescript phagemid. 
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Genomic Representation of Subclones Prepared 
from Ap PCP 14. 15 and 112 

Ten jig of silkmoth genomic DNA was digested with Eco RI 

enzyme and electrophoresed in a single lane in 0.7% agarose gel. A 

Southern transfer was made and it was probed with labeled PCP 14, 

15 and Bl PI and P2 (two ECo RI digested DNA fragments of Ap PCP 

112 containing the pupal stage genes were subcloned in Bluescript 

transcription vectors). PCP 15 hybridized to two bands and PCP 14, Bl 

PI and Bl P2 each hybridized to a single band. This experiment was 

repeated with Sal I digested silkmoth genomic DNA and the 

hybridization occurred with all four probes, indicating that the clones 

isolated by screening the silkmoth genomic DNA library using pupal 

stage probes, were indeed genomically represented (Fig. 15). 

Expression of Pupal Stage Genes at other 
Developmental Stages of the Silkmoth 

The expression of larval cuticular genes of Drosophila 

melanogaster were called stage specific as mRNAs corresponding to 

these genes were not found at other developmental stages (8). The 

adult cuticle genes of the silkmoth were also expressed in a stage 

specific manner as the genes hybridized to mRNAs only from the 

adult epidermal cells but not to that of larva and pupa (Moine, A and 

Sridhara, S., in preparation). On the contrary, in Tenebrio molitor and 

Hyalophora. cecropia it was reported that a few larval and pupal 

proteins were similar and it was proposed that all the cuticular 

proteins might not be stage specific (21). In view of these findings, it 
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Figure 15. Localization of cloned genes in the genomic DNA of 
silkmoth Antheraea polyphemus. 

Silkmoth genomic DNA (10 l̂g) was digested with Eco RI (E) 
and Sal I (S) and were electrophoresed in a 0.7% agarose gel. 
DNA dot blots were prepared and probed with labeled PCP 14, 
PCP 15, Bl PI and Bl P2. 

53 



54 

was of interest to study whether the silkmoth pupal genes, the stage 

being in between the larval and adult stages, were stage specific, and 

if they were not, the regulation these genes which were expressed at 

more than one stage, might be different from those of stage specific 

genes. A northern transfer of larval, pupal and adult epidermal poly 

A RNAs were prepared and probed with nick translated, labeled Ap 

PCP 14, 15 and 112 DNAs. Hybridization and washing of the filters 

were carried out at moderate to high stringency conditions and the 

filters were autoradiographed. The autoradiogram revealed 

interesting observations. Clone Ap PCP 14, as mentioned before, 

hybridized to a single band (a single mRNA) with pupal RNAs, 

indicating that it has a single coding region. Hybridization of clone 14 

with adult RNAs revealed that a similar band was present, indicating 

that the Ap PCP 14 has a coding region for the adult stage specific 

poly A+ RNA. There was no larval stage coding region present in 

clone Ap PCP 14. Clone Ap PCP 15 also showed a single coding region 

for pupal and adult stages and nothing at the larval stage. Clone Ap 

PCP 112 has two coding regions for pupal stage poly A"*" RNAs. Again, 

neither of the two genes of Ap PCP 112 have corresponding RNAs at 

the larval stage. However, only PI appears to be expressed at the 

pupal and adult developmental stages while P2 is pupal stage 

specific (Fig. 16). The size of poly A+ RNAs homologous to the PI is 

the same at the pupal and adult stages. This suggests that the same 

gene may be expressed at two stages with different efficiency or it 

may simply suggest that homologous RNA is present in the adult 

stage. The PI and P2 fragments of ApPCP 112 have no homologius 
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Figure 16. Determination of expression of the cloned genes 
at different developmental stages. 

Northem blots of larval (L), pupal (P) and adult (A) RNAs of 
the silkmoth, were probed with labeled, nick translated 
Ap PCP 14, 15 and 112. 

panel (1): probed with labeled Ap PCP 14 
panel (2): probed with labeled Ap PCP 15 
panel (3): probed with labeled Ap PCP 112. 
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larval stage RNAs. Interestingly, the intensity of hybridization 

between the DNAs from the pupal stage clones and RNAs from pupal 

and adult stages varies. DNA from Ap PCP 14 hybridizes with a single 

mRNA of the adult stage with a greater intensity than with the pupal 

stage mRNA, even though the size of the mRNA is the same in both 

stages. On the contrary, DNA from clone Ap PCP 15 hybridized with 

pupal mRNA much more strongly than the adult mRNA. The intensity 

of hybridization of one coding region of the DNA of clone 112 is 

approximately the same with both pupal and adult mRNAs (Table 1). 

The In Vitro Translated Products of the Coding 
Regions of Clones 14. 15 and 112 
are Pupal Stage Proteins 

The coding regions of clone Ap pep 14 and 15 (a 3 kb Eco RI 

fragment and an 1.8 kb Sal I fragment respectively) were subcloned 

into a plasmid vector, pUC 19 (PCP 14 and 15). The subclones were 

dot blotted on a nitrocellulose filter and were hybridized with pupal 

poly A"*" RNAs. The RNA which hybridized to DNA in the filter, was 

eluted. The eluted RNA was subjected to in vitro translation and the 

products (identified by electrophoresis in SDS-PAGE and 

fluorography), were compared to the products obtained by a similar 

in vitro translation procedure with pupal poly A+ RNAs (J6 mRNAs). 

The mRNAs corresponding to the coding regions of both 14 and 15, 

upon in vitro translation, gave products of 29 kilodaltons each. The 

coding regions of clone 112 (4 kb and 2.1 kb Eco RI fragments 

containing one coding region each) were subcloned in a transcription 

vector, Bluescript (Stratagene, San Diego, CA) (Bl PI and P2). These 
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Table 1 

Expression of the isolated clones at different 
developmental stages. 

Northern blots of larval, pupal and adult RNAs 
of the silkmoth Antheraea polyphemus. probed 
with labeled PCP 14, PCP 15, Bl PI and Bl P2. 

Clone 

14 

15 

PI 

P2 

larua 

- -

— 

— 

— 

pupa 

++ 

+++ 

+++ 

+++ 

adult 

+++ 

+ 

++ 

— 

— : no hybridization 
+ : weak hybridization 
-I-+ : moderate hybridization 
+-I-+: strong hybridization 
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subclones were utilized to hybrid-select specific poly A RNAs, which 

were in vitro translated and analysed by SDS-PAGE. Products of size 

18 and 19 kilodaltons for PI and P2 coding regions, respectively (Fig. 

17), were seen. 

The mRNAs, corresponding to the genes present in Ap PCP 14 

and 15, are of size 2.1 and 1.3 kbs, respectively, but the size of the 

proteins, obtained from these mRNAs by in vitro translation, is the 

same (29 kilodaltons). This suggests that the mRNA for the Ap PCP 

14 pupal gene, may have a long untranslated region. 
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Figure 17. Analysis of in vitro translated 
products of RNAs obtained from PCP 14 

and 15 and BlPl and P2. 

Autoradiogram of acrylamide gel containing 
labeled proteins translated from RNAs 
selected by PCP 14 and 15 and Bl PI and P2. 



CHAPTER V 

FURTHER CHARACTERIZATION OF 

CLONE Ap PCP 15 

A 1.8 kb Sal I fragment of clone Ap PCP 15 contains a genomic 

fragment that codes for a protein expressed in the pupal wings at the 

time of cuticle synthesis. This gene was expressed not only during 

the pupal developmental stage but also slightly at the time of adult 

cuticle synthesis. The size of mRNA corresponding to the pupal stage 

gene is 1.3 kb and by in vitro translation, the size of the protein was 

found to be 29 kilodaltons. Further characterization of the gene was 

carried out to determine the tissue specificity and developmental 

expression of the gene. Based on the finding that homology existed 

between some of the Drosophila melanogaster and Manduca sexta 

larval cuticular genes, analysis of RNAs during development of pupa, 

and genomic DNAs of few lepidopterans was attempted with labeled 

PCP 15 to find out if homology might exist between the pupal stage 

genes of lepidopterans. DNA sequencing of 1.8 kb Sal I fragment of 

PCP 15 was attempted to determine the amino acid sequence of the 

gene and to determine the presence of regulatory sequences in the 5' 

and 3' flanking region of the gene. The amino acid composition of the 

pupal cuticle proteins is characteristic, because they have high levels 

of proline, alanine, glutamic acid and aspartic acid and low levels of 

sulfur containing amino acids (19). DNA sequencing of the gene in 

PCP 15 will indicate whether the gene codes for a protein with these 
60 
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characteristics and the sequence in which the aminoacids are present 

and prove that the isolated gene in fact codes for a cuticular protein. 

Methods 

Dot Blots of DNAs 

The dot blotting was carried out with a dot blot apparatus 

(Schleicher and Schuell, Keene, N.H.) utilizing nitrocellulose filter. One 

to 2 \ig of DNA in 50 |LI1 of TE buffer was heated to 95°C for 5 minutes 

and chilled on ice immediately. Fifty \i\ of 20x SSC was added and 

loaded into the well. The wells were rinsed with 20x SSC under 

vacuum. The nitrocellulose filters were removed, dried, and baked at 

80°C for 2 hours under vacuum. 

DNA Sequencing 

1.8 kb Sal I digested DNA fragment from PCP 15 was subcloned 

in M13 phage. A strategy to divide large DNA segment into smaller 

regions, using Exonuclease III enzyme (58,59), was followed for DNA 

sequencing. The recombinant Ml3 phage with the insert, was treated 

with Bam HI and Sac I to produce 5' and 3' protruding ends. 

Exonuclease III does not attack a 4-base 3' protrusion, but digests 

DNA uniformly from 5' protruding end. Exonuclease III was added 

and allowed to digest the DNA synchronously, with aliqouts removed 

at 30-second intervals to tubes containing SI nuclease. The tubes 

were incubated at room temperature for 30 minutes and heated at 

70°C for 10 minutes. Klenow fragment of DNA polymerase I was 

added to blunt the ends of DNA, followed by DNA ligase to circularize 
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the molecules. Transformation and plating of timed aliquots led to 

plates containing clones with clustered deletion break points (55). 

DNA sequencing of the single stranded recombinant M13 DNA was 

carried out using Sanger's dideoxy sequence method (56). 

Results 

Expression of the Coding Region of the 
Clone Ap PCP 15 

It was shown earlier by the hybridization studies with J6 "null 

cDNAs" that the pupal stage poly A RNAs from the wing epidermis, 

begin to appear on day 3 or day 4 of the pupal development reaching 

the maximum by day 6 (Sridhara, S., unpublished). Based on this 

observation, the expression of the coding region PCP 15 was studied. 

1.8 kb. Sal I fragment of DNA subcloned in pUC 19, was used as a 

probe by labeling it with [32p]-dCTP using the nick translation 

procedure. A northern transfer of poly A+ RNAs from day 0 to day 6 

(JO, 1,2,3,4,5 and 6) electrophoresed on a formaldehyde gel, was 

probed with PCP 15. Hybridization and washing were carried out as 

mentioned in the Methods section. The 1.3 kb RNA corresponding to 

the clone begins to appear on day 3 and increases up to day 6 (Fig. 

18). The intensity of the hybridization increases from day 3 to day 6 

(day 2 poly A+ RNA tested separately showed no signal). This result 

shows that the poly A"*" RNA complementary to the coding region of 

PCP 15 begins to be expressed on day 3 of the pupal stage 

development which agrees with the earlier finding of pupal poly A"*" 

RNA expression (Sridhara, S., unpublished). 



63 

JO. J l J3 J l J5. ii6 kb 

1.3 

Figure 18. Expression of PCP 15 encoded gene 
during silkmoth development. 

Poly A+ RNAs were isolated from day 0 (JO) 
through day 6 (J6) of the silkmoth pupal 
development. Each RNA (10 p.g) was subjected 
to electrophoresis in 1% agarose gel containing 
formaldehyde. RNA blots were prepared and 
hybridized with labeled PCP 15. 
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Expression of the Coding Region of Clone 
ApPCP 15 at other Stages and in the Fat 
Body of Silkmoth and in other Silkmoths 

As mentioned before, the pupal stage gene in Ap PCP 15 is also 

expressed at the adult stage to a certain extent and it is not 

expressed at the larval stage of the silkmoth Antheraea polyphemus. 

This gene is not expressed in fat body, which is another major tissue 

of the silkmoth, indicating that the expression occurs in the 

epidermal cells (Fig. 19). The 1.8 kb DNA fragment containing the 

pupal stage gene also hybridizes with a mRNA from total RNAs of J6 

wing epidermis of other silkmoths Antheraea luna and Hyalophora 

cecropia. indicating that the genes homologous to PCP 15 are present 

and expressed appropriately in different silkmoths (Fig. 20). 

Preliminary Studies Regarding the Hybridization 
of the Coding Regions of Ap PCP 15 with Genomic 
DNA of the Silkmoth and Genomic DNAs of Insects 
belonging to other Orders 

This preliminary study was done based on a previous study 

(Sridhara, S., unpublished) involving the polyclonal antibodies of the 

larval cuticular proteins of the lepidopterans. Larval cuticular 

extracts of Drosophila melanogaster and Calliphora erythrocephala 

(dipterans) were probed with antibodies prepared against larval 

cuticular proteins of the lepidopteran namely Antheraea polvphemus 

and Manduca sexta. With 1:500 dilution of the antibodies, limited 

cross reactivity was observed. When the dilution was reduced to 

1:50, cross reactivity was observed clearly (Sridhara, S., 
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Figure 19. Expression of PCP 15 
in the epidermis and fat body. 

A northem blot of the RNAs of 
larval, pupal and adult epidermis 
and pupal fat body of silkmoth 
was probed with labeled PCP 15. 
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Figure 20. Expression of mRNA corresponding 
to PCP 15 in mRNAs of other silkmoth pupae. 

A northern blot J4 and J6 RNAs of silkmoth 
Antheraea polyphemus and J6 RNAs of two 
other silkmoths was probed with labeled 
PCP 15. 
J4 and J6: day 4 and 6 of pupal development 
of Antheraea polyphemus. 
A.L.: Antheraea luna. 
H.C.: Hyalophora cecropia. 
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unpublished). Based on the this observation, an attempt was made to 

isolate the larval cuticular protein genes of Antheraea polyphemus 

and Manduca sexta. using the clones containing larval cuticular 

protein genes of Drosophila melanogaster. Two clones LCPl and LCP2 

(8) containing Drosophila melanogaster larval cuticular protein genes 

were obtained (courtesy of Dr J. Fristrom and Dr M. Snyder). The 

inserts were isolated by Eco RI digestion and electroeluted from 0.7% 

agarose gels. The purified fragments of DNA (11 and 3 kb from LCPl 

and 11 and 5 kb from LCP2) were labeled by nick translation and 

were used as probes against genomic DNA dot blots silkmoth and 

tobacco hornworm. Hybridization and washing were done under 

medium to low stringency conditions. A weak hybridization was 

observed giving rise to speculation that there may be homologous 

regions in the genomic DNA between the lepidopterans and 

dipterans. In fact this approach has now been utilized to isolate the 

larval cuticular protein genes of tobacco hornworm employing 

Drosophila Melanogaster cuticular gene DNAs as probes (54). 

The above observation prompted the study to determine if 

homologous regions corresponding to the isolated genes existed in 

the genomic DNAs of other silkmoths and insects belonging to 

different orders. The genomic DNAs of silkmoths Antheraea 

polyphemus. Hyalophora cecropia. tobacco hornworm Manduca sexta. 

fruitfly Drosophila melanogaster. and blowfly Calliphora 

erythrocephala. were dot blotted with rat liver DNA serving as a 

control. The dot blot was probed with nick translated Ap PCP 15. The 

hybridization was done under medium stringency and the washing 
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was done under medium to low stringency (Fig. 21). PCP 15 showed 

strong hybridization with genomic DNA of the silkmoth Antheraea 

polvphemus suggesting that the probe is part of the genomic DNA of 

the silkmoth. Manduca sexta and Hyalophora cecropia showed 

moderate hybridization, when hybridization and washing were 

carried out in low stringency conditions. This experiment suggests 

that some of the genes, which are expressed at particular 

developmental stages in the epidermal cells of the silkmoth, may be 

present in other lepidopteran insects also, but absent in insects of 

other orders. 

Partial Sequence of 1.8 kb Sal I DNA Fragment 
of the Clone PCP 15 

"Ml3 with insert (i)" has the 1.8 kb DNA fragment, inserted in 

one direction and "Ml3 with insert (ii)" has the insert in the opposite 

direction. Partial sequence of the these recombinant DNAs were 

obtained (Fig. 22). The complete sequence of the 1.8 kb DNA 

fragment will give information about the open reading frame, which 

will predict the amino acid sequence of the protein. A pupal cuticular 

protein of silkmoth of size 28 kilodaltons has high levels of proline, 

alanine, glutamic acid, and aspartic acid, and low levels of sulfur 

containing amino acids (7). By using hybrid selection and in vitro 

translation techniques, it was shown that the 1.8 Kb DNA fragment of 

PCP 15, coded for a 29 kilodalton protein. If the DNA sequence of 1.8 

kb fragment indicates the same characteristic amino acid acid 
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Figure 21. Genomic DNA dot blot analysis. 

A dot blot of genomic DNAs of insects was prepared 
with 5 |ig of all DNAs except Drosophila melanogaster 
(1 ^ig). This blot was probed with labeled PCP 15. 
Washing of the filter was done with Ix SSC, 0.1% SDS, 
at 650C for 30 minutes. 

A.P.: Antheraea polyphemus. H.C: Hyalophora cecropia 
D.M.: Drosophila melanogaster. M.S.: Manduca sexta 
C.E.: Calliphora erythrocephala. R.L.: Rat liver 
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Ml3 with insert (i^ 
( a ) 
1 GAOGOjaDGAOCAajrcajroCOCXDOCnXDGATGCCACOOa 
51 GA0CAGGaDGCajAGAT0CTX3GTCAGGCIXjTCAACCKDGCrGAAGATC^ 
lOlCroGCAGGajGrAGATGOjrcAAGAajCAGAGGCICACrcAaXnXX^^ 
1510GTIXDGaDGTGCroGCrAAACAACroGTCGGICAa3Ga300^ 
20iTAajTOGcroGToaDGcroajrAOGoajcroGToocATr^ 
2510GGTGTCTGTAGCCGTCAGOGCATA. 
( b ) 
1 CrAAACAACrcGTOCKnCAajTGTOGCaZAOjGIXjCrAOGTOGTI^^ 
51 ajCIGOjTAOGaDGCIGGrcXXATIXjGATAajCrcaDGC^^ 
101TCAGa3CATaja3GOCa3OCIGCIGCAGAAa7IX3TACATCrAGC^ 
151GAGC 
(c ) 
1 OGGQjGCIXXjATGCACSGCAOCKjACAGCAGCrAajATAGGOGCITGAGT^ 
51 TAGTCCAGCAGCrCrAGTACATODGACAGTOGAOCrCrATAGAOGTCCrA 
lOlCTACG 
(d) 
1 GAGATCATGTAGGTrAGCGTGAGATATCrGCAGOGTAGATCTAGATCAAG 
51 CTACIGACGTGCTCCGTrGTCrCTOGTAA. 

Ml3 with insert (ii^ 
( c ) 
1 TAGTACGCTTATITCGCCrATGAGCrrATAGGACrATATCITCACATACA 
51 GTAAATGATIXjrAAACATAATCIX3TCATGCCrATCTATATGCAA03TCAT 
lOlATGTCGTrGATCTACGTCGTAATATACATG 

1.8 kb fragment of PCP15 DNA 

I r — -• * 

- - - - - > < 
a ? 7 ? e 

b c d 

M13 with insert (i): insert in one direction in M13 phage. 
M13 with insert (ii): insert in another direction in M13 phage. 

Figure 22: Partial DNA sequence of 1.8 kb fragment of PCP 15 
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composition, then it may be assumed that the gene codes for a 28 

kilodalton pupal cuticular protein. 

The analysis of 5' flanking region of the open reading frame in 

1.8 kb Sal 1 fragment of PCP 15, may reveal information regarding 

the regulation of the expression of the gene. The presence of TATAA 

sequence in the 5' flanking region of the genes whose expression is 

regulated by 20-hydroxyecdysone, was reported (63,). Additional 

upstream sequences that augmented the transcription of the genes in 

the presence of 20-hydroxyecdysone, were present in addition to 

TATAA sequence (63,64). The DNA sequences of the 5' flanking 

region of the open reading frame in PCP 15 will be compared with 

the upstream sequences which are required for the regulation of the 

20-hydroxyecdysone sensitive genes. 



CHAPTER VI 

DISCUSSION 

The data presented in previous chapters showed that eight 

pupal stage clones were isolated after three rounds of selection and 

purification, by the screening of the silkmoth Antheraea polyphemus 

genomic DNA library, using pupal stage specific probes. These clones 

were subjected to restriction analysis and finally three distinctly 

different clones containing pupal genes were selected and they were 

subjected to further analysis. The results obtained are interesting as 

they are the first non-Drosophila melanogaster pupal genes to be 

isolated (53) and studied. 

The analysis of the three clones have helped in arriving at 

important conclusions regarding (i) the organization of the pupal 

genes, (ii) the stage specificity of expression of the genes, (iii) tissue 

specificity of the genes and finally (iv) the homology between the 

pupal genes of the oak silkmoth and other related insects. 

Cross hybridization studies revealed that there was no 

homology between the four pupal genes of the silkmoth, when 

hybridization and washing were carried out under moderate 

stringency conditions. In Ap PCP 14, the pupal gene was found in the 

3 kb Eco Rl fragment which was present at one end of the 15 kb 

insert. The pupal gene in the 14.2 kb insert of Ap PCP 15 was located 

in the middle of the insert in a 1.8 kb Sal I fragment. The two genes 

in Ap PCP 112 were located 4 kb apart from each other. When the 

pupal genes of the silkmoth were compared with five Drosophila 

72 
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melanogaster larval cuticular genes which were present in a 6 kb 

region, it can be inferred that the pupal genes are not clustered as 

much as the larval cuticular genes. The Drosophila melanogaster 

larval cuticular genes were also homologous. The clustering and 

homologous nature of the larval genes of Drosophila melanogaster led 

to the hypothesis that the genes must have evolved from a single 

ancestral gene and that hypothesis could also explain the regulation 

of stage specific expression of the larval genes by 20-

hydroxyecdysone. But the silkmoth pupal stage genes whose 

expression is also regulated by 20-hydroxyecdysone, are not 

clustered and are not homologous. This suggests that these genes 

might not have evolved from a single gene and yet expression of 

these genes are influenced by 20-hyroxyecdysone during the pupal 

development. The mRNAs corresponding to the isolated pupal genes 

start appearing on day 3 of the pupal development and it indicates 

that the genes code for proteins which are synthesized at the time 

that the pupal cuticle is synthesized. 

Analysis of northem blots of pupal stage poly A"*" RNAs of the 

silkmoth with Ap PCP 14 and 15 DNAs, showed that there was a 

single coding region in each and Ap PCP 112 had two pupal coding 

regions. The sizes of poly A"*" RNAs corresponding to the genes are 2.1 

and 1.3 kbs for Ap PCP 14 and 15, respectively, and 2.4 and 1.1 kbs 

for the genes of Ap PCP 112. 

The next question is about the stage specificity of expression of 

the pupal genes. The PCP 14 and 15 genes are not expressed during 

the larval stage of the silkmoth. However, both appear to be 
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expressed at two developmental stages, namely, pupa and adult. This 

may be either due to the presence of a poly A+ RNA in the adult 

stage which may be homologous to some extent to that found in the 

pupal stage or the same gene may be expressed at both stages. The 

latter possibility is greater, because the mRNAs found at both the 

stages are of similar size. The coding region of the clone Ap PCP 15 

hybridizes faintly with the adult RNA, but the hybridization of the 

coding region of clone Ap PCP 14 with the adult RNA is strong. The 

two coding regions of clone Ap PCP 112 (PI and P2), show no 

hybridization with larval epidermal poly A"̂  RNAs and one coding 

region PI show hybridization with adult wing RNAs. The P2 DNA 

does not show any hybridization with adult RNAs. These findings 

indicate that some of the pupal genes are expressed not only during 

pupal development but also during adult development. However, 

none of these are expressed at the larval stage. Hence the results are 

not contradictory to those obtained with the larval cuticular protein 

genes of Drosophila melanogaster. Willis (57) showed that a few of 

the larval and pupal cuticular proteins were similar, but they were 

clearly distinct from the adult cuticular proteins. Based on that 

finding, a hypothesis was proposed by Willis (57) that expression of 

developmental proteins like cuticular proteins need not be stage 

specific. The old "Classic paradigm" suggested that the developmental 

genes are organized into stage-specific sets, whose expression is 

induced by the molting hormone, 20-hydroxyecdysone. The new 

model proposed by Willis relaxes the rigid definition of stage specific 

sets of proteins by including the presence of some stage specific 



75 

proteins along with others that are expressed at more than one 

developmental stage. Willis suggests that the expression of the same 

proteins during different stages can be controlled by 20-

hydroxyecdysone and by juvenile hormone I. The new paradigm 

seems to fit the expression of the pupal stage genes observed in 

these studies as some of them are expressed at another 

developmental stage as well. In fact, Willis (57) hypothesized that a 

particular gene may have different promoters, which may be used at 

different metamorphic stages. This suggestion may be applicable to 

the PCP 14 and 15 genes. The expression of the PCP 14 gene is higher 

at the adult stage when compared to pupal stage while that of the 

PCP 15 gene is at a higher level during pupal stage when compared 

to adult stage. This difference in the level of expression of genes at 

different stages may be explained by the presence of different 

promoters or same promoter with different controls (66,67) for each 

gene which can be confirmed by the sequence analysis of the 5' 

flanking region of the genes. Evidence for the new hypothesis that 

expression of all genes need not be stage specific, has been obtained 

here for the first time showing that the same gene is expressed at 

two stages. The expression of PI and P2 genes, is also very 

interesting, because, PI gene is expressed at both pupal and adult 

stages, but P2 gene is expressed only during pupal stage. This 

indicates that the regulatory mechanism for both these genes should 

be different. It is a possibility that both PI and P2 genes have 

promoter sites which will help in the expression of these genes 

during pupal development and PI gene may have an additional 
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promoter or the same promoter with different controls, which is 

necessary for the expression of the gene during the synthesis of the 

adult cuticle. It must be remembered that the mRNA seen in the 

adult may not be transcribed from the PI gene, but from a different 

gene, that may be similar or homologous. 

The jn vitro translation products of the four genes of pupal 

stage, indicate that the size of the proteins vary from 18,000 daltons 

to 29,000 daltons, which falls within the limits of the major pupal 

cuticular proteins. In fact the sizes of the proteins from the four 

pupal stage coding regions correspond to the sizes of some of the 

pupal stage cuticular proteins of the silkmoth. The sizes of mRNAs of 

PCP 14 and 15 genes are 2.1 and 1.3 kbs, respectively, and yet the 

size of products obtained from these mRNAs is the same (29 

kilodaltons). There is no homology between the two genes and 

correspondingly the proteins must also be different in spite of the 

similarity in size. By looking at the sizes of the proteins and the 

mRNAs, it is apparent that the mRNAs will have untranslated 

regions. A similar finding was observed for mRNAs of the PI and P2 

genes, whose sizes are 2.4 and 1.1 kbs, respectively, and the sizes of 

the products were 18 and 19 kilodaltons, respectively. It was 

reported earlier (7) that the sizes of major pupal cuticular proteins of 

the silkmoth Antheraea polvphemus range between 20 and 30 

kilodaltons. The sizes of proteins obtained from mRNAs 

corresponding to the pupal genes by iii_vitro translation procedure, 

were within the range of the sizes of the cuticular proteins. This 
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suggests that the pupal genes isolated, may code for pupal cuticular 

proteins. 

The expression of the four pupal genes occurs in epidermis 

which is present under the cuticle. These four pupal genes are not 

expressed in fat body, which is a major organ at all developmental 

stages of an insect (data not shown), and this suggests that the 

expression of these genes is tissue specific. It was shown that the 

mRNA corresponding to the PCP 15 gene, starts appearing by day 3 

of the pupal development and the amount of mRNA reaches its peak 

by day 6 of the pupal development. This result correlates with the 

earlier finding of pupal stage poly A RNAs expression (Sridhara, S., 

unpublished). The tissue specificity of expression of genes, supports 

the earlier suggestion that the genes code for cuticular proteins. 

Further study is needed to prove this definitively. 

Preliminary studies regarding the hybridization of PCP 15, with 

the genomic DNAs of insects belonging to another genus, family, and 

order, show that the pupal genes of the silkmoth, may have 

homologous regions in the genomic DNAs of some other insects. This 

study is interesting because the insects have evolved over several 

hundred million years and the cuticular proteins and the 

corresponding genes have retained the basic functions viz., the 

formation of the cuticle. The three fundamental properties of 

cuticular proteins are (i) these proteins are synthesized and secreted 

by epidermal cells, (ii) their genes are responsive to or are regulated 

by ecdysterone, and (iii) they interact with chitin and participate in 

the tanning processes. Hence it is reasonable to assume that they 
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have retained structural and functional relationships. Dot blots of 

genomic DNAs of insects belonging to two orders, were probed with 

labeled PCP 15 and hybridization was observed with genomic DNAs 

of only one order, the lepidoptera. The above finding was further 

confirmed by probing the northern blots of lepidopteran RNAs 

(Antheraea luna and Hvalophora cecropia) with the PCP 15 gene. 

Partial sequence of the 1.8 kb Sal I DNA fragment containing 

PCP 15 gene, was obtained. When the sequence of the PCP 15 gene 

with its 5' and 3' flanking region is completed, the following 

information may be obtained. Based on the amino acid sequence 

obtained form the DNA sequence of PCP 15, it will be possible to 

confirm that the PCP 15 is indeed a cuticular gene. In recent years, 

steroid response elements for all the steroid hormones have been 

reported (65). Similar regulatory sequences for 20-hydroxyecdysone 

sensitive Drosophila melanogaster hsp27 and hsp23 genes have been 

described (63,64). By the sequence analysis, the upstream sequences 

of pupal genes of the silkmoth, can be examined for the presence of 

20-hydroxyecdysone regulated sequences. It was reported that a 28 

kilodalton pupal cuticular protein (7) has high levels of proline, 

alanine, glutamic acid and aspartic acid and low levels of sulfur 

containing amino acids. By hybrid selection and in vitro translation 

techniques, it was shown earlier that the PCP 15 gene coded for a 29 

kilodalton protein. If the sequencing of 1.8 kb DNA fragment reveals 

similar composition of amino acids, then it may be assumed that the 

gene codes for that particular 28 kilodalton pupal cuticular protein. 
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Finally, to conclude the discussion, it has been shown that 

these silkmoth Antheraea polyphemus pupal stage genes are 1. not 

clustered, 2. not homologous and 3. one of the genes is stage specific, 

but others are not. These genes are tissue specific in their expression 

in that they are expressed in epidermal tissue only. Analysis of the 

PCP 15 and its mRNA revealed that there may be homologous pupal 

genes present in other silkmoths. 
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