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In this study, we are looking at the 3-dimensional chromosome structure 

of interphase diploid nuclei of Drosophila melanogaster. The goal is to 

determine the higher order structure of interphase chromosomes in these 

nuclei. Higher order structures include those structures larger than the 30nm 

fiber. Over the years, several general models for higher order chromosome 

structures have been presented. We look at three popular models for the 

organization of chromatin during embryogenesis, as each of these models 

make predictions that can be tested using high resolution in situ 

hybridization and image processing techniques. For this study we are using 

the Notch gene for in situ hybridization to embryos in cycles 10-14. 

Our preliminary results are inconsistent with the radial loop model. It 

appears that the chromatin might be arranged in folds of 30 and lOnm fibers. 

We also observe a difference in chroma tin structure as the embryo gets older. 

As the Notch gene is being transcribed during cycle 14 we observe a puffing 

event. In this study we hope to expand on these observations and present 

further areas that need to be explored in order to conclusively distinguish 

these phenomena during early embryogenesis. 
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CHAPTER 1 

INTRODUCTION 

The goal of this study is to look at the 3-dimensional interphase 

chromosome structure of the Notch gene in embryos of Drosophila 

melanogaster. Using Drosophila melanogaster as the model system, we hope to 

determine the organization of chromatin during embryogenesis with respect 

to the three major models of higher order chromatin structure. We ask two 

questions; what is the structure of chromatin in interphase nuclei and is this 

structure related to gene expression? Using high resolution in situ 

hybridization, computational microscopy and image analysis, we aim to 

distinguish the spatial relationship among genes by characterizing the three 

levels of structure: lOnm, 30nm fibers, and higher order structures. We also 

hope to observe the global chromosome structure, which refers to the 

relationship between chromosomes and between chromosomes and other 

nuclear structures. 

During mitosis the chromosomes condense and become visible by light 

microscopy. Therefore most cytogenetic work to date has been done with 

condensed metaphase chromosomes obtained from dividing cells. We will be 

using interphase nuclei, which are less condensed, to examine the structure 

during embryogenesis. During Drosophila embryogenesis, the nuclei divide 

synchronously, hence many nuclei at the same state can be observed. 

In this section we will discuss the concepts involved in chromatin 

organization and the various levels of higher order chromatin structures. We 



will also talk about the three popular models for interphase chromosome 

structure and discuss what is expected using our system for each of these 

models. We will also discuss our model system and describe briefly the 

Drosophila life cycle, especially the stages in embryogenesis. 
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Chromosomes, the structures into which DNA is packaged, are the 

largest and most visible physical entity involved in the transfer of genetic 

information. The chromosome has four main elements; the euchromatin, 

the centromere and the telomere, which are heterochromatic. Euchromatin, 

which contains most of the transcriptionally active components of the 

chromatin, is less condensed than heterochromatin, which consists of 

condensed regions that do not uncoil even in interphasel. Because 

heterochromatic regions remain condensed throughout the life cycle of the 

cell, they have long been regarded as sites of inactive genes although there are 

a few exceptions2. At cell division the chromosomes have duplicated and 

consists of two sister chromatids which are attached at the centromere. The 

telomere is at the chromosome ends, the natural unipolar end of linear 

eukaryotic chromosomes3. 

We first need to understand the smallest and most fundamental 

structural units before we can determine the higher order of packaging in 

chromosomes. In the following section we will discuss the structure of 

chromatin. 



STRUCTURE OF CHROMA TIN 

The most amazing property of a chromosome is the length of each 

molecule of DNA that is incorporated and folded into it. In the Drosophila 

genome 16 mega base pairs (Mbp) of DNA, about Smm in the naked DNA 

form, is compacted into four chromosomes about 1J..Lm to SJ..Lffi in length4. 
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The first step of chromosome packaging is accomplished by wrapping an 

octomer of histone proteins with 200 base pairs (bp) of DNA to form a 

nucleosome (figure 1). The nucleosome is the fundamental repeating unit of 

chromatin. Two copies each of the histones H2A, H2B, H3 and H4 compose 

the histone core around which the DNA is wrapped (1.75 turns) (figure 1A). 

The DNA that is in between adjacent nucleosomes is called the linker DNA. 

This is the first level of compaction of DNA in the nucleus. The 10 

nanometer (nm) fiber is made by linking the nuclesomes through the linker 

DNA, much like beads-on-a-string (figure 1 B). The 10nm fiber can be open, 

with the nucleosomes strung on as beads along the linker DNA or closed, 

where the nucleosomes and the DNA fiber are stacked to yield a fiber that is 

10nm in diameter (figure 1C). 

The higher order structures are formed by the organization of the 10nm 

fiber into larger chromatin fibers. An important molecule in directing the 

formation of higher order structure is the linker histone Hl. H1 is thought to 

facilitate the compaction of chromatin, resulting in what is called the 30nm 

fiber (figure 1C). 

Studies first done by Thuma et alS and now other evidence6 support a 

model for the structure of the 30nm fiber in which the chain of nucleosomes 



Figure 1 
Structure of chroma tin; 
A. The nucleosome containing an octamer of core his tones 
B. The beads on a string form (10nm) 
C. The solenoid form (30nm) 

A. 

B. 

c. 

An octamer of histones (H2A, H2B, H3 &H4) 
forms the nucleosome core 

Two strands of DNA 
wrapped around the 
nucleosome core 
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Nucleosome 

~ 

Beads on a string (10nm) 

Histone H1 
only in 30nm fiber 

;! 

I Linker DNA 

Closed 1 Onm fiber form 
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is compacted by winding into a simple solenoidal structure. There are 

approximately six nucleosomes per helical turn and the pitch of each turn is 

about 11run. Since nucleosomes are individually shaped, 11nm wide discs, 

each turn of the solenoid might therefore correspond to the nucleosomes 

stacking with their long axes parallel to the fiber7. The coiling of nucleosomal 

arrays might be caused by the interaction between the linker histone H1, 

down the axis of the fiber. Histone H1 is known to bind cooperatively to the 

naked DNA. Hence the DNA appears to be coiled between nucleosomes. The 

solenoid model essentially contains the coiled 10nm fiber with 6-7 

nucleosomes, or about 1200-1400 base pairs (bp) per coil to form the more 

condensed structure. Therefore because the chromatin fiber is not necessarily 

a static, stable structure, the chromosomal domains themselves can be folded 

in an ordered manner due to the interaction of histone proteins. 

For our work it is important to know the level of condensation which 

each of these structures facilitate. The folding of DNA into nucleosomes leads 

to a seven-fold compaction in length. The subsequent folding of nucleosomes 

into the chromatin fiber leads to a further seven-fold compaction, forming 

the 30run fiber form. Further condensations are thought to yield a massive 

250-fold compaction of DNAB and mitotic chromosomes have been observed 

to be composed of large gyres in the 250-400nm fiber forms. 
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HIGHER ORDER INTERPHASE STRUCTURES 

After the 30run fiber, little is known about the organization in higher 

structures. Through the years, many studies and models have been presented. 

Out of these, there are three popular models that examine the higher order 

organization. 

The first model suggests a helical coiling of the chromatin fiber, followed 

by a helical folding which results in a 250nm fiber, called the coiled-coil 

model9. The second suggests an organization of the fiber into loops that are 

radially arranged along the axis of the chromosome, called the radial loop 

modellO. There is yet another newer model that suggests that the chromatin is 

organized into folds much like an accordion, called the folded chromonema 

modelll. 

The coiled-coil model proposes that the 30nm fiber is wound smoothly 

into a larger coil, which itself may be wound in turn to form even larger 

fibers (figure 2). The coiled coil is postulated to exist in mitosis and has no 

role in gene expression. The coils are thought to relax as the nucleus enters 

interphase, hence only the 10 or 30 run fibers will remain until the next 

mitosis. 

In the radial loop model, the 30 run fibers are wound into loops that are 

anchored (figure 2). The anchor points might be attached to the nuclear 

matrix through specific proteins. Studies suggest that the radial loop structure 

might be retained during interphase and that it might be important for the 

proper regulation of transcription. Evidence also suggests that genes about 30-

lOOkb long will be arranged in their own loops. Further experiments need to 



Figure 2 
The three popular models in higher order chromosome structure. 
The diagram shows different levels of condensation from the naked 
DNA, 1 Onm and the 30nm fiber forms. It also shows more highly 
condensed structures. 

Coiled-coil model, showing a large 250nm fiber 

~ 
lOnm fiber 

Base of the loops 
(attached by proteins) 
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be done to ascertain how these loops might be anchored and what protein 

might be involved. 
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In the folded chromonema model, the fibers are bent and folded 

accordion-style into organized arrays (figure 2). Evidence for this arrangement 

came from studies done on sections of preserved whole nuclei and frozen 

sections12. Because of the large size it is extremely difficult to follow the fibers 

for long distances, but it appears that there may be two levels of structure 

above the 30nm fiber. 

Several lines of evidence indicate that the closely packed solenoid 

structure of condensed chromatin must loosen for transcription to occur. 

Hence our objective is to study the structural change in nuclei that are 

transcribing the Notch gene and to determine the organization of chromatin 

during more condensed states. 

GLOBAL ORGANIZATION OF THE NUCLEUS 

Studies have shown that the nucleus is more ordered than was first 

known and that there is a global structure within the nucleus (figure 3). 

Studies on Drosophila have confirmed this global order in diploid and 

polytene nuclei13. We would like to find out how much of this order is 

required for an orderly mitosis and gene expression. 

Rabl Organization 

The organization of the nucleus during interphase is difficult to observe 

because the chromosomes are dispersed. Rabi14 used interphase plant nuclei 



Figure 3 
Global organization of the nucleus 

A. Rabl Organization 

B. Nuclear envelope 
attatchment 

C. Homologue pairing 
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to show that chromosomes during interphase are oriented with the 

centromere at one pole and the telomeres at the other 
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Drosophila diploid nuclei are also oriented in the same way15. At 

interphase a cluster of heterochromatic sites and the remnants of the 

centromeres remain, but the telomeres are not visible. The nuclei are also 

oriented with the nuclear axis orthogonal to the embryo surface. Studies have 

shown that the position of the gene within the nucleus is related to its 

position on the chromosome, therefore genes near the centromere lie closer 

to the embryo surface than genes near the telomeres (figure 3). 

Nuclear Envelope Attachment 

Various studies have shown that the chromosomal arms are associated 

with the nuclear envelope16 (figure 3). Because the interphase nuclei are 

diffused it is difficult to see the attachment points. At the end of mitosis, the 

chromosomes lose their shape as membrane vesicles bind to DNA17. The 

membrane vesicles fuse to reform the nuclear envelope, which expands to 

contain the now decondensed chromosomes. Before prophase, the 

chromosomes start to condense near the nuclear envelope at the equator of 

the nucleus. Nuclear membrane breakdown occurs before condensation is 

complete. 

Homolog pairing 

Homologous chromosomes are paired in diploid nuclei. The occurrence 

of several genetic phenomena, like transvection and position effect 

variegation, depends on the three dimensional organization of the nucleus. 
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Transvection is the ability of a gene to influence the activity of an allele on 

the opposite homologue only when the two homologous chromosomes are 

synapsed. It is a phenomenon in which transcription enhancers in the 

homologue allow increased transcription of genes from the other 

homologue. Position effect variegation is the change in the expression of a 

gene accompanying a change in the position of the gene with respect to 

neighboring genes. 

Direct evidence for homologue synapsis in diploids has just begun to 

emerge and studies have shown that homolog pairing occurs gradually and 

seems still to be incomplete at cellularization18, but not much is yet known 

about the mechanism. We hope to learn what happens during the time that 

homo logs pair. 

Recent work has shown that the structure of interphase chromosomes 

might play an active part in function and there is no doubt that the structure 

of the chromatin might change as transcription begins. The 5' end of the 

transcript must open up during transcription thereby becoming sensitive to 

nucleases and specific transcriptional factors that might alter the structure of 

the promoter region. We hope to learn more about the relationhip between 

structure and function of chromatin. 

THE EXPERIMENTAL SYSTEM 

We use Drosophila melanogaster as the model system. Advantages of 

Drosophila include its small genome and fast generation time. The genome 
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consists of four diploid chromosomes including a rod-shaped X chromosome, 

a submetacentric Y chromosome, two large metacentric chromosomes 

(chromosomes 2 and 3) and a dot-like chromosome 4 19. The simple 

requirements in the maintenance of Drosophila populations and their 

fecundity makes them a good choice for study of molecular biology of 

embryogenesis. 

The life cycle (figure 4): 

Drosophila melanogaster is a fly that belongs to the holometabolic insects 

which undergo complete metamorphosis. The sequence and the approximate 

duration of the different stages of the life cycle at the optimum growth 

temperature, 25°C, are20,21 seen in Table 1. 

Table 1 

Stages in the life cycle Duration time (25°C) 

Embryonic development lday 

First larval instar lday 

Second larval instar lday 

Third larval instar 2days 

Pre pupa 4 hours 

Pupa 4.5 days 

Adult stage 40-50 days 



Figure 4 
The life cycle of Drosophila melanogaster 

3.5-4.5 days 

pupa 

2.5-3days \ 

3 instar 

I . 
egg \ 

v 
) 

/ 
~ 

1 day 

27 



28 

Males become sexually mature and fertile shortly after emergence from the 

pupal case. Females mature less quickly, about 6-12 hours after they pupate. 

Once a female is sexually mature she will mate repeatedly with different 

males. Sperm is stored by the female in the ventral receptacle and used to 

fertilize eggs laid at later times. By understanding these factors we can keep a 

population cage running according to our needs. In a newly seeded 

population cage, collection of eggs is not done until the 2nd or 3rd day to 

allow time for the flies to adjust to a new environment, thus improving 

yield. Optimal collection of eggs can be done in the first week after a cage is 

seeded. During the second week, the collection yield drops due to the age of 

the flies. To ensure that no contamination occurs, the large population cage is 

cleaned and reseeded every two weeks. 

We are interested in the embryonic stage. Early Drosophila embryos 

undergo synchronous nuclear divisions, providing us with an entire field of 

apparently identical nuclei which undergo rapid mitosis just beneath the 

embryo surface. The stages in embryogenesis have been studied in detail by 

Foe and Alberts22. 

DROSOPHILA EMBRYOGENESIS 

A newly laid Drosophila egg is approximately 0.42mm long and has a 

diameter of 0.1Smm23. The egg is surrounded by a chorion with two chorionic 

appendages at the anterior24 (figure 4). It is slightly flattened dorsally and has a 

convex curve on the ventral surface. The chorion and the vitalline 

membranes must be removed, to observe the changes in the surface 



morphology of the plasma membrane that surrounds the syncytial embryo 

(figure 5). 
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The development of the egg has been divided into a number of 

developmental stages25,26 . Within a few minutes of sperm entry the male 

and female pronuclei fuse about one-third of the egg length from the anterior 

pole. The yolk is distributed throughout the egg and the cytoplasm surrounds 

the yolk granules and forms a thin layer beneath the plasma membrane. 

After fertilization the zygotic nuclei divide 13 times before 

cellularization to form the blastoderm. Each nuclear division cycle begins 

with the start of interphase and ends with the conclusion of mitosis. The first 

seven zygotic divisions are synchronous27, and the nuclei multiply 

exponentially. During the course of the next three divisions most of the 

nuclei approach the surface of the egg to form the somatic cells of the 

syncytial blastoderm28. After cycle 7 yolk nuclei form from about 26 nuclei 

that remain in the center. The pole cells are formed by 2-3 nuclei in the 

posterior plasma after cycle 8. The yolk nuclei and the pole cells divide 

another three or two times in synchrony with the nuclei of the somatic cells. 

A few migrating nuclei appear at the periphery at the beginning of the 

lOth interphase, over the entire embryonic surface. During cycles 10-13, these 

syncytial nuclei at the embryonic periphery divide with near synchrony. 

During the lOth mitosis the pole cells divide and nearly simultaneously, 

become distinguished from the syncytial embryonic mass. They continue 

dividing until they lose mitotic synchrony with the embryonic syncytium. 

The yolk nuclei do not divide but become polypoid. 



Figure 5 
Developmental stages during Drosophila embryogenesis 
(according to Foe and Alberts; J Cell Sci 61: 31-70 1983) 

Cycle 13 
21 min 

Cycle 14A Cellular 
Blastoderm 
Embryo 

Cycle 148 
Gastrulated embryo 

~ more than 65 min ~ 
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Cellularization of syncytial nuclei occurs during the first half of interphase 14 

(cycle 14A) and the new cells embark on the movements of gastrulation as 

soon as they are formed. The cells formed during cycle 14 contain all the 

progenitors of the somatic tissues, including both extra-embryonic 

membranes and the embryonic primordium proper. Gastrulation, the 

formation of germ layers, occurs by the gradual invagination of a continuous 

mid ventral cell band, which will eventually form a tubular structure in the 

embryo (figure 5). 

We are interested in cycles 10-14 during embryogenesis. During these 

stages the nuclei divide synchronously. The number of nuclei in a given field 

and the diameter of a nucleus change from cycle to cycle during 

embryogenesis. The nuclear division cycle stage of embryos can be 

determined by measuring the number and size of the nuclei in an image. 

Using Foe and Alberts29 results, we have calculated the values expected for 

our system These are given in the Table 2. 

Table 2 

Nuclear division 

cycle 

Cycle10 

Cycle 11 

Cycle 12 

Cycle 13 

Cycle 14 

Number of nuclei in 

field (3490Jlm2) 

6-10 nuclei 

11-16 nuclei 

19-30 nuclei 

42-69 nuclei 

95-132 nuclei 

Diameter of the 

nucleus 

10.9Jlm 

10Jlm 

7Jlm 

6Jlm 

5Jlm 
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THE NOTCH GENE 

Notch is a 40kb long gene transcribed as a single unit. Studies on 

transcriptional analysis indicate that this transcriptional unit is spliced into a 

major 10.5kb poly(A) RNA composed of 9 RNA coding regions30,31. Notch is 

located near the telomere on the X chromosome (at 3C7), so there are two 

copies in females and only one copy in males. 

The Notch gene is selected for its genetic and developmental properties. 

The Notch gene product is required for normal development of the 

embryonic and adult epidermis and nervous system as well as other 

functions32. The gene has been cloned and large portions have been 

sequenced. The functional portions of the gene and its encoded proteins have 

also been determined33. Another advantage of Notch is that, because it is a 

large gene, its structure can be visualized using our current levels of 

resolution. Studies have shown the expression of this gene to be at the 

cellular blastoderm stage34. 

HYPOTHESIS 

The overall objective of this work is to explore three main areas: 

1. To determine the chromatin organization in diploid nuclei in cycle 

14 embryos and during early embryogenesis 

2. To study the onset of transcription of the Notch gene 

3. To characterize homolog pairing during early embryogenesis 
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Chromatin organization in diploid nuclei 

The objective of this area of study is to determine the structure of diploid 

chromosomes using the Notch gene. Using our experimental system and in 

situ hybridization techniques we will look at the higher order structure of 

chromatin during early embryogenesis, with respect to the three popular 

models. Using two probes from the 5' (front) and the 3' (back) ends of the 

gene, we expect to see differences in distance in hybridization signals. We are 

able to calculate the interprobe distances that we expect, based on the different 

levels of condensation for the 10 and 30nm fiber forms. 

Our hypothesis at each level of condensation (30 or 10nm fiber forms) 

will be discussed below. As previously discribed, the formation of the 10nm 

fiber complex, results in the contraction of the DNA duplex by a factor of 

about 7. The next level of packaging of DNA in chromatin, the solenoid 

structure, causes a further contraction of the DNA by a factor of 7. Therefore 

these two levels of contraction together account for a condensation of 

chromatin by a factor of about 40. 

The interprobe distance between our two probes (5' and 3' ends) is 26.4kb 

and 29.2kb. Hence, using the different levels of condensation, we can calculate 

the distances that we would expect if these fragments are organized in the 10 

or 30nm fiber forms. For each of the pairs of probes used, the expected 

interprobe distance is given in the table below. 



Table 3 

Probes 

35h7.8 & N4H8.8 

P9.9 & N4H8.8 

Interprobe distance 

Kilobase (kb) 

26.4kb 

29.2kb 

distances expected (Jlm) 

lOnm 

1.4lJ.lm 

1.57J.1m 

30nm 

0.23J.1m 

0.26J.1m 
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Based on calculations, we can make predictions on the distances for each 

of the three popular higher-order chroma tin models. For the coiled -coil 

model, we expect uniform helical coils in metaphase nuclei, that relax to 

30nm fiber during interphase. If this is the case then in situ hybridization 

experiments using interphase nuclei, we would expect a distance of 0.23J.1m 

and 0.26J.llll for the two pairs of probes. The two probes will show a distance 

compatable to the 30nm fiber and will be apart from each other (figure 6). 

For the radial loop model, we expect less tight decondensed structures. 

Studies from the radial loop model show that loop organization is possible 

for genes of 30-100kb35. Hence if this is true then the Notch gene which is 40 

kb long, should be arranged in its own loop and our 5' and 3' probes will be 

located at the tip of the loop. We should observe the two probes in a tight 

distance for the loop arrangement, i.e; the two probes would be closer 

together, both during mitosis and interphase (figure 6). 

For the folded chromonema model, we expect folds of chromatin 

structure in 30nm and lOnm fiber forms. Here we would expect the probes to 
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Figure 6 

The Expected Positions for the Hybridization Signals for the three Models 

Coiled-coil Model Radial Loop Model Folded Chromonema Model 

Mitosis 

Interphase • ( , 



be close to each other and have distances between 1.41J.Ull- 0.23J.Ull and 

1.57J.Ull- 0.26Jlm for the 10 and 30nm fiber forms for each pair of probes. 

Our goal is to test these models using developing Drosophila embryos. 

Onset of Transcription of the Notch gene 

Transcription is the formation of an RNA molecule upon a DNA 

template by complementary base pairing; mediated by an RNA polymerase. 

Transcription takes place from the 5' and to the 3' end with the action of 

RNA polymerase II. Studies have estimated the transcriptional elongation 

rate to be about 1.1-1.4kb/min36,37. The Notch gene is 40kb long and hence 

would take 28 minutes to transverse the entire gene. 
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Previous studies have shown the Notch gene to be expressed at 

cellularization38. Our goal is to determine the onset of transcription of the 

Notch gene during different stages of embryogenesis. For these experiments 

we will use an in situ protocol developed by Tautz and Pfeifle39. Probes from 

the 5' (front) and 3' (back) end of the Notch transcriptional unit will be used. 

There is a variation in the time that RNA polymerase takes to transcribe 

a gene, from about 30 s to 1.1 hr40. In early Drosophila embryogenesis, the 

embryonic cell cycles are short (see Table 4). Hence, these cell cycle times are 

shorter than the transcription times for long genes. If DNA synthesis or 

mitosis disrupts transcription, the rapid early cell cycles will inhibit 

expression of large genes. The influence of mitosis on the transcription of the 

Notch gene, might forcast an interesting idea of a potential regulatory 

importance. 
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Our objective is to determine the regulation of the Notch gene through 

nuclear division cycles in embryogenesis. We expect to observe the 5' end 

transcript in early embryogenesis and the 3' transcript in cycle 14 embryos. We 

want to determine when in cycle 14, both transcripts are observed. 

Table 4 

Developmental Stage 

Cycles 1-9 

Cycle10 

Cycle11 

Cycle12 

Cycle 13 

Cycle14 

(according to Foe and Alberts41) 

Onset of homolog pairing 

Duration time (min at 25°C) 

8 minutes 

9 minutes 

10 minutes 

12 minutes 

21 minutes 

more than 65 minutes 

Homologous pairing is thought to exist based on a genetic phenomenon 

called transvection and is seen directly when homologous chromosomes 

come together during synapsis in polytene chromosomes. Studies done using 

histone genes have observed homologous pairing from nuclear cycles 12 to 

1442. Their results show that the two homologs are separated through all 
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stages of the cell cycle up to nuclear cycle 14 but in cycle 14, the two homologs 

co-localize with high frequency43. 

Our aim is to observe homologous pairing in interphase nuclei from 

cycle 13 to late cycle 14, using probes from the Notch transcriptional unit. We 

hope to compare the homolog pairing of this X-linked gene to that of an 

autosome gene. We also want to determine when two homologous come 

together and when they separate. We also want see the influence of the two 

homologs in chromatin strucuture. 

Before our results can be discussed, we will present the methods and 

techniques used in our experiments. 



REFERENCES 

1Ashburner, M. Drosophila a laboratory handbook. Cold Sping Harbor 
Laboratory Press 1989. 

2Hessler, A.Y. {1958). V-type position effects at the Light locus in Drosophila 
melanogaster. Genetics 43:395-403. 

39 

3Biessmann, H., Valgeirsdottir, K., Lofsky, A., Chin, C., Ginther, B., Levis, R., 
and Paradue, M. {1992). He7-A, A transposable element specifically involved 
in "healing" broken chromosome ends in Drosophila melanogaster. Mol. Cell. 
Bio. 12:3910-3918. 

4Ashburner, M. Drosophila a laboratory handbook. Cold Sping Harbor 
Laboratory Press 1989. 

5Thuma F., Koller, T., and Klug, A. (1979). Involvement of histone H1 in the 
organization of the nucleosome and salt dependent superstructures of 
chromatin. J.Cell. Bio. 83,402-27. 

6widom, J., and Klug,A. {1985). Structure of the 300A chromatin filament: X
ray diffraction from the orientated samples. Cell43: 207-13. 

7Thuma F., Koller, T., and Klug, A. (1979). Involvement of histone H1 in the 
organization of the nucleosome and salt dependent superstructures of 
chromatin. J.Cell. Bio. 83,402-27. 

8Earnshaw,W.C. {1988). Mitotic chromosome structure. Bioessays 9, 147-50. 

9Sedat, J.W., and Manuelids, L. (1977). A direct approach to the structure of 
eukaryotic chromosomes. Cold Spring Harbor Symp. Quant. Biol.42:331-349. 

10Gasser, S.M., and Leamali, U.K. (1987). A glimpse at chromosomal order. 
Trends Genet. 3:16-22. 



40 

11Belmont, A.S., Braumfeld, M., Sedat, J., and Agard, D.A. (1989). Large-scale 
chromatin structural domains within mitotic and interphase chromosomes 
in vivo and in vitro. Chromosoma 98:129-143. 

12Belmont, A.S., Braumfeld, M., Sedat, J., and Agard, D.A. (1989). Large-scale 
chromatin structural domains within mitotic and interphase chromosomes 
in vivo and in vitro. Chromosoma 98:129-143. 

13Hochstrasser, M., and Sedat, J.W. (1986). Three-dimensional organization of 
Drosophila melanogaster interphase nuclei II. Chromosome spatial organization 
and gene regulation. J.Cell Biol. 120:591-600. 

14Cited by Hochstrasser, M., and Sedat, J.W. {1986). Three-dimensional 
organization of Drosophila melanogaster interphase nuclei II. Chromosome 
spatial organization and gene regulation. J.Cell Biol. 120:591-600. 

15Hochstrasser, M., and Sedat, J.W. (1986). Three-dimensional organization of 
Drosophila melanogaster interphase nuclei II. Chromosome spatial organization 
and gene regulation. J.Cell Biol. 120:591-600. 

16Hiraoka, Y., Minden, J.S., Swedlow, J.R., Sedat, J.W., and Agard, D.A. (1989) 
Focal points for chromosome condensation and decondensation revealed by 
three-dimensional n-vivo time lapse microscopy. Nature 342:293-296 

17Hiraoka, Y., Minden, J.S., Swedlow, J.R., Sedat, J.W., and Agard, D.A. (1989) 
Focal points for chromosome condensation and decondensation revealed by 
three-dimensional n-vivo time lapse microscopy. Nature 342:293-296 

18ffiraoka, Y., Dernburg, A.F., Parmelee, S.J., Rykowski, M.C., Agard, D.A., 
and Sedat, J.W. (1993). The onset of homologous chromosome pairing during 
Drosophila melanogaster embryogenesis. J.Cell.Biol120:591-600. 

19 Ashburner, M. Drosophila a laboratory handbook. Cold Sping Harbor 
Laboratory Press 1989. 



20Graf, van Schail and Wurgler. Drosophila Genetics. A practical course. 
Springer-Verlag. NY. 1992. 

41 

21Hiraoka, Y., Dernburg, A.F., Parmelee, S.J., Rykowski, M.C., Agard, D.A., 
and Sedat, J.W. (1993). The onset of homologous chromosome pairing during 
Drosophila melanogaster embryogenesis. J.Cell.Biol 120:591-600. 

22Foe., V.E., and Alberts., B. (1983). Studies of nuclear and cytoplasmic 
behaviour during the five mitotic cycles that procede gastrulation in 
Drosophila embryogenesis. J. Cell. Sci. 61:31-70. 

23Sonnenblick., B.P. The early embryology of Drosophila melanogaster. Biology 
of Drosophila. Wiley, New York. 1950. 

24 Ransom Robert. A handbook of Drosophila development. Elsevier 
Biomedical Press. 1982. 

25campos-Ortega, Jose, A., and Hartenstein, A. The embryonic development 
of Drosophila melanogaster. Speinger-Verlag Berlin Heidelberg. 1985. 

26Bownes., M (1975a) A photographic study of development in the living 
embryo of Drosophila melanogaster. J Embryo! Exp Morpho! 33:789-801. 

27zalokar, M., and Erk, I. (1976). Divison and migration of nuclei during early 
embryogenesis of Drosophila melanogaster. J. Microsc Bol Cell. 25:97-106 

28Foe, V.E., and Alberts, B. (1983). Studies of nuclear and cytoplasmic 
behaviour during the five mitotic cycles that procede gastrulation in 
Drosophila embryogenesis. J. Cell. Sci. 61:31-70. 

29foe, V.E., and Alberts, B. (1983). Studies of nuclear and cytoplasmic 
behaviour during the five mitotic cycles that procede gastrulation in 
Drosophila embryogenesis. J. Cell. Sci. 61:31-70. 



42 

30IGdd, S., Kelley, M.R, and Young, M.W. (1986). Sequence of the Notch locus 
of Drosophila melanogaster: Relationship of the encoded protein to mammalian 
clotting and growth factors. Mol cell Bioi 6:3094-3108. 

31 Wharton, K.A., Johansen, K.M., Xu, T., and Artavanis-Tsakonas, S. (1985). 
Nucleotide sequence from the Neurogenic locus Notch implies a gene product 
that shares homology with proteins containing EGF-like repeats. Cell. 43:567-
581. 

32Fortini, M.E., and Artavanis-Tsakonas, S. (1993) Notch: Neurogensis is only 
part of the picture. Cell 75: 1245-1247. 

33Fortini, M.E., and Artavanis-Tsakonas, S. (1993) Notch: Neurogensis is only 
part of the picture. Cell 75: 1245-1247. 

3434Hartley, D.A., Xu, T., and Artavanis-Tsaknonas, S. (1987). The embryonic 
expression of the Notch locus of Drosophila melanogaster and the implications 
of point mutaions in the extracellular EGF-like domain of the predicted 
protein. EMBO 6: 3407-3417. 

35Gasser, S.M., and Laemmli, U.K. {1986). Cohabitation of scaffold binding 
regions with upstream/enhancer elements of three developmentally 
regulated genes of Drosophila melanogster. Cell. 46:512-530. 

36shermoen, A.W., and O'Farrell, P.H. (1991). Progression of the cell cycle 
through mitosis leads to abortion of nascent transcripts. Cell. 67:303-310. 

37Thummel, C.S., Burtis, K.C., and Hogness, D.S. (1990). Spatial and temporal 
patterns of E74 transcription during Drosophila development. Cell. 61:101-111. 

38Hartley, D.A., Xu, T., and Artavanis-Tsaknonas, S. {1987). The embryonic 
expression of the Notch locus of Drosophila melanogaster and the implications 
of point mutaions in the extracellular EGF-like domain of the predicted 
protein. EMBO 6:3407-3417. 



43 

39 Tautz,D., and Pfeifle, C. (1989). A non-radioactive insitu hybridization 
method for the localization of specifiv RNAs in Drosophila embryos reveals 
translation control of the segmentaion gene hunchback. Chromosoma (Berl.) 
98:81-85. 

40Cited in Mathews, C., and Holde, K. Biochemistry. Benjamin/Cummings 
publishing company, Inc. 1990. 

41Foe, V.E.,and Alberts, B. (1983). Studies of nuclear and cytoplasmic 
behaviour during the five mitotic cycles that procede gastrulation in 
Drosophila embryogenesis. J. Cell. Sci. 61:31-70. 

42Hiraoka, Y., Dernburg, A.F., Parmelee, S.J., Rykowski, M.C., Agard, D.A., 
and Sedat, J.W. (1993). The onset of homologous chromosome pairing during 
Drosophila melanogaster embryogenesis. J.Cell. Bioi 120:591-600. 

43Hiraoka, Y., Dernburg, A.F., Parmelee, S.J., Rykowski, M.C., Agard, D.A., 
and Sedat, J.W. (1993). The onset of homologous chromosome pairing during 
Drosophila melanogaster embryogenesis. J.Cell.Biol 120:591-600. 



44 

CHAPTER 2 

METHODS AND MATERIALS 

We have use diploid embryonic nuclei because they have an almost flat 

plane of nearly identical nuclei, and are ideal for the study of higher order 

and global structures.The first procedure that will be discussed is fly care and 

collection of eggs. We use diploid nuclei of Drosophila melanogaster embryos in 

cycles 10-14. In order to collect embryos in these particular stages we must 

time the collection, to ensure are in cycles 10-14. The average duration of 

nuclear cycles have been calculated by Foe and Alberts1 The early cycles, 

nuclear cycles 1-9 take about 8 minutes. They estimate the following times at 

25°C for nuclear cycles 10-14 (Table 1). Their studies showed that the length of 

cycle 14 varies in a position-specific manner throughout the embryo, the 

shortest cycles being of 65 minutes. 

Table 5 

Developmental stage 

Cycles 1-9 

Cycle 10 

Cycle 11 

Cycle12 

Cycle 13 

Cycle 14 

according to Foe and Alberts2 

Duration (minutes at 25°C) 

8 minutes 

9 minutes 

10 minutes 

12 minutes 

21 minutes 

more than 65 minutes 
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These times have been useful to us in determining how long of a time 

afterwe should collect embryos. We will discuss in detail how the collection 

of embryos is performed. 

COLLECTION AND FIXATION OF EMBRYOS 

Embryos are collected the day an in situ hybridization experiment is 

done. To get large volumes of eggs, a large population of flies is used. The 

flies lay optimally during the night and hence to maximize the collection, the 

night and day cycles in the fly closet is reversed, using a darkroom red light 

during the day and a incandescent light linked to a timer at night. The flies 

are kept in a closet, away from loud noises and constant vibrations. The closet 

is also kept moist and humid to a temperature close to 25°C. The cage is 

maintained on a regular rotation so that a new cage is started every 2 weeks. 

Care is also taken to avoid contamination due to mites. The cage is 18 inches 

X 18 inches and is seeded with 100-200ml of adult flies which are raised from 

0.8-1ml of eggs each in 16 mini cages filled to a depth of 1 inch with standard 

Drosophila food and about 10ml of yeast. During the first few days, the fly 

population is not very productive and few eggs are seen. Thus, to increase the 

amount of eggs, collection of eggs is done a few days after seeding the big cage, 

usually on the third or fourth day. Feeding is done once every day except on 

collection days when the cage is fed three times or more. 

Before collecting eggs, the cage is prefed using two high-agar food plates 

{Table 6). This simple food is used because it has a stiff surface that the eggs 



46 

will not penetrate. The high-agar food is spread with a thin layer of yeast paste 

(Table 6) to encourage the flies to lay. Flies will hold their eggs to hatching if 

they find the food undesirable. Hence, food plates and yeast paste are stored in 

a refrigerator away from chemicals or other unpleasant orders. Before feeding 

the cage, the food plates are warmed to 25-27°C in a microwave. By prefeeding 

the cage before the actual collection, we ensure that all old embryos that the 

flies have been holding will be laid. By doing this we want to minimize the 

amount of old embryos collected on actual collecting plates. Prefeeding is 

done for 1.5 hours to encourage flies that have been holding eggs to lay them. 

Three plates are used for the actual collection, spread with a thin layer of 

yeast, warmed to room temperature and placed in the cage for the appropriate 

time. The timing of collection varies according to the life cycle time. For cycle 

10-14 embryos, the collection is 1 hour and 10 minutes with 10 to 20 minutes 

aging period. For post blastoderm embryos the collection is 1 hour and 30 min 

with 45 min aging. These times have been calculated using the duration of 

the nuclear cycles calculated by Foe and Alberts3. as described above. While 

collecting, the buffers and other solutions are prepared and aerated to ensure 

that embryos do not become anoxic4, which leads to abnormal morphology. 

Mitosis is extreme! y sensitive to changes in environment and hence the 

fixation of embryos should be gentle and as fast as possible. For this reason, a 

bulk fixation procedure developed by Mitchison and Sedat is used. To do this , 

it is important to collect a large number of approximately synchronous 

embryos. We have described the equipment needed and the fixation 

procedure below. 



Equipment needed in preparation area 

Clean fine paint brush (2") 

Detergent saline in 11 squeeze bottle, aerated 

Glass baking dish 8X8 inches or equivalent 
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200 ml household bleach and 200 ml1X Buffer A, aerated, in a 500 ml 

beaker 

40 mesh (to retain dead flies) and 20 mesh (to catch eggs) stainless 

steel sieves ("Cellector" from Bellco Biotechnology, Vineland NJ) 

500 ml beaker with detergent saline, aerated 

10 ml heptane/10 ml 1X buffer A with 4°/o formaldehyde in a screw

capped glass test tube (KIMAX 16 X 125mm) 

Stopwatch 

Powdered dry ice 

10 ml heptane/10 ml methanol in a screw-capped glass test tube 

(KIMAX 16 X 125mm), cooled to -70°C 

5-7 ml of methanol in a screw-capped small glass test tube 

{KIMAX 13 X 100mm) for embryo storage 

Platform shaker (New Brunswick, Edison, NJ) 

Water bath at 37°C 



Table 6 

Feeding plates 

Agar 

Molasses 

Milli-Q water 

Add/final volume 

88gm 

360ml 

2.51 
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Autoclave for 30 minutes , cool to 50°C and add 20ml ethyl acetate. Pour food 

into shallow 6X8.5 inch styrofoam meat plates or equivalent and leave to set. 

Yeast paste 

Active dry yeast 

water 

-1/3 

-2/3 

Mix till paste forms with a consistency of creamy peanut butter. 



Table 7: Solutions for Fixation of Embryos 

Detergent salinea 

Triton X-100 

NaCl 

Milli-Q water 

lOX Buffer A*b 

PIPES 

KCl 

NaCl 

Stock cone. Final cone. 

lSOmM 

BOOmM 

200mM 

Add/final volume 

lml 

7g 

21 

22.68g 

29.82g 

5.85g 

Add 400ml Milli-Q water, pH to 6.8 using lON NaOH 

Milli -Q water 

Autoclave. 

40°/o fresh formaldehydec 

to SOOml 

Paraformaldehyde (Polysciences, Warrington, PA.) lgm 

Milli-Q water to 2.5ml 

NaOH (freshly made) lON 3.5J.1l 

Boil to dissolve, cool and filter through 0.2J.1m Nalgene filter. 

Two phase permeabilization and fixation mediumc 

lOX buffer A* lX lml 

EGTApH7 250mM O.SmM 20J.1l 

EDTApH7 250mM 2mM 80J.1l 

Spermidine O.SM O.SmM lOJ.!l 

Spermine O.SM 0.2mM 4.0J.1l 

2 -mere a ptoethanol 14.5M 0.1 °/o 10.5J.1l 

49 



Fresh formaldehyde40°/o 4°/o 

Milli-Q water 

Heptane 

lX Buffer A 

1 OX buffer A* lX 

EGTApH7 250mM O.SmM 

EDTApH7 250mM 2mM 

Spermidine O.SM O.SmM 

Spermine O.SM 0.2mM 

2 -merca ptoethanol 14.5M 0.1°/o 

Milli -Q water 

50°/o Buffer A/50°/o Bleachc 

Household bleach 5°/o NaClO 

lX Buffer A 

a solutions that can be stored at room temperature 

b solutions that are stored at 4° C 

c solutions freshly made on the day of prep. 

50 

lml 

7.88ml 

lOml 

40ml 

40.8ml 

3.2ml 

0.4ml 

160Jll 

420Jll 

315ml 

200ml 

200ml 
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Procedure: 

1. Harvest embryos from a population cage fed with molasses medium (Table 

1). Before collection, prefeed the population cage using two feeding plates, 

generously spread with yeast paste for 90 minutes to encourage flies to lay 

eggs that they have been holding. 

2. Collect eggs on three feeding plates with a thin spread of yeast paste, for 60-

80 minutes and age for 20-30 minutes (depending on temperature) to ensure 

embryos are in cycles 10-14. 

3. Wash the eggs into the glass dish with aerated detergent saline, and collect 

them using the two sieves, the coarse sieve inside the fine one 

4. Put embryos into 50°/o bleach in 1X Buffer A for 90 seconds to dechorinate, 

stirring constantly to keep embryos from sinking to the bottom. Collect in the 

fine sieve. 

5. Rinse embryos with a stream of detergent saline until all smell of bleach is 

gone. 

6. Rinse the embryos to the corner of the sieve using a small amount of the 

heptane phase of the fixation medium. Transfer them to the two phase 

permeablization and fixation medium using a Pasteur pipette, avoiding the 

aqueous phase. Detergent from this phase has shown to degrade morphology. 

Steps 3 through 6 are done quickly and should not exceed 6-7 minutes. If these 

steps take longer, the embryo morphology will suffer and most often the 

embryos become anoxic. 



7. Shake embryos vigorously (350 rpm) in the fixation medium in a 

horizontal position at room temperature for 15-20 minutes. 

8. Using a Pasteur pipette, remove embryos to the tube containing 

heptane/methanol cooled to -70°C with dry ice. 

9. Pack the tube in powdered dry ice and shake at 350rpm in a horizontal 

position for 10 minutes. 
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10. Quickly transfer test tube to the 37°C water bath and shake vigorously for 

30 seconds until almost all of the devitallinized embryos sink to the 

methanol phase. 

11. Transfer the devitallinized embryos to the tube containing methanol and 

step through a series (5:0, 4:1, 3:2, 2:3, 1:4, 0:5) of methanol/buffer A washes 

(about 5 minutes at room temperature) into 1X buffer A. 

12. Freshly prepared embryos are stained with 0.1J..Lg/ml DAPI in 1X buffer A 

to assess chromosome morphology and then used for in situ hybridization. 

Before fixed embryos are used in hybridization experiments, we survey 

the chromosome morphology of each preparation. If we observe anoxia or 

any other abnormality in chromosomal arrangement then the preparation is 

rejected. The preparations are also roughly counted for the number of cycle 

10-14 embryos to determine if fixed embryos can be used in further 

experiments. If about 50°/o of the embryos are in cycles 10-14 then we accept 

them for further experiments. 

Before the hybridization procedures can be discussed, we need to discuss 

about the preparations of probes. Probes from the Notch gene are nick 

translated. We observe that by nick translation small fragments about 150-



200bp are synthesized. By using small fragments, we ensure that there is 

penetration into the embryos. 

NICK TRANSLATION OF PROBE DNA 

Equipment and Apparatus 

GSO sephadex spin columns 

Clinical centrifuge 

Radiation monitor 

Microcentrifuge tubes 
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Table 8: Stock Solutions for Nick Translation 

Stock solution Stock cone. Final cone. Vol. 

lOX nick translation buffera 

Tris pH 7.6 1M 0.5mM 7.5 ml 

MgS04 1M O.lM 1.5ml 

dithiothreitol 1M lmM 15~1 

Bovine serum albumin lOmg/ml lmg/ml 7.5~1 

Milli-Q water 5.9ml 

lOX DNAse dilution buffera 

Tris, pH 7.5 1M lOmM O.lml 

MgCl2 1M lOmM O.lml 

Milli-Q water 9.8ml 

ACG mix a 

dATP lOOmM 0.3mM 30~1 

dCTP lOOmM 0.3mM 30~1 

dGTP lOOmM 0.3mM 30~1 

Milli-Q water 910~1 

dTTPa 

dTTP lOOmM lmM 1~1 

Milli-Q water 99~1 

32P-dATP 

32P-dATP (Dupont, Boston, MA)lO~Ci/ml l~Ci/ml 1~1 

Milli-Q water 9~1 

Dig mix 

Digoxigenin-11-dUTP lmM 0.49mM 25~1 



dTIP 

Milli-Q water 

Other Stocks: 

Biotin-16-dUTP 

DNAse1 (Worthington, DPFF grade) 

1mM 

1mM 

1mg/ml 

0.26mM 

DNA Polymerase1 (New England Biolabs, Beverly, MA) 10,000 u/ml 

dNTP's from Pharmacia LKB Biotechnology, Piscataway NJ. 
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12.5J,11 

12.5J,11 

Bovine serum albumin, Biotin-16-dUTP and digoxigenin-11-dUTP from 

Boehringer Mannhiem Biochemicals, Indianapolis, IN. 

astock solutions stored at -20°C in aliquots. 



Table 9: Nick Translation Reaction 

Solutions Add volume 

lOX nick translation buffer 2.5Jll 

ACG mix 2.5J..Ll 

1:400 dilution DNasela l.SJ..Ll 

DNA polymerase! lJ..Ll 

1:10 dilution 32P-dATP lJ..Ll 

DNA lJ..Lg 

Biotin -16-dUTP 0.6Jll 

or or 

Dig mix lJ..Ll 

Milli-Q water to 25 J..Ll. 

a 1:400 dilution of DNAse into lX DNase dilution buffer is made the day of 

experiment and stored on ice until used. 
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Procedure (for one hybridization in one color): 

1. The labeling reaction for 1Jlg plasmid, phage or fragment DNA (Table 9) is 

carried out for 60min at 25°C. 

2. Purify the labeled DNA and remove unincorporated nucleotides by 

spinning through a GSO sephadex spun-columnS. The incorporation should 

be around 30 -50°/o, judged by counting radiation from the column and the 

eluate with a hand-held meter. 

3. Precipitate the labelled DNA.by adding 20 Jlg of herring testis carrier DNA, 

1/10 volume 3M sodium acetate and 2.5 volumes absolute ethanol. Incubate 

20min in dry ice/ethanol bath. Spin at 4°C for 10 minutes at 14,000rpm. Wash 

in 70°/o ethanol and air dry. Resuspend in 10Jll hybridization buffer. Mix 

digoxigenin and biotin labelled probes for two-color hybridization. 

4. To determine the single-strand length of the labelled probe, run on a 

denaturing polyacrylamide gel6, transfer electrophoretically to nylon 

membrane 7, and visualize using either avidin or anti-digoxigenin linked to 

alkaline phosphatase (Boehringer Mannheim) using manufacturers 

instructions. The single strand length should be 75-150 bp. 

Probes prepared in this manner are used in hybridization experiments. 

Probes are prepared fresh and are used only if the 0/o incorporation is above 

30°/o. Probes are usually tagged with biotin and digoxigenin, in order to 

perform two color hybridization experiments. 

After probes are made, in situ hybridization is done. Just before 

hybridization, probes are denatured in boiling water for 5-8 minutes and 

cooled immediately. 



CHROMOSOMAL IN SITU HYBRIDIZATION TO WHOLE MOUNT EMBRYOS 

Equipment and Apparatus 

6 X 50mm glass culture tubes (Kimax) 

Pasteur pipettes 

Para film 

Rota tor for washes 

Heating block at 70°C 

Hot water bath 

Ice bucket 

Incubator at 37°C 
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Table 10: Solutions and Buffers for In Situ Hybridization 

Solution Stock cone. Final cone. Add/final volume 

lOX PBS and PBTa 

NaCl 

Na7HP04 

NaH2P04 

Milli-Q water 

Autoclave. 

For lOX PBT add 

0.13N 

7mM 

3mM 

Surfact-Amp 20™ (Pierce, Rockford, IL)l0°/o 0.1 °/o 

Hybridization Buff era 

Formamide (Distilled)l00°/o 

Herring testes DNA Smg/ml 

Surfact-Amp 20™ 10°/o 

sse 2ox 
Milli-Q water 

RNAse Ab,c 20mg/ml 

50°/o 

lOOJlg/ml 

0.1 °/o 

4X 

Dilute 50Jll of 20mg/ml RNAse A in lOOJll oflX PBT. 

lX Buffer Ah (Table 4) 

40°/o formaldehyde (Table 4) 

a Solutions that can be made and stored 

b Solutions made on the day of experiment 

37.9g 

9.34g 

2.lg 

500ml 

Sml 

0.2ml 

O.lml 

2ml 

2.7ml 

lOJlg/ml 

CRNAse A Boehringer Mannhiem Biochemicals, Indianapolis, IN. 
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Procedure: 

1. Rinse (on rotator) freshly fixed embryos three times with 1X PBT for 10 

minutes each . 

60 

2. Treat the embryos with 10J.1g/~ RNAse A (stock is 20mg/ml, made DNase 

free by boiling) in 1 00~ 1X PBT for 15 minutes. 

3. Rinse embryos again in 1X PBT 3 times for 10 minutes each. 

4. Remove as much PBT as possible using a pulled Pasteur pipette. 

5. Add 50°/o hybridization buffer I 50°/o 1X PBT, incubate 10 minutes. 

6. Add 100°/o hybridization buffer for 1 hour at 37°C. 

7. Denature embryo chromosomes by heating to 70°C for 15 minutes and 

chill immediately . 

8. Denature DNA probes just before use by boiling in a hot water bath for 5 

minutes and chill immediately in ice water. 

9. Remove as much buffer from the embryos as possible, add 20J.1l of 

denatured DNA probes to embryos, add heavy mineral oil to fill the tube, 

cover with Parafilm, and incubate on a tube rotator at 37°C for 24 to 36 hours. 

10. After hybridization, remove oil layer and add 1/3 volume 1X PBT, 

incubate 10 minutes at 37°C, remove as much as possible, repeat 5 times. 

Wash 5 times in 1X PBT for 10 minutes at room temperature. 

WHOLE MOUNT EMBRYOS IN SITU HYBRIDIZATION TO MRNA 

Equipment and Apparatus 

6X50mm glass culture tubes (Kimax) 

Pasteur pipttes 
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Table 11: Solutions and Buffers for m RNA In Situ Hybridization 

Solution Stock cone. Final cone. Add/final volume 

lOX PBS and PBTa 

NaCl 0.13N 37.9g 

Na7HP04 7mM 9.34g 

NaH2P04 3mM 2.1g 

Milli-Q water 500ml 

Autoclave. 

For lOX PBT add 

Surfact-Amp 20™ (Pierce, Rockford, IL)l0°/o 0.1 °/o 

Hybridization Buffera 

Formamide (Distilled)100°/o 50°/o Sml 

Herring testes DNA Smg/ml 100J,lg/ml 0.2ml 

Surfact-Amp 20™ 10°/o 0.1°/o O.lml 

sse 20X 4X 2ml 

Dextran Sulfate 10°/o lml 

Milli-Q water 1.7ml 

Pronase 

Pronase 0.15mg/ml 0.002g 

EDTA 250mM SmM 0.2ml 

TrisHCl pH7.5 1M SOmM O.Sml 

Milli-Q water 9.3ml 

Glycine 

Glycine 2mg/ml 0.2g 

PBT lOX lOOm! 



lX Buffer A b (Table7) 

40°/o formaldehyde {Table 7) 

a Solutions that can be made and stored 

b Solutions made on the day of experiment 

CRNAse A Boehringer Mannhiem Biochemicals, Indianapolis, IN. 

Para film 

Rotator for washes 

Hot water bath 

Ice bucket 

Incubator at 42°C 

Procedure: 

1. Rinse (on rotator) freshly fixed embryos three times with lX PBT for 10 

minutes each . 

2. Treat the embryos with 0.15mg/ml Pronase until embryos drop to the 

bottom, about 30 seconds. 

3. Immediately rinse with 2mg/ml glucine three times for 10 minutes each. 

4. Rinse embryos again in 1X PBT 3 times for 10 minutes each. 

5. Remove as much PBT as possible using a pulled Pasteur pipette. 

6. Add 50°/o hybridization buffer I 50°/o 1X PBT, incubate 10 minutes. 

7. Add 100°/o hybridization buffer for 1 hour at 42°C. 

8. Denature DNA probes just before use by boiling in a hot water bath for 5 

minutes and chill immediately in ice water. 
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9. Remove as much buffer from the embryos as possible, add 20J,Ll of 

denatured DNA probes to embryos, add heavy mineral oil to fill the tube, 

cover with Parafilm, and incubate on a tube rotator at 42°C for 24 to 36 hours. 

10. After hybridization, remove oil layer and add 1/3 volume 1X PBT, 

incubate 10 minutes at 37°C, remove as much as possible, repeat 5 times. 

Wash 5 times in 1X PBT for 10 minutes at room temperature. 

VISUALIZATION OF HYBRIDIZATION SIGNALS 

Procedure: 

All incubations and washes are done using a tube rotator. 

1. Hybridization signals are detected by incubating embryos at room 

temperature for 1 hour in anti-digoxigenin FITC and Avidin Texas Red 

(Boehringer Mannheim) diluted to the appropriate dilutions. Generally we 

find that dilutions of 1/1000 to 1/10,000 are optimal. 

2. Wash embryos again 3 times 10 minutes each and post fix with 4°/o 

formaldehyde in PBT for 10 minutes. 

3. Rinse again in 1X PBT twice for 10 minutes. 

4. The embryos are mounted in 1X buffer A containing 0.1J!g/ml DAPI, and 

observed on a fluorescent microscope using a 40X, 1.3 NA lens as described 

(Rykowski, 1991)8. 

The following PCR based techniques are described here although only a 

few experiments were done. The procedure was not optimized. Hence these 

procedures are a general description on what is done and different criteria can 
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be changed to optimized the protocol. We will concerntrate on some of these 

issues in the future. 

IN SITU REVERSE TRANSCRIPTASE POLYMERASE CHAIN REACTION TO 

WHOLE MOUNT EMBRYOS 

Before we performed in situ reactions we did experiments using 

extracted RNA from Drosophila embryos to check and relatively optimize the 

conditions. Hence we will describe these procedures before actual in situ 

experiments were done. 

It is necessary to isolate RNA from embryos, before PCR can be done. 

The idea is to make a eDNA copy of the mRNA using reverse transcriptase 

and use this as a template for PCR experiments. To do this, we adapted a 

protocol used by the Runyan Lab to isolate RNA from chick hearts and 

embryos. 

RNA ISOLATION FROM DROSOPHILA EMBRYOS 

1. Embryos are added to a aliquot of RNAzol B in an epindroff tude. We 

added about lOOfll of embryos to the RNAzol Band incubated the embryos in 

this solution for about an hour and a half. 

2. The embryo RNAzol B mixture was homogenized using a mini

homogenizer 

3. To this mixture, SOfll of chloroform was added and vortexed. The 

microcentrifuge was placed on ice for 5 minutes. 
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4. The mixture was centriguged at 13500 rpm for 15 minutes at 4 °C. 

5. Carefully remove the upper aqueous phase to a new microcentrifuge tube. 

(The DNA and proteins are at the interface) 

6. Add about 500~1 (equal volume) of isopropanol 

7. Incubate for about 1 hour at -70°C 

8. Centrifuge samples at 13500 rpm for 15 minutes at 4°C 

9. Remove supernatant and wash pellet with 800~1 of 75°/o ethanol, mix by 

inverting. 

10. Centrifuge at 8000rpm for 8 minutes 

11. Remove ethanol and air dry pellet under the hood 

12. Resuspend pellet in 50-100~1 of DEPC treated water. 

After embryonic RNA was extracted, we experimented by performing 

reverse transcription from the RNA. The protocol we used was adapted from 

Heniford et al9. The primers we used were from the 3' end and from exon 3 

and 4. The primers were about 18 bps long with 60°/o G-C content. The PCR 

product for each of these primers is about 200bps. We used two primers from 

the the 3' end and from exon 3 and 4, one 5'->3' and the other 3'->5'. 

REVERSE TRANSCRIPTION OF EXTRACTED EMBRYO RNA 

The 3' end oligonucleotide primers were used in the reverse trascriptase 

reaction. We used small 0.5ml microcentrigue tubes that were alotoclaved. 

These tubes were reserved for PCR reactions. All solutions were made fresh 

and autoclaved and reserved for PCR experiments. We were careful in 
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keeping everything clean to avoid contamination. We tried out different 

controls with the concentration of MgC12. The protocol suggested a molarity 

of l.SmM MgC12 and Runyan LAb suggested a molarity of 3.5mM. Hence we 

made a lOX PCR buffer that contained lOmM Tris HCl, SOmM KCl and l.SmM 

MgC12. The solution was aliquoted and stored at -20°C and for each PCR one 

aliquot was used. To each control we added the appropreate concentration of 

MgC12. Reverse transcriptase is carried out in a total volume of lOOJ!l in each 

microcentrifuge tube with SJ.Lg of RNA. The final concentrations for the 

reaction was as follows: lOmM Tris HCl, SOmM KCl, l.SmM MagC12, 25 Jlm 

dNTPs (dATP, dCTP, dGTP, dTTp), lOmM OTT, lOOnM primer 75units 

RNasin and 400 units M-ML V reverse Transcriptse in lOOJll. We did controls 

using 3.0mM, 3.5mM and 4.0mM MgC12 concentrations. The reactions were 

incubated using the cycle Smin at 25°C, 90min at 37°C and Smin at 95°C and 

left for an indefinete time at 4°C in a PCR machine. The products were used 

in the PCR reaction. 

POLYMERASE CHAIN REACTION 

The PCR amplification reaction was adapted from Heniford et al, the 

PCR protocol bk and from suggestions made by the Runyan Lab. The reaction 

was done in lOOJ!l of 25Jlffi of each of the nucleotides, dA TP, dCTP, and dGTP, 

23.75Jlm dTTP, 1.25J.!M digoxigenine-lldUTP, lOmM Tris-HCl, SOmM KCl, 

l.SmM MgC12, 5U/100Jll of Taq DNA polymerase and SOpM sence and 

antisence primers. We did not use mineral oil as the PCR apparatus did not 

require it. 



67 

Pior to begining the PCR reaction, 90J,J.l containing all componets of the 

reaction micture except the nucleotides was added and heated to 95°C for 5 

minutes in the thermocycler. Using the pause function the reaction was 

paused and the 10J,J.l containing the nucleotides was added. The.PCR 

amplification eas carried out with denaturing at 94 °C for 5 minutes, 

annealing at 55°C for 1 minute and primer extension at 72°C for 1 minute. 

The last primer extension lasted 12 minutes. The amplification was carried 

out for 35 cycles. The PCR solutions were examined by argose gel 

electrophoresis and we observed that there were bands at 200bps. 

We then continued these same reactions on whole mount embryos to 

and carried out insitu hybirization using PCR. 

REVERSE TRANSCRIPTION IN WHOLE MOUNT DROSOPHILA EMBRYOS 

Collect and fix the embryos as before. After embryos were fixed we treat 

them for PCR experiments. Wash embryos several times with 1XPBS. Treat 

with pronase the same time as done for in situ hubridization to mRNA. 

Wash with glysine twice to stop digestion. Wash again with 1XPBS. 

Do the reverse transcriptase reaction as was done before but using 

embryos instead of embryo RNA. Add about 50-75J..Ll of embryos to a 

microcentriguge. The rest of the protocol was similar to the RT of extracted 

DNA. 
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CHAPTER 3 

RESULTS 

To begin the analysis we have chosen to examine the structure of the 

Notch gene in diploid nuclei of pre cellular Drosophila embryos. This gene is 

expressed in all cells of the embryo at this time. Using the two color in situ 

hybridization technique and probes from the 5' and 3' end of the Notch 

transcriptional unit we hope to observe the higher order chromosome 

structure in interphase nuclei. 
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In this study we will present the techniques that were developed and 

explore the structure of diploid chromosome organization. Before discussing 

the results of in situ hybridization experiments, I will review the steps in the 

design of our experimental procedures, fixation, hybridization protocols and 

image techniques. Before we could begin in situ hybridization experiments, it 

was necessary to design and test a fixation procedure that will best preserve 

the chromosome morphology of diploid embryos. The procedure that we 

have chosen was developed by Mitchison and Sedatl. Their results show that 

the preparations retain excellent antigenicity and structural integrity2. In 

other studies, comparisons between fixed and live embryos have shown no 

apparent difference in structure due to preservation techniques3 . When 

properly done, the Mitchison and Sedat protocol yields excellent preservation. 

In addition we have developed criteria to judge the success of individual 

preparations and these are also discussed below. 
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Two hybridization techniques will be discussed, one to chromosomal 

DNA, the other to mRNA. A procedure for hybridization to mRNA of Notch 

was developed first, as there are more target sites and no denaturation is 

necessary. We developed conditions to optimize the signal intensity. Next, we 

used our results from mRNA hybridization as a basis for a procedure for 

hybridization to chromosomal DNA. We used DNA probes from the 5' and 3' 

ends of the Notch gene to determine the chromatin structure. The 

chromosomal DNA hybridization technique is more difficult because of low 

copy number and because denaturation of the chromosomal DNA is 

necessary. Hence the hybridization technique was developed through many 

changes of conditions and we have applied several criteria to determine that 

hybridization is to chromosomal DNA rather than to mRNA. The 

experimental conditions will be discussed in the section "in situ hybridization 

to chromosomal DNA in whole mount embryos". 

Image Acquisition 

The embryo is a 3-dimensional organism roughly 0.42mm in length and 

0.15mm in diameter. During the period of development, the nucleus varies 

from X-> Yin diameter and goes from a spherical to prolate elliptical shape. 

Hence, to accurately depict the structure within the diploid nucleus, 3-

dimensional data must be collected. To accumulate and analyze images, a 

highly sensitive optical system and computational imaging techniques are 

used. 
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The optical microscope system we use is a fluorescent wide-field, optical 

microscope, connected to a charged-coupled device (CCD) camera 

(Photometries) cooled to -42°C to reduce thermal noise. The camera system 

has a 12 bit read-out and its response is linear over its entire range. It includes 

highly selective excitation and emission filters, multichronic mirrors, high 

numerical aperture lenses, high tolerance shutters and computerized 

stepping motor4. 

In our observation of in situ hybridization preparations, three dyes are 

usually used. A single DNA specific fluorescent dye called DAPI, which is 

excited by light at about 350nm and emits at about 435nm is used for 

observation of chromosome morphology. Hybridization signals are 

visualized using fluorochrome-linked reporter molecules. We use anti

digoxigenin tagged with FITC (fluorescein)which is excited at 485nm and 

emits at 530nm and avidin tagged with Texas Red which is excited at 585nm 

and emits at 635nm. In order to localize each component separately, the light 

must be filtered to eliminate florescence from all but one fluorochrome at a 

time as the images are obtained. Our optical system is equipped with highly 

selective interference filters, with a band width of 10-40nm, and filters are anti 

reflection coated to increase the efficiency of light transmissionS . Using this 

method, three fluorophores can be visualized independently. 

The CCD camera needs to be calibrated since unprocessed images have 

small variations in intensity caused by the differential response of individual 

picture elements (pixels). Therefore I correction files I have to made so that the 

raw data can be corrected (see method section on making correction files). 

These correction files have a format similar to that of an image, but contain 



72 

pixel response data. The correction files correct the image data while the 

images are been taken, i.e., images are corrected "on the fly". If correction files 

are not applied at the time of acquiring images, the program POSTCOR 

enables us to apply the correction files after images are taken. This must be 

done before applying other image processing protocols. 

Each individual image (which is 512x512pixels) is called an optical 

section and the sum of all optical sections is called a data set (usually about 40 

-60 optical images in one data set). A 3-dimensional data set from a field of an 

embryo is obtained by placing the object just out of focus on one end, taking 3 

images, storing on the disk, changing the focus and taking optical images in 

this manner till the object is out of focus on the other end (figure 7 & 8). The 

filters are changed to record images in all three colors at the same plane. The 

focal change is the Z distance and is in 0.2~m sections through the embryo. 

This Z step focal change between each optical image is controlled by a stepping 

motor. The images are then processed as described below. 

Image Processing and 3-Dimensional Reconstruction 

In order to determine the 3-dimensional organization of diploid 

chromosomes, techniques for determining the precise relative positions of 

the two hybridization probes in whole mount embryos have been developed. 

Typically sections are taken at 0.2~m intervals of focus which, in pixels, 

represents O.ll~m in the image plane. Stacks of data are treated to correct for 

shot noise, lamp flicker, photobleaching and random noise to gain better 

contrast, and analyzed using an interactive software package called PRIISM6. 
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Figure 7 
Diagram of embryo showing the plane of focus, the position of the hybridization 
signals and the location of the diploid nuclei. All nuclei in one plane come into 
focun at the same time. 
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Figure 8 
Diagram showing the steps involved in collection of 3-dimensional 
optical data of whole mount insitu hybridizations of embryos. 
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Image Processing 

We have tested various image processing methods to optimize the 

contrast between the hybridization signals and to minimize background 

noise. The data sets containing about 40-60 optical images are taken in the 

three different wavelengths as described above (figure 8). The images are 

corrected for the small variations in pixel response at each wavelength "on 

the fly". Before image analysis can be done the data sets are processed as 

described below. 
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We correct the raw data images for lamp flicker, photo bleaching, bright 

pixels and random noise to optimize the contrast of the signals. Before image 

processing, the data sets are divided according to the 3 different wavelengths. 

This is done by using a computer program called DEAL, which separates the 

images based on wavelength. 

We have looked at various methods in which to best contrast the 

images. At the beginning we tried using a program called APSIMPLE which is 

a deconvolution algorithm that deblurs plane-by-plane using subtraction. 

This process did not yield refined images. We then looked into applying a set 

of processes at a particular sequence to gain the best contrast. Hence, the data 

stacks are processed using HOTPIX, NORMCCD and ENHANCE programs 

respectively (figure 9). This sequence seemed to work the best, yielding much 

enhanced and contrasted images. 
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Figure 9 
Diagram showing the image and data processing sequence 
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Figure 10 
Perspective diagrams 
A. Original image 
B. After hotpix 
C. After enhance 
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HOTPIX 

HOTPIX is the first of the image processing technique that we apply. This 

program locates very bright or very dark (hot and cold) pixels on the optical 

field by finding ones whose intensity is great and then inserts a value equal to 

the mean of 4 neighboring pixels. It uses a 3-4 standard deviation from the 

mean of the 4 nearest pixels, to eliminate the hot pixels from the whole data 

set. HOTPIX corrects for shot noise that arises from the CCD camera (because 

of gamma rays and other CCD camera noise). The perspective diagram of a 

small portion (about 128Xl28 pixels) from a raw image shows several sharp 

peaks in addition to the more smooth peak (representing single pixels) of the 

hybridization signal (figure lOA). The hybridization signal, which is on the 

left is difficult to distinguished from the sharp noise peaks. The perspective 

diagram after applying HOTPIX shows that these sharp noise peaks has been 

removed, leaving the hybridization signal much more discernible compared 

to the raw data (figure lOB). 

NORMCCD 

Next a program called NORMCCD is applied. This process acts on a 

whole data set and corrects for lamp flicker and photo bleaching by 

normalizing the intensity of a series of optical images. We have looked at the 

best method in correcting for both the lamp flicker and photo bleaching. We 

looked at different polynomial series with respect to the original raw data 

points, to ascertain which polynomial best fitted the raw. The jagged profile 

seen in the original data points is caused by the flashing of the mercury arc 

lamp. The decreasing trend is due to photobleaching (figure 11). The total 



Figure 11 
Graph showing original data points of hybridization compared to the 0 and 
2nd order polynomial series. Notice that the original points show a up and 
down fluctuation as well as a decreasing trend due to photobleaching. The 
2nd order is much closer to the decreasing trend, but does not correct for 
fluctuations. Hence the 0 order seems to be the best fit in correcting for both 
the fluctuation and photobleaching. 
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light in each section should be the same and therefore this program 

normalizes all images in a data set. This is done by using a polynomial series. 

We plotted several polynomial series to determine the best fit to the original 

data. The 0 order gives the best fit in correcting for both the flashing of the 

lamp as well as for photobleaching (figure 11 ). A perspective diagram of this 

process cannot be illustrated because the image is only rescaled relative to the 

others in the data stack and so doesn't change. 

ENHANCE 

The third program we apply to the data set called ENHANCE. It is a 

Fourier filter technique that we apply based on the Shannon and Nygust 

sampling theorem? which smoothes the image. It uses a two-dimensional 

Gaussian bandpass filter, which removes high (due to noise) and low (due to 

lamp homogeneity) frequencies. Hence these filters are used to obtain optimal 

results relative to the limit of resolution and our resolution is limited by 

pixel size (0.1154x2J.lm). This program smoothes the images and optimizes the 

contrast between the hybridization signals and the background. A perspective 

diagram of the data after ENHANCE shows the hybridization signal sharply 

discernible from the background (figure 10C). There are no peaks in the 

background, except for the actual signal peak. Notice the difference in the 

perspective diagram between the original image and the image after 

processing (figure 10C). 
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Modeling 

Mter processing the three different stacks of images, the optical sections 

are assessed using PRTISM (Agard and Sedat)B, a program that can be used to 

observe optical images interactively. Using the Movie function, which 

enables the quick scanning of sections in a particular wavelength, the outline 

of the nuclear envelope is drawn on a clear transparency that is taped to the 

screen. After numbering the nuclei, (about 95-132 nuclei in a area of 3490Jlm2 

in a cycle 14 embryo) the Model Building function is used to mark the position 

of the hybridization signals. The location of the signals in each nucleus is 

measured in the same order for both red and green data sets. The model of 

the hybridization signals is done in a systematic way so that a path through 

the field is made. PRIISM will generate a list of 3D coordinates of each pair 

(figure 12A). 

Several criteria are used when marking the hybridization points to 

minimize human error. These are; 

1. Signals are selected if they are present in more than one section. 

2. The section in which the signal is brightest is used for the Z coordinate. 

3. The point is placed at the center of the signal in the XY plane. 

4. Signals in the nuclei that are at the edge and are not complete are not 

recorded or marked 

5. When shaped signals are evident (usually elongated tubular or cigarette 

shaped) the point is placed at the center of the 'cigarette'. 

These criteria have enabled us to objectively mark hybridization points. 

In ambiguous cases the nuclei are altogether rejected. We use preparations 

that show good post hybridization chromosomal morphology in over 50°/o of 
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Figure 12 
A. List of hybridization positions generated by PRIISM, in one color. 
B. Field graph showing the original points plotted using the lists generated. 
C. VectorGraph, using X,Y and Z coordinates 
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the nuclei in the optical field. We have rejected early experiments based on 

the above criteria in result analysis although these data sets are used for 

comparison studies. 

Data Processing 
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After the coordinates of all hybridization signals are obtained, the 

calculation for the distance between two signals is possible. By comparing the 

interprobe distance to the calculated distance for the naked, lOnm and 30nm 

fiber forms, the level of condensation can be used to infer how genes might be 

organized. 

Before we can do this we need to look at some aspects of working with 

multi color, 3-dimensional fluorescent microscopic data sets. The major issue 

is learning to superimpose the individual data sets in 3-dimensions to correct 

for misalignment. Hence before data can be analyzed, adjustments must be 

made to correct the differences in alignment between the motorized filters. 

In our system, images taken in the two colors are misaligned by a few 

pixels (about 0-0.4Jlm). We achieve this alignment by determining the 

average displacement in each dimension X, Y and Z and subtracting that 

value from all the coordinates in the data set. It is reasoned that the center of 

the distribution in each dimension would represent the correct offset value, 

based on the assumption that in a large number of nuclei, an equal number 

will have signals with a certain positive and a negative value. After 

corrections are made for alignment, the Pythagorean equation is used to 



calculate the interprobe distance. These calculations are done using a 

spreadsheet using Microsoft EXCEL. An exam pie is seen in figure 4. 
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We looked at numerous methods of plotting the interprobe distance 

data. We used the program MATHEMATICA (Wolfram Research) to plot 

field graphs of raw data as well as data after the average offset was corrected. 

By plotting a field graph we were able to recreate the signal position pathway 

in both colors and to observe the two hybridization signals together (figure 

12B). We can also observe the distance variation in the Z dimension. Using a 

program written in MATHEMATICA named VectorGraph, it is possible to 

look at this variation further. The VectorGraph uses the X, Y and Z coordinates 

as vectors. It keeps one set of data in one color constant and calculates the 

distance from this, to the other data points. From these VectorGraphs it is 

observed that in most cases, the distribution in X andY is circular, but the 

distribution in the Z dimension is relatively small (figure 12C). These plots 

enable us to observe the variation in interprobe distance in a 3-dimensional 

fashion although they can be difficult to interpret quantitatively. 

A more easily interpretable graphing technique is the histogram. The 

histogram function is used to observe distance distributions between the 

interprobe distance versus the number of nuclei. We have chosen bins 

equivalent to one pixel size in microns because dimensions in the image 

plane is represented by one pixel. One pixel is equal to 0.1154 microns. This 

method gives the best result in observing variations in distribution between 

interprobe distances in different cycle 14 embryos. 

The analysis of data will be discussed in the following sections. Now that 

data acquisition and image processing have been discussed, criteria must be 



set for accessing fixation artifacts in preparations to determine if embryo 

preparations can be used in hybridization experiments. 

Characterization of Chromosome Morphology after Fixation 

Procedure 
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In order to answer our questions we need to know if the embryo 

preparation is valid. The most important consideration in the preparation is 

the elimination of fixation artifacts which significantly alter the native 

structure of the chromosome. The chromosome architecture can be 

structurally affected and disrupted by improper salt, detergent, solvent 

concentrations and oxygen deprivation. Embryos must be obtained with a 

minimum of fixation artifacts and it is preferable to use mass isolation 

procedures. Hence the chromosome morphology of each embryo preparation 

must be examined to determine whether the embryos were treated properly 

during fixation. We have set certain criteria for the observation of each 

preparation. These are listed below. 

1. Obseroe anoxia 

Anoxia is a condition which occurs because of oxygen deprivation that 

causes reversible developmental arrest9. During anoxia, nuclei become 

swollen about 1.5 times their normal size. For example, under normal 

conditions, the diameter of a nucleus in a cycle 14 embryo is about 5 microns 

but in anoxic conditions, the diameter is about 7.5 microns. 



86 

During anoxia, the chromosome material clings to the nuclear envelope 

in small clumps. The centromere seems to be separated from the chromatin 

arms. The chromatin material has lost its rigidity, is collapsed and arranged 

along the nuclear envelope. 

Premature chromosome condensation also occurs during anoxia: the 

individual chromosome arms become separate and highly condensed (figure 

13). This can be observed as brightly stained areas along chromosome arms in 

places where bright staining is not expected and a corresponding loss of 

material in the center of the nucleus. To prevent anoxia we aerate all 

solutions and buffers and make sure that the first few steps in the fixation 

protocol are done quickly (see Methods and Materials, Chapter 2). 

2. Observe mitotic chromosomes 

Mitotic chromosomes are sensitive to fixation conditions, especially 

anaphase chromosomes. Hence, these stages are observed in every embryo 

preparation. Normal anaphase chromosomes are bundled at the centromere 

and well separated at the telomeres representing a fanlO (figure 14B). 

Individual arms are compact and smooth. Anaphase chromosomes should 

not be separated from the spindle like strings or be arranged in clumps along 

the spindle axis. Abnormal anaphase chromosomes are stringy, misshapen 

and kinked. Anaphase chromosomes are often separated into several clumps 

along the mitotic axisll . This typically occurs when the detergent solution is 

transferred with the embryos from the last rinse into the fixative. Figure 14 

shows mitotic structures, metaphase, anaphase, telophase and interphase, 
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Figure 13 
Image showing anoxic nuclei in a cycle 13 embryo. The chromatin appear clumpy and unevenly 
distributed in interphase nuclei. 
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that are acceptable and we use these figures as a guide during the observation 

of preparations. 

3. Abnormal chromosome clumping 

Abnormal clumping of chromosomes and evidence of mild anoxia can 

be seen in early cycles prior to the time when heterochromatin is evident. 

Heterochromatin forms in cycle 1412 and stains brightly in DAPI. Hence 

brightly stained regions within chromatin should not be observed in cycles 

before cycle 14. These might be caused by detergent being carried over to the 

fixation medium or by incorrect solvent and salt concentrations. 

4. DAPI staining in the cytoplasm 

DAPI staining should not be observed in the cytoplasm but should be 

restricted to the inside of the nucleus, as seen in cycle 14 interphase nuclei 

(figure 140). Also there should not be any "holes" in the nuclear layer, but 

nuclei should be spread evenly, at the same depth below the embryo surface. 

5. Observe synchrony in mitosis 

The nuclei within every embryo during the first 13 cycles of 

embryogenesis must divide synchronously. If individual embryo's show 

nuclei in different states of mitosis, then these preparations are discarded. We 

have observed a single embryo with metaphase, anaphase and telophase 

nuclei. Also we have seen cases where bright clusters of nuclei are seen at one 

depth and mitotic nuclei are seen at another depth. These are probably 

abnormally dividing nuclei and not yolk nuclei. 



Figure 14 
Four normal nuclei stained with DNA specific dye DAPI. 
A. A cycle 12 embryo in early metaphse. Notice the chromatin arms 
rigidly spread. 
B. A cycle 13 embryo in anaphase. The anaphase arms are spread out resembling a fan. 
C. A cycle 13 embryo in telophase. Notice the centromeres are brightly stained in DAPI. 
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D. A cycle 14 embryo in interphase. The nuclei do not show any abnormal clumping or staining, 
but are even in DAPI staining. 

A. B. 

D. c. 
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We have looked at many preparations before being able to identify the best 

conditions. These conditions are determined mainly by events which occur in 

the first 6-7 minutes of the preparation protocol. The embryos can be 

subjected to oxygen deprivation, detergent can be carried on to the fixation 

medium or there may be incorrect concentrations of salts, detergent or 

solvents and by soapy glassware. These are manifest as obvious problems in 

chromosome morphology in mitotic figures. 

Before hybridization can be carried out, every embryo preparation is 

analyzed according to the above criteria, to be sure that the chromatin 

morphology is well preserved. The number of embryos in cycle 10-14 are 

counted to get a general idea of the percentage of embryos in the particular 

stage needed for hybridization experiments. Embryos freshly collected and 

fixed are used in hybridizations. 

The Notch Gene 

We are using the Notch gene, which is located near the telomere on the 

X chromosome because of its genetic and developmental properties. The gene 

product has homology to epidermal growth factors and is required for normal 

development of the embryonic and adult epidermis and nervous system13. 

The gene has been cloned and large portions sequenced. The advantage of the 

Notch gene is that it is large (40kb) and its structure is visible at our current 

level of resolution. Notch is also transcribed in embryos during 

cellularization14, enabling us to observe an active gene. 
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We have used large (31 and 32kb), cosmid DNA fragments from the 

Notch gene as probes in in situ hybridization. These probes span most of the 

Notch gene (figure 15). We have also used smaller probes from the 5' and 3' 

end of the Notch gene, namely P9.9 and 35h7.8 from the 5' end and N4H8.8 

from the 3' end (figure 15). The probes are nick translated and labeled with 

biotin and digoxigenin. Nick translation allows the synthesis of small 

fragments (150-200bp) using DNA polymerase 115. By making small 

fragmented probes, penetration into the nuclear chromosome DNA is 

ensured. Fragment sizes were determined by electrophoresis on a 6°/o 

denaturing polyacrylamide gel and electro blotted to nylon membrane and 

detected using AP-linked enzyme assay with NBT and BCIP16. Probes were 

denatured just before hybridization. 

In situ Hybridization to the RNA Transcript of the Notch Gene 

in Whole-Mount Embryos 

A procedure for hybridization to mRNA of Notch was developed, as 

there are more target sites and no denaturation of chromosomal DNA is 

necessary. We have also develop conditions that optimize the signal 

intensity. By using this technique we are able to observe the mRNA transcript 

of Notch during embryogenesis. 

Hybridization to mRNA transcripts was done using both the large 

cosmid probes (31 and 32kb) and the small probes from the 5' (P9.9 and 35h7.8) 

and 3' (N4H8.8) ends of the Notch gene. Large probes were used in control 

experiments that were done to optimize signal intensity and to increase the 



Figure 15 
The Notch transcriptional unit showing the probes used for diploid 
in situ hybridization experiments. 
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signal to noise ratio. The protocol used for in situ hybridization to the 

transcript was modified from the procedure developed by Tautz and Pfeifle17. 

Conditions were varied in order to optimize the signal intensities. 

The first condition that was modified was the Pronase digestion step. 

Pronase digestion is done to open the transcript by digesting all proteins, 

especially the various snRNPs that might have already bound to the mRNA 

transcript. When digestion was carried out for a minute as was indicated in 

the Tautz and Pfeifle protocol, the embryos would get fluffy, loosing their 

rigidity. They were literally falling apart. This must be avoided as we needed 

whole embryos in order to answer our questions. The optimal incubation 

period for pronase digestion was determined based on several different 

controls reactions (see methods and materials for details of protocol). 

The second step was to determine the best hybridization temperature 

and the incubation time. We found that hybridization done at 42°C for more 

than 24 hours gave the best results This incubation temperature, along with a 

50°/o formamide concentration of the hybridization buffer, was observed to 

result in better resolution. The stringency in the washing steps is important, 

especially to reduce background staining as well as to increase resolution. 

Extended washes at 42°C, 37°C and at room temperature work best and have 

resulted in distinct and intense signals. 

To be sure that hybridization is to mRNA rather than to chromosomal 

DNA, the following criteria must be examined. 

1. The signals should be sensitive to RNAse treatment. We observe that our 

signals disappear when subjected to RNase treatment. 
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2. Denaturation of embryonic chromosomes is not necessary in hybridization 

to mRNA. We have observed that not denaturing the embryonic 

chromosomes resulted in better intensity. 

3. Pronase digestion seemed to be necessary to obtain better signal intensity. 

4. We have not seen hybridization in the germ cells. Hence this observation 

has become a major characteristic in distinguishing between hybridization to 

mRNA and chromosomal DNA. It is evident therefore that these cells do not 

transcribe the Notch gene transcript. 

5. We have also observed that hybridization signals from the transcript in 

cycle 14 embryos are intensely bright and smooth. The signal intensities are 

very different from hybridization signals from chromosomal DNA. This 

factor, too, plays an important role in characterizing mRNA hybridization. 

Hybridization to mRNA must be observed only in stages where 

transcription has begun. We do not expect to observe hybridization signals in 

early cycles during embryogenesis, nor in more condensed mitotic states. 

According to Hartley et al, transcript signals are expected only during 

cellularization in cycle 14. However, we do see signals prior to cycle 14, 

although transcription appears to be incomplete. 

Certain conditions must be considered in using data from experiments of 

in situ hybridization to mRNA. Various aspects of the procedure cause 

changes in the whole mount embryo. For example, pronase digestion must be 
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carried out just to digest the proteins that are attached to the newly 

transcribed mRNA. Too much digestion might cause the embryo architecture 

to break down thereby changing our experimental system. Hence we have to 

be careful in avoiding too much pronase digestion, in order to maintain the 

rigidity and wholeness of the embryo. 

Stringency in hybridization and washings, plays an important role in 

reducing background staining, epecially in the case where the cell cytoplasm is 

engulfed with natural biotin. Biotin is a growth factor present in minute 

amount in every living cell18. Biotin combines with the proteinaceous 

substance, avidin and becomes active. When avidin Texas Red staining is 

carried out, other cytoplasmic structures become stained. These then interfere 

with the real hybridization signal. Hence background staining must be 

avoided at all costs. Extended rounds of washing and increased stringency 

help to minimize errors made in this area. 

From observations using the cosmid DNA probes, we were able to 

optimize this procedure to increase resolution and the signal to noise ratio. 

These data sets were used to develop the best methods in image processing as 

was discussed above. Additional experiments were done using smaller probes 

of 9.9 and 8.8kb in length to answer questions pertaining to Notch 

transcription. In these in situ experiments, the 5' probe, P9.9 was labeled with 

avidin Texas Red and the 3' probe, N4H8.8, with anti-digoxigenin FITC. 

Before using data for analysis, the hybridization preparations are 

characterized using the above mentioned criteria to ascertain whether they 

are reliable. Data sets from hybridization to the mRNA transcript are analyzed 

under the section called regulation of transcription. 



In situ Hybridization to Chromosomal DNA in Whole-mount 

Embryos 
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We have developed a two-color in situ hybridization technique to 

chromosomal DNA in whole mount embryos (figure 16). This technique will 

enable us to observe the 5' and the 3' ends of the Notch gene to determine 

how the chromatin might be organized. It is still a new technique and many 

more observations are needed to determine maximum resolution. Figure 16 

shows an image of chromosomal DNA hybridization. 

Again, as in hybridization to mRNA, nick translated probes are used 

because of the synthesis of small fragments (150-200bp ). Cosmid probes were 

used to develop this technique, because of their large size. Probes from the 5' 

end, P9.9 and 35H7.8 and from the 3' end N4H8.8, are used for data 

acquisition. Probes were denatured just before hybridization. 

There are many variations from the in situ hybridization mRNA 

protocol. The main distinction is that embryonic chromatin must be 

denatured. Denaturation is done at 70°C in hybridization buffer containing 

50°/o formamide. We have done controls using temperatures of 80, 85, 90 and 

95°C and find that denaturation at higher temperatures can slightly increase 

signal intensity, but at the expense of chromosome morphology19. 

A potential source of artifact is hybridization to mRNA rather than to 

chromosomal DNA. Hence RNAse treatment was done twice, once before 

hybridization and once after hybridization as done by Lawrence20. The RNAse 

treatment after hybridization, was observed not to exert any benefit in the 

final analysis. Therefore this step was dropped. Instead a RNAse 



Figure 16 
Image of hybridization to chromosomal DNA. A cycle 14 female embryo labeled with the 5' 
probe, 35h7.8 and visualized using avadin conjugated Texas Red. 

97 



98 

treatment at a higher concentration before hybridization was carried out. We 

did not see any visible difference when this was done. 

Hybridization is carried out at 37°C in hybridization buffer containing 

50°/o formamide. We have seen that signal intensity becomes stronger when 

this concentration is maintained, especially during hybridization. Therefore it 

is important that all the rinse solution must be washed out before the 

hybridization buffer is added. Further, embryos must be washed in 

hybridization buffer several times before incubation. This is true after 

hybridization as well. The stringency of washes after hybridization is also 

important. Hence a series of washes containing hybridization buffer and 

lXPBT must be done at 37°C and later at room temperature, before completely 

transferring to lXPBT. We have determined that these steps have increased 

thesignal intensity. 

Controls are done with every preparation to ascertain that hybridization 

is to chromosomal DNA. Experiments with and without denaturation and 

with and without RNAse treatment are performed. These ensure that 

hybridization is to chromosomal DNA. Further studies must be done using 

RNAse-free DNAse to determine whether the signals are DNAse sensitive. 

It is important to distinguish hybridization to mRNA transcripts from 

that of chromosomal DNA. We find that hybridization to chromosomal 

DNA is different from hybridization to mRNA, which occurs consistently. 

Hybridization to chromosomal DNA might be difficult because denaturation 

might damage the chromatin structure. Therefore each preparation must be 

scrutinized according to the following criteria, to distinguish hybridization to 

chromosomal DNA from mRNA. 



1. Hybridization signals must be resistant to RNAse treatment. We observe 

hybridization signals after RNAse treatment. 

2. Denaturation of chromosomal DNA is important. We see that 

hybridization to chromosomal DNA requires denaturation of embryonic 

chromosomes. 

3. Hybridization signals of the same intensities in both colors should be 

observed. There would most certainly be a difference in signal intensities of 

the 5' and 3' probes, when comparing these signals to that of mRNA. 
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4. Signals must be seen in early cycles as the chromosomal DNA is accessible 

in all early cycles (10-12) of embryogenesis. Another potential characteristic is 

to observe hybridization in cell cycle states that are more condensed, such as 

metaphase, anaphase and telophase. We have seen hybridization in cycle 12 

prophase nuclei. 

5. We have observed hybridization in germ cells whereas we have been able 

to determine that germ cells do not transcribe the Notch gene from in situ 

hybridization studies done to the mRNA transcript. 

6. We should see hybridization signals in yolk nuclei. Yolk nuclei do not 

transcribe the Notch gene and are contracted during all of interphase 14 in the 

core of the embryo21 . The visibility of yolk nuclei in the core of the embryo 

can be obscured because of depth and DNA probes might be impenetrable. 



Hence signals in yolk nuclei would probably escape detection. We have 

observed hybridization in yolk nuclei very rarely. 
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None of these characteristics were taken individually when identifying 

in situ hybridization to chromosomal DNA, but all of the above were 

considered together for proper characterization. Using these criteria and the 

technique described, we have observed that the signals are in the nucleus, 

indicative of its position on the chromosome. Yet there are several problems, 

such as denaturation conditions, that might disrupt other cellular structures. 

Therefore to prevent these problems, fixation is done during embryo 

preparation and after hybridization. Artifacts due to fixation might be 

undetected until large amounts of data have been processed and may also 

vary during embryogenesis cycles. Before data analysis, the image stacks must 

be processed as described above, in order to increase the contrast of 

hybridization signals from the background. 

ANALYSIS OF EMBRYO DATA 

The goal of these studies is to look at interphase structures and to 

observe the organization of chromatin with respect to the three main models. 

We are asking the question, how is chromatin organized in interphase 

nuclei? Our goal is to distinguish the three models using our experimental 

system. 

In the following sections we will talk about the directions we take in 

answering our questions and what our preliminary data might indicate about 
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the three models discussed earlier. Before results are analyzed we need to 

introduce some concepts that will be important in our argument and analysis. 

The condensation ratios of the 30nm and 10nm fibers need be taken into 

account for our studies. The 1 Onm fiber consists of nucleosomes strung like 

beads on a string along the DNA fiber. The formation of this complex, which 

is the basic element in chromatin structure, results in contraction of the DNA 

duplex by a factor of about 722. Another level of packing of DNA in chromatin 

consists of further coiling of the string of nucleosomes into a solenoidal 

structure. This solenoid causes a further contraction of the DNA duplex by a 

factor of about 6. Hence, these two levels of contraction account for a 

condensation of chromatin by a factor of about 40. Studies in interphase 

chromosomes have deduced these levels of organization23,24,25. 

The probes we use in our experiments are from the 5' end (35h7.8 and 

P9.9) and the 3' end (N4H8.8) of the Notch gene. We have used these probes 

to look at the center to center distance in (microns) to observe the 

organization. The center to center distance from 35h7.8 to N4HB.B is 26.4kb 

(figure 17). The argument is, that if this segment is organized in the 10nm 

fiber form, a distance of 1.41Jlm is expected. But if this fragment is in the 

30nm fiber form then a distance of 0.23J!m is expected. Using the 5' probe 

35h7.8 and the 3' probe N4H8.8, we have looked at three preliminary data sets. 

Using probes from the front and back ends of the gene we will be able to 

observe the structure of the 5' and 3' ends. 

For the coiled-coil model, we expect to find a relaxed 30nm fiber during 

interphase. The two probes from the Notch gene will show a distance typical 

of the 30nm fiber forms and will be some distance apart from each other, 
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Figure 17 
The Notch transcriptional map with the center-to-center distances between 
probes used in chromosomal in situ hybridization 
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0.23Jlm. We expect less tightly decondensed structures, in the linear 30nm 

fiber from, for the radial loop model. If the Notch gene which is 40 Kb long is 

arranged in a loop, then the distance between the 5' and the 3' probes should 

be small. For the folded chromonema model, folds of chromatin structure in 

30nm and 10nm fiber forms are expected. Here we would expect the probes to 

be close to each other and have a different distances for the 30 and 10nm fiber 

forms, with distances between 0.2Jlm and 1.41Jlm. 

Analysis of Embryos in Cycle 14 Using the 5' probes (35H7.8 and 

P9.9) and the 3' probe (N4H8.8) 

In our preliminary experiments, we have looked at two( one female and 

one male) cycle 14 embryos, after hybridization to chromosomal DNA. Data 

sets were taken from each embryo and contain about 40-60 sections from one 

end of focus to the other. The images are all taken from the mediolateral 

region of the embryo, because it is relatively flat and most of the nuclei are on 

the same plane of focus. The data sets were image processed, modeled and 

distances calculated as described in the above section. 

FEMALE, CYCLE 14 DATA SET 

The embryo was labeled with the 5' probe 35h7.8 and the 3' probe 

N4H8.8. The hybridization signals were visualized using reporter molecules 

anti-digoxigenin FITC and avidin Texas Red respectively. After image 

processing, the X, Y and Z coordinates of the signal positions were determined 



as described earlier. The points were corrected for misalignment and the 

frequency distance distribution was plotted (figure 18). 
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The center to center distance between these two probes is 26.4kb. Hence if 

this fragment is arranged in the 10run fiber form then a distance of 1.14J.Lm is 

expected. If in the 30nm fiber form then a distance of 0.23J.Lm is expected. 

We observe a sharp distribution which is skewed to the left with most of 

the nuclei between 0.1154-0.346 J.Lm (figure 18A). A few outliers are observed. 

The X and Y distance distribution shows a tight Gaussian curve (figure 19A 

and 20A). Few outliers are seen. Again a few outliers are visible. The 

frequency distribution in the Z distance show a single peak at 0.00 containing 

94 signals (figure 21A). Again a tight Gaussian trend is seen. Only a few 

outliers are visible. Therefore the distances in X, Y and Z show more or less 

the same distance trend seen in the frequency distance distribution. There is a 

tightness observed in all three coordinates. 

From 94 nuclei in a total of 112 signals, it can be observed that about 90°/o 

of the signals are at a distance between 0.115 to 0.346 microns. The expected 

distance was 0.23 microns. Hence it seems that we are looking at a tight 

structure consistent with the 10 and 30run fiber forms. Therefore, these 

distances seems to be inconsistent with the radial loop model, as we do not 

observe less tight and decondensed forms. It appears that a folded 

chromosome model might prevail in these 94 nuclei. Further embryos in 

cycle 14 need to be analyzed to determine if our predictions are valid. 

The outliers might be due to artifacts caused by many environmental 

and experimental conditions. It could also be possible that the spread 
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Figure 18 
Distance distribution of preliminary cycle 14 data 
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observed is caused by the activity of homolog pairing. In further studies we 

intend to analyze these ideas. 

CELLULARIZED, MALE CYCLE 14 DATA SET 

The embryo was labeled with the 5' probe 35h7.8 and the 3' probe 

N4H8.8. The hybridization signals were visualized using reporter molecules, 

anti-digoxigenein tagged FITC and avidin tagged Texas Red. We observed the 

complete invagination of the cellular membrane and the ventral furrow was 

evident. From these observations an approximate age of the embryo was 

estimated to be about 55-65 minutes into cycle 14. Again images were taken 

from the mediolateral region of the embryo and subjected to image processing 

techniques. The signal positions were collected in X, Y and Z coordinates and 

corrected for misalignment. The frequency distance distribution was plotted. 

Here too, as above the center to center distance is 26.4kb. Therefore the 

expected would be similar to that described above. We observe a distribution 

that is somewhat skewed to the left at 0.115 microns to 0.346 microns (figure 

18B). The distribution is not sharp but is broad and spread out to distances 

away from what is expected with quite a few outliers. In the X and Y 

distribution, a Gaussian trend is still evident, at 0 to -0.23 bins (figure 19B and 

20B). Consequently the Z distribution does not show a Gaussian trend but is 

distributed towards broader bins, from -1.731 to +1.039 (figure 21B). Therefore 

the trend seen in the frequency distance distribution is compatible to that seen 

in the Z distance. Hence, it appears that the chromatin is unfolding to more 

open structures in the Z direction. This trend must be observed in more 

embryos with almost all of their nuclei showing hybridization. 



A. 

20 

15 

10 

5 

0 

107 

Figure 19 
Distribution of X distances from preliminary data 
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Figure 20 
Distribution of Y distances from preliminary data 
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Figure 21 
Distance of the Z distances from preliminary data 
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SUMMARY OF PRELIMINARY DATA 

In these embryos most of the nuclei show a distribution between 0.115-

0.36Jlm. The distribution is between the distances expected for the 30nm fiber 

(0.23Jlm) and the 10nm fiber (1.14Jlm). Hence it appears that we might 

actually be observing solenoidal and beads on a string chromatin forms. 

Our preliminary results are inconsistent with the radial loop model as 

decondensed, less tight chromatin forms were not observed and we do not see 

a smaller distance. Our observations show interprobe distances that seem to 

be consistent with the folded chromatin model, where the chromatin is 

folded into the 10 and 30 nm fiber forms. It is evident too that a tight 30nm 

fiber form is not seen, hence the data are inconsistent with the coiled coil 

model. 

Table 12: Summary of preliminary data 

Data set 

Female cycle 14 

Male cycle 14 

#nuclei 

94 

95 

#hybridization signals Distance observed 

112 0.115-0.346Jlm 

39 0.115-0.692Jlm 

In comparing these two embryos in cycle 14, we observe that at a later 

stage in cycle 14, the chromatin material seem to be opening up. This is 

evident from the male embryo frequency distance distribution plot, where a 

broad spread is seen. We no longer see a tight Gaussian trend in the Z 

distance, but a much more broader and spread out distribution is observed. 



What is happening here? Is it possible that at a later state in cycle 14, the 

nuclei are behaving differently, leaving the tight 30nm conformation? 
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In our observation of the above described 2 data sets of cycle 14 embryos, 

(a total of 133 nuclei with 157 hybridization signals) it appears that the age has 

a affect on the chromatin structure. To further study these question, we 

looked into several methods of determing age of a cycle 14 embryo. We want 

to be able to observe how far into cycle 14 an embryo is, to correlate the 

distance distribution between different states. We have tried using Rhodamin 

Pholloidin, a dye which stains the actin machinery. Our preservation 

techniques destroy these actin structures hence we were unable to observe any 

staining. Observations of the cellular membrane was done using phase 

contrast microscopy which uses birefringence. With an image of the cellular 

membrane, the length of invagination can be calculated, thereby the state 

during cycle 14 can be determine (figure 22). 

We've looked at five different embryos that were aged using the method 

described above. The data sets were analysed as done above, taking into 

account the age of the embryo. The probes we have used for these 

experiments are the 5' end P9.9 and the 3' end probe N4H8.8. We expect a 

distance of 1.57J.1m if the chromatin is in the 10nm fiber form and a distance 

of 0.26J.1m if it is in the 30nm fiber form. By knowing the age, we will look at 

the distance distribution these five embryos. 

A cycle 14 embryo must have 95-132 nuclei in an area of 3490mm2. We 

have determined criteria for acception chromosomal hybridiation data sets 

for analysis. We have determined that if signals are evident in more than 

50°/o of the nuclei, the data set will be used in result analysis. 



Figure 22 
Cellularized embryo with different lengths of invagination (a, b and c) 
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Figure 23 
Distance distribution of aged cycle 14 embryos 
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Figure 24 
Distribution of the X distances 
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Figure 25 
Distribution of Y distances 
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Figure 26 
Distribution of Z distances 
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PROPHASE, CYCLE 12 DATA SET 

In 20 nuclei of a prophase cycle 12 embryo, we observe a distribution that 

is skewed to the left with interprobe distances from 0.1154Jlm to 0.346Jlm 

(figure 23A). The distribution in X, Y and Z coordinates show a tight Gaussian 

trend (figure 24A, 25A and 26A). We do not observe a broad spread in Z 

distances as observed in later cycle 14 embryos but we observe a tight 

arrangement that is confined to a distance between 0.1154 and 0.34Jlm. This 

distance might correspond to the expected distance of 0.23Jlm for a 30nm fiber, 

given the distance of the probes (figure 17). Hence we observe a structure that 

is arranged somewhere between the 30 and 10nm fibers. 

These observations were done only using one data set in cycle 12 and 

many more embryos in the same cycle must be observed in order to 

conclusively conclude the structure of the chromosome arrangement. 

Further studies in early embryos undergoing prophase, metaphase, anaphase 

and telophase might help us to determine the organization of chromatin 

before most genes have begun to transcribed. 

26 MINUTE CYLCE 14 DATA SET 

The length of invagination of this embryo was calcuclated to be about 

5.7Jlm using a phase contrast image of the cellular membrane (figure 27). The 

probes used are the same as the above data set. Images were taken from the 

mediolateral region and after image processing and corrections were done, 

the signal positions were marked using the criteria described above. The 

expectation are the same as above; a distance of 0.25Jlm if the chromatin is in 

the 30nm fiber form or a distance of 1.57Jlm if it is in the 10nm fiber form. 
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Figure 27 
Length of invagination of 26 min embryo. A. A phase contrast image showing 
invagination of cellualr membrane. B. X and Y ccordinate points used to 
calcualte the length of invagination. 

A. 

B. 
11-18.ph3;1 
X y X y Difference Distance 

25.97 35.2 30.4 38.2 -4.3852 -3.0004 5.31341502 
31.04 27.47 36 30.1 -4.9622 -2.6542 5.62745115 
36.58 17.43 41.3 20.7 -4.7314 -3.2312 5.72946764 
38.77 13.96 43.4 17.5 -4.616 -3.5774 5.83996976 
13.62 55.16 18.8 57.8 -5.193 -2.6542 5.83198308 
15.46 51.7 20.9 54.6 -5.4238 -2.885 6.14335669 
17.31 49.28 22 . 8 52.2 -5.5392 -2.885 6.2454 7529 
19.39 45.93 24.1 48.6 -4.7314 -2.6542 5.42502752 
21.46 42.35 26.2 45.2 -4.7314 -2.885 5.54160365 
23.43 39.01 28 41.8 -4.616 -2.7696 5.383134 79 
25.39 36.12 30.7 38.3 -5.3084 -2.1926 5.74339667 
28.97 29.77 33.6 32.5 -4.616 -2.7696 5.383134 79 

Average distance in microns 5. 73229618 
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We observe a distribution that is skewed to the left with almost half of the 

nuclei, at 0.346 - 0.462Jlm (figure 23B). The X distribution shows a sharp peak 

at -0.1154 bin with a Gaussian trend (figure 24B). The Y distribution too shows 

a tight Gaussian trend from -0.23 to 0.1154 bins (figure 25B). The Z distance on 

the other hand shows a very tight Gaussian trend with a peak at -0.1154 

(figure 26B). This male embryo shows similarity to the cycle 12 embryo and 

does not show an openness in the Z distribution, but it is a little broader than 

the early embryo. Hence it is appears that there might be a correlation 

between the interprobe distance and the age of the cycle 14 embryo. 

From a total of 95 to 132 nuclei, 67 nuclei (71 °/o) showed hybridization 

signals. We do not see an openness in 71 °/o of the nuclei, but a distance 

distribution shows an arrangement half way between a 10 and 30nm fiber 

form. Although in cycle 14, the embryo is in the early state of cellularization. 

Hence, when comparing to the above embryo, we observe differences in 

arrangement. The Z distances seem to be less open than in the proceeding 

embryo. It appears that the chromatin might be opening up as the embryo is 

going through cycle 14. We need to observe embryos in various states in cycle 

14 to determine if there is a correlation between age and the interprobe 

distance. 

34 MINUTE CYCLE 14 DATA SET 

This data set is from a female embryo in cycle 14 with 179 hybridization 

signals in 104 nuclei. The length of invagination is calculated to be 9.4Jlm and 

estimated to be about 34 minutes into cycle 14. The embryo was hybridized 

with the 5' probe 35h7.8 and the 3' probe N4H8.8. The hybridization signals 
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are visualized by using reporter molecules, avidin tagged with Texas Red and 

anti-digoxigenin tagged with FITC. A data set of the embryo was taken from 

the mediolateral region and put through image processing techniques. The 

signal positions are collected for X, Y and Z coordinates and corrected for 

misalignment. The frequency distribution of the interprobe distance is plotted 

as described above. 

The center to center distance between the two probes is 29.2kb and we 

expect a distance of 0.25J.im for a 30nm fiber 1.53J.im for a 10nm fiber. From a 

total of 106 nuclei, 98°/o of the nuclei (104/106) showed hybridization signals, . 

We observe a distribution that is not skewed to the left, but is spread out from 

0.1154J.im to 1.269J.im (figure 23C). From a total of 179 points, 70°/o of the 

nuclei show hybridization signals in a distance of 0.577 to 0.923J.im. Most of 

the hybridization signals, 106 from a total 179 (60°/o of the signals) show a 

distance from 0.462 to 0.692J.im. The rest of the hybridization signals are 

spread through various distances from 0.1154 to 1.962J.im. In comparing this 

data set to the other two, it appears that there is a broadness in the 

distribution. 

The distributions in X andY distances show a less tight, but still a 

Gaussian trend. For the X distance, most of the nuclei are from -0.92 to 0.92 

(figure 24C). The Y distance too shows a Gaussian trend which is spread 

through bins -0.692 to +0.692 (figure 25C). There are no sharp peaks seen but a 

broader distribution is evident. The Z distance shows a spread out 

distribution with no hint of a Gaussian trend (figure 26C). The nuclei are 

distributed from -2.2 to 1.4 and no sharp peaks are observed but a more open 

trend is seen. 
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In comparing this data set to the 26 minute embryo, we observe that 

there is a shift to the right in the distribution of the interprobe distance, from 

0.346 -0.462J.im in the 26 minute embryo to 0.577-0.629J.im for the 34 minute 

embryo. Hence it is interesting to see a correlation between the age of the 

embryo and the organization of chromatin. It appears that during cycle 14, 

chromatin is opening up in the Z direction. One explanation for this trend is 

that it may be due to the transcription of the Notch message. We find that our 

data is inconsistent with the popular radial loop model. It is observed from 

the above data sets that the Notch gene is not organized in a radial loop of its 

own although it is still possible that the Notch gene is part of a larger loop. 

Further studies using probes from the middle region of the Notch gene must 

be done to determine if this hypothesis is correct. 

41 MINUTE CYCLE 14 DATA SET 

This male cycle 14 embryo can be estimated to be about 41 minutes into 

cycle 14. Using a phase contrast image, we calculated the length of 

invagination which was 13.57J.im. The same probes as above were used with a 

center to center distance of 29.16kb. Images were taken from the mediolateral 

region of embryo, image processed as described above and corrections made 

before position points were taken. 

We observe a distribution that is not skewed, but is broad and spread out 

(figure 230). There seems to be a shift to the right with only a few nuclei from 

0.34J.im to 0.808J.im. The distribution in X and Y show a tight Gaussian trend. 

The X distance is distributed from -0.692 to 0.692 bins (figure 240 and 250). A 

sharp mode is seen in theY distribution at 0 bins and again the distance is 
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distributed between -0.692 and 0.962 bins. The Z distribution does not show a 

tight Gaussian trend but is more open and distributed (figure 260). Hence 

when comparing this data set to the above embryos it is evident that a 

broadness is seen as the embryo get older. 

42 MINUTE CYCLE 14 DATA SET 

This male embryo undergoing cellularization, is estimated to be about 42 

minutes into cycle 14. The embryo was labeled with the 5' probe P9.9 and the 

3' probe N4H8.8. The hybridization signals were visualized using reporter 

molecules, avidin Texas Red and anti-digoxigenin FITC. Using a phase 

contrast image, we have calculated the length of invagination (figure 28). The 

length is calculated by taking positions of the cellular membrane in X andY 

and calculating the length between two points as seen in figure 28. By using 

this method an average length of 14.5 J!m is calculated and the age of the 

embryo can be estimated to be about 42 minutes into cycle 14. 

The images were taken from the mediolateral region of the embryo and 

subjected to image processing techniques. The signal positions were collected 

in the X, Y and Z planes and corrected for misalignment. The frequency 

distribution was plotted for the interprobe distance, and the distances in X, Y 

andZ. 

The same probes are used with a center to center distance of 29.2kb and a 

distance of 0.25J.tm is expected if the chromatin is in the 30nm fiber form or a 

distance of 1.57J!m is expected if in the 1 Onm fiber form. We observe a 

frequency distance distribution that is spread through distances of 0.1154 J.tm 

to 1.731 J!m (figure 23E). There is no sharp peak or mode visible, but a broad 
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Figure 28 
Length of invagination of 42 min embryo. A. A phase contrast image showing 
invagination of the cellular membrane. B. X and Y coordinate points used to 
calculate the length of invagination. 
A. 

B. 
10-9.ph1;1 

Difference Distance 
X y X y 

9.924 15.93 23.3 8.54 -13.3864 7.3856 15.2886491 
12.23 20.66 25.8 1 4 -13.6172 6.6932 15.1732351 

1 5 28.39 28.5 21.5 -13.5018 6.924 15.1736739 
26.54 53.43 38.2 48.5 -11.6554 4.9622 12.6677456 
9.001 13.16 21.3 7.15 -12.3478 6.0008 13.7287205 
10.04 15.81 22.8 9 -12.8094 6.8086 14.5064731 
12.58 20.66 26.4 13.6 -13.848 7.0394 15.534486 

1 5 27.81 28.6 21.6 -13.6172 6.2316 14.9753456 
17.19 32.54 30.5 26.3 -13.271 6.2316 14.661251 
19.96 39.12 32.9 33 -12.9248 6.1162 14.2988936 
22.85 45.12 35.2 38.5 -12.3478 6.5778 13.9905546 
24.35 48.81 36.2 42.1 -11.8862 6.6932 13.6411391 

Average distance in microns 14.5758259 
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trend is seen. The X andY distributions show a Gaussian trend, with peaks at 

bins from -0.23 to 0.23 (figure 24E and 25E). The Z distance does not show a 

Gaussian trend but is spread out into bins from -1.9 to 1.6 (figure 26E). 

It is interesting to see that the openness seen in the frequency distance 

distribution comes from the distribution of Z distances and the X Y distances 

seem to be relatively tight. Analysis of many more timed cycle 14 embryos 

need to be done to compare the open or decondensed state with the age of the 

embryo. 

SUMMARY 

In our observation and analysis of the above 5 data sets consisting of one 

female and four male embryos (a total of 317 nuclei), several interesting 

aspects were seen. From these five data sets and the two preliminary data sets 

discussed above, we observe the distributions of interprobe distances between 

0.23~m and 0.923~m. We think that these distances correspond to a 

chromatin organization that lies between the 30 and 10nm fibers. It appears 

that the chromatin is arranged in folds of fibers between the 30 and 10nm 

fiber forms and not in tight 30nm coils as would be expected for the coiled coil 

model. We have looked at only 7 embryos although each has 95-132 nuclei in 

one field. However, we need to observe more embryos at different times in 

cycle 14 to conclusively state that chromatin folds are seen. Therefore we can 

only predict that folds are evident from our preliminary data. However, we 

can assert from the above 5 data sets and the 2 untimed cycle 14 data sets, that 

Notch is not arranged in its own loop, although it might be a small part of a 
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larger loop organization. It is evident therefore that the chromatin is arranged 

more or less in a folded model with both the 30 and 10nm fiber forms. 

The early embryo showed a tight organization during prophase and 

during early cycles. The four timed cycle 14 embryos show a change in 

distribution as the embryo get older in cycle 14. Therefore these five data sets 

postulate a possible correlation between the length of time in cycle 14 and the 

chromatin organization. Each of these embryos was relatively timed, using 

phase contrast images to determine the length of invagination. The earliest 

cycle 14 embryo is the 26 minute embryo and we observe that the chromatin 

is still relatively in the 30nm fiber form in most of the nuclei, with a few 

going into the 10nm fiber form. This pattern is similar to the early prophase 

embryo. The distance distributions of both these embryos in the X, Y and Z 

coordinates show a tight Gaussian trend. 

In observing embryos from later stages in cycle 14 (embryos 34 minutes, 

41 minutes and 42 minutes ino cycle 14) we see that the interprobe distance 

distribution becomes much more open and broad, spreading out into more 

"open" (relative to the calculation for the 30 and 10nm fibers) distances. The 

distribution in the X and Y coordinates still show a Gaussian trend but the Z 

distance does not show a Gaussian trend. The Z distribution is open and 

broad through many bins. It seems to be evident that as the embryo gets older 

the Z distribution gets broader. This trend can be observed in comparing the 

timed cycle 14 embryos. It is interesting to see this change occurring in the Z 

dimension. This could be comparable to the puffing seen in polytene 

chromosomes when a gene is transcribed. Our gene, the Notch gene is 



transcribed during cycle 14, hence this openness we observe could be a 

transcriptional puff. 
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Further data from embryos of various ages in cycle 14 must be obtained 

to determine whether the idea of a transcriptional puff is correct. It can be 

foreseen that this arrangement would allow chromosomal "breathing" to 

take place, just like an accordion. We are only hypothesizing these events and 

further studies using a non-transcribed gene must be done in order to predict 

the functional aspects of an organization such as the above. 

Table 13: Summary of aged data 

Embryo Length of #nuclei with Distance observed 

invagination hybridization 

Cycle 12,prophase 20 0.115-0.346J,lm 

Cycle 14 embryos: 

26 minutes 5.7J.lm 67 0.346-0.462J.1m 

34minutes 9.4J.lm 177 0.115-1.269J.1m 

41minutes 13.57J.1m 77 0.346-0.BOBJ.J.m 

42 minutes 14.5J.lm 53 0.115-1.731 J.lm 
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REGULATION OF TRANSCRIPTION OF THE NOTCH GENE 

Transcription takes place from the 5' end to the 3' end with the action of 

RNA polymerase (figure 29). Our goal is to determine the onset of 

transcription. We have used a modified protocol developed by Tautz and 

Pfeifle26. Using this technique, RNA transcripts are hybridized during the 

onset of transcription in embryogenesis. To observe the transcription of the 

Notch gene we have used probes from the 5' and 3' ends. The probes we have 

used are shown on figure 17. We have used two 5' probes, P9.9 and 35H7.8 

and one 3' probe N4H8.8 that are labeled with avidin and anti-digoxigenin 

respectively. 

The transcription elongation rate has been estimated to be 1.1-

1.4kb I min27,28. Results of others have shown that nuclear division may 

disrupt transcription29. In embryogenesis, the average time required for 

nuclear division cycles 1-9 is 8 minutes at 25°C; nuclear division cycles 10, 11, 

12, 13 and 14, take 9, 10, 12, 21 and more than 65 minutes respectively30 . 

Hence, the rapid nuclear division cycles (mainly the early cycles 10-13) would 

prevent the complete transcription of large genes in cycle 10 through 13. The 

Notch gene is 40kb long and will take about 28 minutes to completely 

transcribe the primary mRNA. Hence we expect to see both the 5' and 3' ends 

of the Notch gene. 

We have observed Notch transcription in the 5' probe from as early on as 

cycle 12 to cycle 14. However, we do not see the 3' probe until cycle 14. The 5' 

signals in cycle 12 are faint compared to the 5' signals seen in a cycle 14 

embryo. This is surprising, as we should not see any hybridization signals 



Figure 29 
Diagram showing Notch transcription at different states of interphase 
in cycle 14 embryos. The model shows that at late interphase both the 
5' and 3' probes would be observed. 
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until cycle 14. We have seen bright signals using the 5' probe in cycle 13 

embryos and no signals in the 3' probe. Cycle 14 shows the 5' probe in almost 

all of the nuclei in a field of a total of 95 to 132 and signals from the 3' probe 

in only about half of the nuclei (figure 30). This is earlier than indicated by 

previous results31, which have shown that the Notch gene is transcribed in all 

embryonic cells at nuclear cycle 14, the cycle during which cellularization 

occurs. Yet, this is not our observation, as we should observe the complete 

Notch transcript in cycle 14, but we do not see the 3' probe in all of the nuclei 

in a cycle 14 embryo. 

The early onset of transcription is startling as the Notch transcriptional 

unit that is 40kb long, is expected to take at least 28 minutes to be fully 

transcribed. Therefore, our hypothesis is that the Notch gene cannot be fully 

transcribed until cycle 14. If this is true, it might mean that Notch is regulated 

by the nuclear division cycle length. To test this prediction, we used two 

probes in the same hybridization as described in the above section. The 5' 

probes, 35h7.8 and P9.9 were observed from cycle 12 to late cycle 14. The 3' 

probe N4H8.8 is only seen at low levels, in a few nuclei and in most of the 

nuclei in cycle 14 (figure 30). Just as for the Ubx gene32, Notch gene 

transcription might be aborted without being completed during nuclear 

division cycles before nuclear cycle 14. 

We have tried to analyze the mRNA hybridization experiments that 

show the 5' probe to be transcribed as early as cycle 12. These observations 

were surprising when considering the rate of transcription (which is about 

1.1-1.4kb/min) and the duration of cycle 12 (last 12 minutes). It seems logical 

that we would observe the 5' transcript before it is disrupted by embryogenesis 



Figure 30 
Cycle 14 female embryo showing mRNA hybridization signals. 
A. Image of 5' probe, 35h7.8 visulaized using anti-diogoxigenein conjugated 
FITC. 
B. Image of 3' probe, N4H8.8 visualized using avidin conjugated Texas Red 

A. 

B. 
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cycles. We can calculate that about 15kb should transcribe at this time. 

Therefore it is plausible that the chromatin is opening up to allow 

transcriptional factors to attach as early on as cycle 12, but the duration of cycle 

12 is not long enough for complete transcription of the Notch transcriptional. 

To test this prediction, further experiments need to be done to determine this 

trend. Cycles 10, 11 and 12 need to be observed to see if there is a difference in 

chromosomal arrangement in cycles 10 and 11 when 5' transcription is not 

taking place . 

A variation in intensity of the 3' signal within the nuclei of cycle 14 

embryo is seen. This might indicate that transcription is proceeding at slightly 

different rates in different nuclei. The 5' signals, in comparison to the 3' 

signal, are much brighter and intense and are evident in all of the nuclei. 

There is no apparent pattern in the intensity variation between cycle 14 

embryos, but there is a variation in brightness when comparing the 5'probes 

seen in cycle 12, 13 and 14. These observations might indicate the amount of 

transcript present at a given time in embryogenesis, but we need to bear in 

mind that the methods used in detection might not be quantitative enough to 

distinguish subtle differences should they occur. 

In further studies, we have tried to compare the amount of the 3' probe 

with the duration of time in cycle 14. Again we used the length of 

invagination to determine the state in cycle 14 development. We have not 

properly collected data but have looked into other much more quantitative 

methods of analyzing the amount of transcript that can be observed during 

embryogenesis. We have thought about using the reverse transcriptase 

polymerase chain reaction (RT-PCR) method to explore this prediction and 
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have just started doing some experiments in this area. We have slightly 

modified this technique in order to perform PCR in situ hybridizations (in 

situ-PCR). These procedures were based on studies done by Heniford et al 33. 

The idea is that in situ RT-PCR experiments might help us correlate the 

extent of transcription with the age of the embryo (Rykowski personal 

communication). By first making eDNA of the mRNA transcript and then 

amplifying the message, we predict that we might be able to observe the 

amplified transcript by using PCR in situ hybridization technique. Using 

digoxigenin, a plant derivative that is not found in Drosophila, we hope to 

observe the staining intensity in the cytoplasm of cycle 14 embryos. Hence the 

staining seen in the embryo cytoplasm would be a result of the cyctoplasmic 

migration of the transcript rather than an artifact of digoxigenin staining. 

In observing cycle 14 images from our few PCR experiments, we did not 

observe any bright hybridization signals but the cytoplasmic background in 

digoxigenin was more intense than was previously observed. Usually in our 

normal in situ experiments, there is hardly any background seen in 

digoxigenin but signals are visible in side the nucleus. We have just begun to 

look at the extent of chromosomal preservation after exposure to various 

environments during PCR. There are various other aspects that we must 

consider and many control experiments must be done before actually 

performing experiments for data analysis. Some of these conditions are listed 

below. 
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1. Wholeness of embryo 

After several changes of environment and exposure to temperature 

fluctuations, it is wonderous that the embryo retains its form. Therefore 

several rounds of fixation might allow and help to retain its wholeness and 

rigidity. 

2. Preservation of chromatin material 

We are concerned that various factors might affect the chromosome 

morphology. Hence we need to check embryos at various steps during RT

PCR experiments, in order to survey the extent of damage the protocol might 

exert on chroma tin. 

3. The extent of availability of the transcript 

Controls must be done in order to determine the amount of 

amplification needed to generate a transcript in the cytoplasm. We did the 

preliminary experiments were done using a protocol with 35 rounds of 

amplification. The optimal amplification conditions must be determined as 

35 cycles might too much .. 

4. The preservation of transcript 

We also need to do controls in order to determine the extent of 

preservation of the transcript. So far, our observations have not been able to 

say anything about what might be happening to the transcript and if the 

transcript is accessible. We have to perform many more comparison 

experiments. 
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These are but a few of the various artifacts that might be occurring 

during the RT -PCR experiments. Quantitative studies must be done in this 

area before we can determine the extent of transcription with respect to the 

age of the embryo. 

HOMOLOGUE PAIRING 

We have not looked at homolog pairing in detail. The observations and 

predictions will be discussed in the "Discussion" section. 
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CHAPTER 4 

DISCUSSION 

From our experiments, it is clear that the interprobe distances between 

the two hybridization signals might allow us to determine the arrangement 

of chromatin in interphase nuclei. We have used this approach to observe 

the structural changes of chromatin during embryogenesis. We observe 

interprobe distances that are consistent with a condensation level of a 30nm 

fiber during cycle 12 and early cycle 14. We observe a greater variation in 

interprobe distances at late cycle 14 interphase, some corresponding to a 

condensation level of a 10nm fiber form. Therefore we suggest that during 

transcription the chromatin opens to accommodate transcriptional factors, 

much like a ''puff" seen in polytene chromosomes. 

CHROMATIN ORGANIZATION DURING EMBRYOGENESIS 

It appears that the in situ hybridization technique that we are using is 

sensitive for detection of chromosomal DNA (DNA-DNA hybrids). By using 

this technique, we are able to observe the structural changes that occur during 

embryogenesis. 

The interprobe distance distributions of one cycle 12 and seven cycle 14 

embryos show distances that might correspond to the folded chromonema 

model. These distributions are as expected for the folded chromonema model; 

that is, a distribution which corresponds to a condensation level between the 
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lOnm (1.4lJ..Lm) and 30nm (0.23J..Lm) fiber forms. Hence our preliminary 

results seemed to be consistent with this model, but inconsistent with the 

radial loop model. In the following paragraphs we will discuss the results 

from the cycle 12 and seven cycle 14 embryos. We do not know the exact state 

in the 14th interphase of the first two cycle 14 embryos (female cycle 14 

embryo and cellulized male cycle 14 embryo), but these studies have lead us to 

calculated the approximate timing of the latter four embryos . 

We have looked at one prophase embryo early in cycle 12 and the 

importance of this embryo is that it is in prophase, a condensed state. It is 

difficult to interpret this data as there are only a few nuclei on our image field 

for early embryos and more embryos in the same stage or in cycle 14 prophase 

would have been ideal for our analysis, but the trend in distribution seen is 

consistent with that expected for the folded chromonema model. Therefore 

we have decided to include the early embryo to compare and correlate with 

interphase cycle 14 data. This particular embryo had 20 nuclei, 19 of which 

showed hybridization signals. The overall distance distribution was skewed to 

the left with distances between 0.12-0.35J..Lm. These numbers correspond to 

tight condensation levels of 30nm fibers. The Z distance showed a sharp 

Gaussian trend (figure 26). We would expect the chromatin to be organized in 

similar i.e; tight 30nm structures, before an active gene is transcribed. Hence 

early in embryogenesis, the chromatin might be arranged in the folded 

chromonema model, with folds of 10 and 30nm fiber forms. If this model is 

correct, then we expect to see the same trend in early cycle 14 embryos. 

Early in our experiments, three cycle 14 data sets, including a total of 160 

nuclei with 178 hybridization signals were analyzed. We used probes 35h7.8 
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from the 5' end and N4H8.8 from the 3' end. Most of the nuclei show a 

distance distribution between 0.12-0.69Jlm (Table 12), which might correspond 

to what we expect for the folded chromonema model. 

In the two, untimed cycle 14 embryos from our early experiments, we 

observe a difference in interprobe distance. The embryos showed a distance 

distribution from 0.12-0.69Jlm. The female embryos showed a much tighter 

distance distribution of 0.12-0.35Jlm. Although these distances are consistent 

with the predictions for the folded chromonema model, it appears that the 

cellulized male embryo shows variations from the expected distances. The 

only physical difference seen in this embryo was that it is older because of the 

observation of the completion of cellularization and begining traces of the 

cephalic furrow invaginating. By these observation the time of this embryo 

can be estimated to be about 55 - 65 minutes into cycle 14. The interprobe 

distance of this embryo was broadly spread out from distances between 0.12-

0.69Jlm. We further analyzed these data and looked at the X, Y and Z distance 

distributions. We no longer see a tight Gaussian trend in the Z distance, but a 

broader spread, although this is not the case in the X andY distances. Hence it 

appears that the broad trend seen in the frequency distance distribution is due 

to the Z distances (figure 23). We think that possibly, in later stages in cycle 14, 

the chromosomes in each nuclei are behaving different! y and might be 

leaving the 30nm conformation. To analyze this further we needed to find a 

method of timing embryos during the 14th interphase more accurately. 

During the 14th interphase the transition from syncytial to a cellular 

blastoderm is achieved by the simultaneous enclosing of the plasma 

membrane on all of the peripheral nuclei to generate separate cellsl. The 
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nuclei elongate as the plasma membrane is folding. This is known as the 

invagination of plasma membrane to form the cellular blastoderm. By 

measuring the length of this invagination we can time the "state" at the 14th 

interphase. We have used phase contrast microscopy to observe this 

invagination of the cellular membrane in cycle 14 embryos, to time the 

different "states" during the 14th interphase. We have looked at four cycle 14 

embryos using the probes P9.9 and N4H8.8; a total of 297 nuclei were observed 

with 374 hybridization signals. Most of the nuclei show an interprobe distance 

between 0.23~-0.92Jlm. The younger two embryos (26 and 34 minutes into 

cycle 14) show interprobe distances between 0.12-0.92Jlm. The Z distance of the 

26 minute embryo shows a tight Gaussian trend (figure 26B) whereas the Z 

distance of the 34 minute embryo shows a more open, broader Gaussian trend 

(figure 26B). The embryos at 41 and 42 minutes are older than the other two 

embryos and show interprobe distance distributions of 0.12-1.73Jlm (figure 

260 and E). The Z distances in both cases are very open and spread out 

through large bins although still in a Gaussian distribution. Hence these 

results might be showing a significance in changes that might be occurring in 

the Z direction. To better visualize these trends, we graphed the complete 

distributions of the timed embryos along with the early cyle 12 embryo to 

observe the distribution trends during these time periods (figure 23). 

It appears that although there is a variation in the distance distribution 

increases as the embryo gets older. To better observe this variation, we 

graphed the X, Y and Z distance distributions of the timed embryos together. 

The X andY distributions show a slight change towards later stages in the 

14th interphase (figure 24 and 25), but not as dramatic as the changes seen in 
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the Z direction (figure 26). A tight Z distribution is seen in prophase and early 

interphase cycle 14. As the embryo goes through the 14th interphase, a greater 

variation is seen in the Z distribution. The broadness as age increases is 

greater in the Z direction than in X andY. This Z variation seems to be 

responsible for the overall interprobe distance distribution change seen in 

figure 23. 

The interprobe distance for the oldest embryo, the age estimated at more 

than 65 minutes seem to have come back to tighter distances. It is hard to 

explain what might be happening as we do not know the exact age of the 

embryo and there are various factors effecting the nuclei as this state. But a 

possible explanation might be that as we take data from the middle region of 

the embryo, we might be seeing a mitotic domain that is going into prophase. 

To better understand this prediction, we need to determine the exact area that 

we are looking at specially in older embryos. We will explore the other five 

data sets in figure 23 and predict some possibilities of what might be effecting 

the distribution. 

There are two possible explanations for this trend. As mentioned before 

during cellularization the nuclei elongate. This elongation is mainly in the Z 

direction and the Z changes that we observe might be caused by these forces 

(figure 31). The second possibility is that the Notch gene is transcribing and 

can complete transcription in cycle 14 as this cycle is long enough. Hence we 

might be seeing the behavior of an active gene during transcription. 

As this gene being transcribed, the chromatin is forming more open 

structures to allow transcriptional factors to bind. Therefore we postulate a 

possible diploid chromosome "puff", much like those seen in polytene 
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Figure 31 
Model of how the probes might be behaving during cellulization due to; 
A. Nuclear elongation 
B. Notch transcription 

A. Nuclear elongation during cellulization 

Probe 2 

B. Amount of Notch transcription 

possible puff model 
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Figure 32 
A. The possible diploid chromosome puff seen during transcription. 
B. A view showing the naked DNA with the transcriptional apparatus. 

A. 

B. 

"Puff" 
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chromosomes. We predict that the tight 30nm condensation forms are 

opening as factors bind to the DNA strand. A possible diagram of the model is 

seen in figure 32. 

Our results show inconsistency with the radial loop model. If the radial 

loop model was detected then we would observe less distance changes 

between the two probes. Since we observe the interpeobe distances to be in the 

10 and 30nm forms it becomes clear that a radial model will not prevail. 

We are looking at only a few embryos and further embryos in various 

states in cycle 14 must be observed to determine more conclusively if the idea 

of a transcriptional puff is correct or if the Z distribution is due to the 

elongation of the nuclei during cellularization. To analyze these predictions, 

cycle 14 embryos in various states must be observed and the relationship in 

the Z distance must be determined. By using a gene that is not transcribing 

during cycle 14, we could distinguish between a diploid puff and the forces 

due to nuclei elongation. 

We also need to look into why there are different distances seen in 

nuclei that are synchronously dividing. In the cycle 12 embryo we do not 

observe outliers. But in the later state of cycle 14 (41 and 42 minutes into cycle 

14) the number of outliers seems to get larger and they are more spread out. 

These could be due to artifacts caused at various stages during embryo 

preparation. We need to be concerned about these issues to determine if there 

is a biological or an experimental explanation. Is it possible that the embryo is 

going out of synchrony at cycle 14? The embryo is thought to become 

asynchronous only after cellularization is complete when the fate of the cells 

has been determined2, yet our results don't show this. In cycle 14 embryos 
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which are 41 and 42 minutes into the 14th interphase, the number of outliers 

increases considerably when compared to earlier cycle 14 embryos. Therefore 

could it be that the nuclei lose synchrony at some point during the 14th 

interphase? 

Future Directions 

In our observations of cycle 14 embryos we see that the chromatin is 

condensed to a level somewhere between the 30 and 10nm fiber forms, 

consistent with the folded chromonema model. This arrangement is seen in 

early cycles as well as in early states of cycle 14. As the embryo goes through 

the 14th interphase, the chromatin seems to be opening up in the Z direction. 

We have observed distance changes in several embryos at various states of 

cycle 14 and see a correlation between age and the distance distribution. As age 

increases, the distances seem to increase. We predict therefore, that the 

chromatin is arranged in folds of 30 and 10nm fiber forms and, during 

transcription, is in less condensed forms, resulting in the puffing seen in the 

Z direction. This variation in Z could also be due to the forces of nuclei 

elongation. Hence these two possibilities must be discerned. 

To further ascertain the structure of chromatin we need to observe many 

more embryos in various states of embryogenesis. We will explore some 

experiments that need to be done in the future. 

1. Analysis of embryos using a gene that is not transcribed 

It is conceivable to use a gene that is not transcribing to observe the 

structure of chromatin in cycle 14. By using a gene that is relatively close in 
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size to Notch and is not active until later in embryogenesis or in larval stages 

of the Drosophila life cycle, we will be able to analyze how chromatin is 

arranged in a non active gene. We want to compare and contrast the 

differences in the 14th interphase stage using a gene that is transcribing and a 

gene that is not transcribing. Our prediction would be that a non transcribing 

gene will be arranged in tight 30 and lOnm folds. Tight distance distributions 

will be seen, with tight Gaussian trends in X, Y and Z coordinates. If our 

puffing model for an active gene is correct, we would not expect to observe 

any broad spread in the Z distance distribution. 

If the Z variation is due to the forces acting towards nuclear elongation 

during cellularization, then we would expect to see changes in the Z 

direction. Hence by using a non active gene we will be able to discern between 

these two possibilities. 

2. Analysis of whole embryos 

Different fields on a whole embryo must be analyzed in order to 

determine the structure on a whole embryo. The studies we have done used 

the mediolateral region of the embryo. It would be appropriate to look at the 

anterior and posterior regions as well as the dorsal and ventral regions of the 

embryo and compare the distance distributions of each of these regions. 

We have started doing some of this work using the Notch gene. We have 

looked at three different datasets from the anterior, posterior and the 

mediolateral regions of each of several embryos. We have not yet analyzed 

these data completely. These studies might help us to compare and contrast 

the structural changes that an embryo in cycle 14 goes through as it gets older. 
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We have also collected data from the central field (along the embryo 

equator) from the embryo. Again, we have not worked through these data, 

but want to compare their distance distributions with those from the 

mediolateral regions of cycle 14 embryos. We predict that the whole embryo 

(as nuclei divide synchronously) should show a similarity in chromatin 

structure and hence the distance distributions would be similar. There might 

be some optical artifacts occurring due to the curvature of the embryo. 

Further studies in this area need to be done in order to confirm our 

predictions. 

This study will also provide some information to determine if at some 

point during the 14th interphase the nuclei become asynchronous. By 

observing several regions from different cycle 14 embryos, we might be able to 

observe a trend. It is possible that there might be certain domains that become 

asynchronous first. 

3. Analysis of gastrulated embryos 

If the hypothesis and predictions discussed above were to hold, analysis 

of gastrulated embryos should show more open distance distributions. As the 

Notch gene is transcribing, we expect these distances to increase. 

Transcriptional puffs will be evident in the Z direction while tight Gaussian 

distributions will be seen in the X and Y directions. 

We would also expect to see more variation between each nuclei as 

during gastrulation the nuclei no longer divide synchronously. There would 

be different mitotic domains visible, each region dividing separately from the 
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others3. Hence this stage would be complicated to interpret as many different 

events would likely be taking place at the same time. 

4. Analysis of embryos before transcription of Notch 

We need to observe several embryos before the Notch gene starts 

transcribing. Hence early cycles must be analyzed in detail to determine the 

structural organization of chromatin. We would predict that folding of 

chromatin in the 30 and 10 nm fiber forms will be observed. 

We have thus far analyzed only one cycle 12 embryo in prophase. This 

dataset is consistent with what we expect but further studies need to be done 

to analyze the structure of chromatin. 

5. Analysis of embryos using a probe from the middle region of Notch 

So far we have looked at in situ experiments using probes from the 5' 

and 3' ends of the Notch gene. Further studies must be done using a probe 

from the middle region of the Notch gene. By using the middle probe we will 

be able to compare the distance distributions of the 5' and 3' probe to either 

the 5' and middle probes or to the middle and 3' probes. We are using cloning 

techniques to obtain a fragment from the middle region, 6.1kb in length. 

If the chromatin is arranged in a folded manner then we should observe 

the same distance distributions as in experiments done with the 5' and 3' 

probes. For the radial loop model, if Notch is arranged in its own loop then 

we would see a distance difference that is greater than the distance difference 

from the 5' to 3' probes. 
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6. An "in situ hybridization walk" of the Notch gene 

It would be ideal to experiment with several fragments from the whole 

transcriptional unit of the Notch gene, from the 5' end to the 3' end and 

perform an "in situ hybridization walk." It would be possible to do this, using 

our current level of resolution and fragments about 7.8kb and above. First we 

need to determine the minimum center-to-center distance between the two 

probes that we might be able to observe using our current level of resolution. 

If successful it will enable us to observe the structure of the whole Notch gene 

and how it might be arranged during various stages through embryogenesis 

ultimately enabling us to construct a "chromosome organization map" for 

the Notch gene. 

REGULATION OF TRANSCRIPTION 

It appears that the 5' end of Notch is transcribed earlier than was 

previously believed. We have observed the 5' probe as early on as cycle 12, but 

the 3' probe is absent. This is surprising, as previous studies have shown the 

onset of Notch transcription at cellularization4. Our results indicate that 

Notch transcription begins early on in embryogenesis. 

Studies have estimated the transcriptional elongation rate to be about 

1.1-1.4kb/min5,6 Cycle 12 takes 12 minutes to complete. Therefore at cycle 12 

only about 15kb will have time to be transcribed before the end of the nuclear 

division cycle. If this is the case, then we would expect to see the 5' probe but 

not the 3' probe during cycle 12. At cycle 13, which takes 21 minutes, about 

27kb will be allowed to transcribe. The 3' probe will still not be observed. This 



is in agreement with our observations. At cycle 14 we expect the whole 

transcript to be transcribes as cycle 14 lasts more than 65 minutes. 
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From our observations of mRNA hybridizations, we see the 5' probe as 

early on as cycle 12 but the 3' probe is detected only at cycle 14. These 

observations suggest that the cell cycle events might abort transcripts as 

suggested by Shermoen and O'FarrelF for the Ubx gene. This might mean 

that the transcription of Notch is being regulated by nuclear division cycle 

length. 

From our preliminary observation, we have come up with a model 

(figure 33). During early interphase we will observe low levels of the 5' 

transcript or no transcripts at all. At middle interphase we will observe the 5' 

probe transcript and at late interphase, we will begin to see the 3' transcript. 

We have observed the 3' probe in cycle 14 embryos but have not seen signals 

in all of the nuclei. We want to determine the exact time when our 3' probe is 

seen in all of the nuclei. By using the length of invagination to age the 

embryos we will be better able to determine the time required for complete 

transcription of the Notch. 

Future Directions 

Further experiments need to be done to determine the timing of 

transcription of the 3' end in cycle 14 embryos. We plan to correlate the 

duration of cycle 14 to the extent of the 3' transcript. In each experiment we 

will look at embryos first in phase contrast to determine their age and then in 

fluorescence to determine the extent of hybridization to the 3' probe. Our goal 

is to find the stage at which we observe the 3' probe in all of the nuclei in a 
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Figure 33 
A. Shows the Notch transcriptional unit and the distances between probes. 
B. The primary transcripts are shown with the cycle and times these 

transcripts are expected. 
I. At about 12 minutes, a 15 kb transcript might be observed 

(can detect the 9.9kb probe) 
II. At about 16 minutes, a 27kb transcript might be observed 

(can detect the start of 6.1kb probe) 
III. At about 28 minutes, a 40kb transcript might be observed. 

~Telomere 

s· 
0 5 10 

Distance from edge to 6.74kb 
edge 

Primary transcripts 

I. Cycle 12 

~ 

II. Cycle13 

III.Cyclel4 

Centromere ~ 

15 20 25 30 35 40 kb 

19.47kb 6.67kb 
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cycle 14 embryo. So far our observations show the 3' probe in only about half 

of the nuclei and the 5' probe in all of the nuclei (figure 30). 

We have talked about using PCR experiments to determine the amount 

of 3' transcript during different states of cycle 14. We would continue the 

experiments described in the results section, with special attention to the 

concerns raised on the technical procedure. Quantitative PCR will enable us 

to see the extent of the 3' transcript at different times points during the 14th 

interphase. 

We also want to use a probe from the middle region of the Notch 

transcriptional unit, P6.1, to determine at what time we see this transcript. It 

would be interesting to use probes to "walk" along the transcriptional unit to 

observe the effect of nuclear cycle division on transcription and to determine 

the exact timing of Notch transcription. 

We have thought about what these experiments might show. In figure 

33 we have explored some of the possible events that might occur using the 

middle probe. We have thus far observed the P9.9 probe in cycle 12. This is 

plausible given the rate of elongation. Using the probes P9.9 and P6.1, we 

expect to see P6.1 at cycle 13 as it will take about 16 minutes to transcribe about 

23 kb (figure 33). Hence the middle probe will enable us to further observe the 

effect of transcription being regulated by the duration of the nuclear division 

cycle. 
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HOMOLOG PAIRING 

Using probes from the Notch transcriptional unit, the large cosmid 

fragments (figure 38), we observe homologous pairing in interphase nuclei 

from cycle 12 to late cycle 14 (figure 34B). Recent studies show that 

homologous pairing begins in cycles 11-12 and continues to increase until the 

onset of gastrulationS. We started using an autosome probe to compare 

patterns between an autosome, which always has two copies, and X-linked 

genes, which only present two copies in females. From our preliminary 

experiments, we observe that the timing of homologous pairing in both 

autosomes and X-linked genes is similar. Further studies must be done to 

clarify these features . 

From our few experiments, we also observe that the degree of tight 

pairing is about 40°/o and the pairs become closer together at cellular 

blastoderm stages (paired vs unpaired). Presently we have only these 

observations and we hope to carefully look at the relative distances between 

each set of probes, in paired and unpaired signals. 

This part of the project is now been done by other persons in the lab. 

However, preliminary analysis of one female cycle 14 embryo, which is 

labeled with the two color hybridization protocol, showed that when the 5' 

probe was paired, the 3' probe too was seen to be paired. We would like to 

further observe the separation between homologues to determine the spatial 

organization (Rykowski personal communication). 



Figure 34 
A. Homolog pairing seen in an early cycle 14 embryo, using large cosmid 
probes. 
B. Homolog pairing in a gastrulated embryo. 

A. 

B. 
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