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ABSTRACT 

I describe the application of new methods for reverse genetic analyses in 

Drosophila melanogaster to genes expressed in the nervous system. The methods can be 

devided into two classes: tools for molecular analysis and tools for genetic analysis. 

The first set of methods is designed to facilitate rapid, large-scale molecular 

analysis of eDNA clones. This set of tools begins with a family of bacteriophage A. 

eDNA cloning vectors and E. coli host cell strains that allow automatic plasmid 

subcloning by in vivo site-specific recombination. A high density filter hybridization and 

diagnostic PCR assay technique applied to size-selected libraries then substantially 

simplifies the isolation of full-length eDNA clones in these vectors. Next, a transposon 

yo-facilitated DNA sequencing procedure minimizes the labor required to isolate a nested 

set of initiation sites for chain termination sequencing of each strand of a cloned DNA 

segment. I also describe the characterization of 250 eDNA clones isolated from adult 

heads on the basis of gross expression patterns in the embryonic ventral nerve cord and 

larval fat body. 

The second set of procedures facilitates the isolation of mutations in the 

chromosomal genes that correspond to isolated eDNA clones. I describe three such 

experiments. A plasmid rescue and hybridization strategy allowed the isolation of PlacW 

elements inserted adjacent to 4 cloned genes in an array of nearly 700. Modifications of 

this procedure to take advantage of P -element local transposition allowed the isolation 

and characterization of an apparent null mutation in the receptor-linked protein tyrosine 

phosphatase gene DPTP99A. In a pilot study, I demonstrate the feasibility of isolating 

chemically induced mutations that remove targeted restriction enzyme cleavage sites with 

a PCR-based assay. In addition, I describe the serendipitous isolation of a PlacW

induced mutation, encumbered, that affects the morphogenesis of imaginal wing discs as 

well as adult longevity, activity, and fertility. 
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A brain and its genome 
Many features of neural development are shared by most nervous systems, 

implying that the underlying molecular mechanisms are likely to be conserved. 

As for any differentiated cell type, a multipotent precursor cell must first acquire a 

specific cell fate. This appears to occur, in both vertebrates and invertebrates neuronal 

precursors, by a series of choices that result in progressive fate restrictions (Anderson 

1989; Doe 1992; Greenspan 1992) and is often accompanied by a defined pattern of cell 

migration. The developing neuron then typically extends an axon along a prescribed 

pathway to reach its intended target (Ramon y Cajal 1990). Once at its target cell, the 

neurite gives rise to a stereotypic pattern of synaptic specializations (Goodman et al. 

1984). Maturation and modification of these synaptic connections may continue 

throughout the life of the organism. Furthermore, these developmental steps appear to be 

intertwined. Fate determination events, even at the level of single regulatory molecules, 

can affect choice of axonal pathway (Doe 1988; Doe 1992). Conversely, retrograde 

signals from innervation targets can affect other differentiation events, such as choice of 

neurotransmitter phenotype by rat sympathetic neurons (Schotzinger and Landis 1988; 

Landis 1990). Such observations argue that the molecular mechanisms underlying these 

events may be interdependent. 

The complexity of cell types in the nervous system and the diversity of 

extracellular signals to which they must respond, both during development and in mature 

function, argues that construction of a nervous system involves a large number of 

molecules. While this may not require an unusual complexity of molecules to be 

expressed in any one cell , such molecular complexity is likely to be required within the 

population of cells to establish a properly wired and functioning nervous system. This 

provokes two questions. How many molecules are required for development, both at the 
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level of the individual neuron and at the level of a complete nervous system? What are 

these molecules and what does each one do? 

I have based my approach to the above questions on the premise the events of 

neuronal development require the concerted activities of a large number of gene products. 

Thus, I believe that a detailed understanding of these processes will require the 

characterization of a large number of molecules. Therefore, rather than selecting one or 

two neuronal molecules for immediate analysis by existing methods, I began my studies 

by trying to develop methods that would allow extensive analyses of relatively large 

panels of c loned genes. I chose to work in Drosophila because of the accessibility of its 

genome to both molecular and genetic techniques and because of its relatively small 

genome size. Although I feel that the interrelation of developmental processes justifies a 

broad approach to neuronal development, I have been particularly interested in axon 

pathfinding and synaptic specification and this is reflected in some of the later 

experiments described here. 

Molecular complexity underlying neural development and function: how many players in 

the game? 

Estimates of gene number in the fly: The issue of gene number in Drosophila 

has received considerable attention from several authors. More than 4000 characterized 

genes have been catalogued by Lindsley and Zimm (1992), and new genes continue to be 

reported at an unprecedented rate. Intensive genetic and cytological analyses of sample 

genomic regions have produced gene number estimates in the range of 5,000-10,000 

(Muller and Prokofyeva 1935; Judd , Shen and Kaufman 1972; Hochman 1974; Sorsa 

1988). These are necessarily minimum estimates, as they include only genes whose 

mutant phenotypes are readily observed in laboratory culture; disruptions of many 

structural genes for which no phenotype is evident have been reported (discussed further 
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in Chapter 4) . RNA-driven reassociation kinetics from several tissue preparations led 

Izquierdo and Bishop (1979) to estimate the existence of more than 7000 distinct 

polyadenylated transcripts in Drosophila. However, this type of analysis is also prone to 

understatement, owing to both cell-type specificity and message prevalence. Genes 

whose transcripts are expressed (or polyadenylated) at low levels, in rare cell types, or 

transiently during brief developmental windows would be overlooked in these 

experiments (Palazzolo et al. 1989). Better data should accrue from genomic sequencing 

efforts now in progress; as large stre tches of contiguous sequence are generated and 

analyzed, it should become feasible to estimate an average density of protein-encoding 

genes in the genome. Such data for chromosome III of Saccharomyces cerevisiae have 

been recently reported and suggest a 5-fold higher gene density than had been represented 

on the genetic map of that intensively studied organism (Oliver et al. 1992). 

Genes expressed in the nervous system: Estimating the number of genes used 

to construct the nervous system is a more troublesome task for two reasons. First, one 

must decide what such an estimate will include. Although general cell-lethal genes and 

most housekeeping genes (and any neural-specific isozymes of them) are required for the 

development of the nervous system, these are of comparatively little interest to most 

neuroscientists. I make this point because it matters in the types of data used to count the 

genes. Most of the experiments that bear on this issue assay only the expression patterns 

of genes. Second, one must consider what such an estimate will mean. Although the 

nervous system may express a larger number of genes than other tissues, the nervous 

system also comprises more cell types than any other tissue. Thus, it is not necessarily 

(and probably not) the case that each individual neuron expresses more of its genome 

than any other differenti ated cell type. On the other hand, it is precisely the diversity of 

component cell types and the complexity of their interactions that allow the cells of the 
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brain to perform their collective functions, to create networks with emergent properties, 

and to fascinate people like me. 

Direct molecular data for Drosophila on this subject are limited. One 

experimental difficulty in assessing the number of genes expressed in the fly nervous 

system has been in isolating sufficient quantities of appropriate tissues for reassociation 

kinetics experiments such as have been done for whole animals. However, some 

informative data can be derived from eDNA cloning experiments. Palazzolo and 

coworkers used a pool sorting strategy to isolate 436 eDNA clones that represent mRNA 

expressed in the adult head but not in the undifferentiated cells of the early embryo 

(Palazzolo et al. 1989). Because the adult head is largely neural tissue and is thought to 

contain relatively few other cell types (predominantly fat body and muscle), this clone set 

should be enriched for messages that are expressed in neural tissue. Of these cloned 

genes, 250 are expressed by late embryogenesis. These 250 clones were examined for 

expression in the embryonic CNS and larval fat body by bulk fil ter hybridization with 

eDNA probes (Appendix 3). Among these 250 clones, 109 hybridized to labeled eDNA 

prepared from purified embryonic nerve cords, 67 to eDNA from larval fat body, and 35 

to both. Thus, 52% (74 out of 141) of the detected clones, or 68% of clones detected by 

nerve cord eDNA, showed some specificity for neural tissue. 

A separate line of evidence for heavy genomic commitment to the nervous system 

comes from so-called enhancer trap experiments with modified P elements. O'Kane and 

Gehring examined 49 /acZ-expressing P element lines; of these 23 (46%) expressed 

detectable (3-galactosidase in CNS or PNS (O'Kane and Gehring 1987). In a similar 

experiment, Bier and coworkers screened 3768 independent PlacW lines for lacZ 

expression. 31% of their lines stain in the nervous system (Bier et al. 1989). Since only 

64% of these lines stained any embryonic cells, this is 49% of staining lines. Bellen et al. 

reported similar results for 536 independent P lArB insertion lines: 48% of these lines 
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stain CNS and 20% stain PNS (Bellen et al. 1989). One potential difficulty in drawing 

strict conclusions from this data is that the artificial enhancer-promoter combinations 

generated by insertion of the modified P element may not reflect an endogenous gene 

expression pattern selected through evolution. However, from the insertion strains 

analyzed in detail to date, this does not appear to generate frequent discrepancies. A 

more serious problem in drawing quantitative conclusions from this type of analysis is the 

non-random distribution of P element insertion sites. Like most transposons, P elements 

are prone to both hot spots and cold spots for insertion and the basis for these preferences 

is not entirely clear. Nonetheless, these experiments provide further evidence that a large 

fraction of the expressed fly genome is expressed in the nervous system. 

Recent evidence for this has also been presented from a purely genetic study. 

Somatic mosaic analysis of the fly visual system for 65 randomly chosen X-linked lethal 

mutations revealed 26 cell-lethal genes and 21 genes for which mutant cell clones 

produced abnormal eye or laminar structures (Thaker and Kankel 1992). Thus, 72% of 

these lethal genes appear to be required for the development of the adult visual system, 

32% with some apparent specificity. Although limited in several respects, this 

experiment is significant in that it does not strictly rely on detected expression patterns of 

gene products, but rather on a morphogenetic requirement for each gene. 

Deriving hypotheses of molecular functions from eDNA sequence and expression pattern 

Assessing neuronal functions of gene products from molecular analyses: 

Sequence analysis of a cloned molecule may suggest a biochemical or cellular function 

for the corresponding protein (or RNA) by comparison to sequences of known molecules. 

Knowing the expression pattern may further suggest an organismal function by delimiting 

potential sites of action. Such data provide hypotheses that can be tested in situ in the fly 

by altering the sequence or expression of the gene product. 



7 

Meaningful large-scale analysis of expressed genes requires each of the following 

steps for each gene: identify a (full-length) eDNA clone to be sequenced, generate and 

analyze the DNA sequence of the clone, and determine the expression pattern of the gene. 

Each of these steps has been tedious and performed only on a gene-by gene basis. I have 

tried to improve the rate-limiting steps in each of these procedures to enable a small 

group of workers (or eventually, hopefully, machines) to analyze large numbers of genes 

in a rapid fashion. The results of these efforts are detailed in Chapter 2. Automation and 

scale-up for at least some of these methods are currently in progress by others as part of 

the Human Ge nome Initiative (M. Palazzolo, personal communication). 

Methods for rapid eDNA analysis: Sorting eDNA clone collections by cross

hybridization or equivalent strategies minimizes redundant isolations that would occur 

due to both dissimilar expression levels in a chosen tissue (which can vary by several 

orders of magnitude in complex tissues) and random sampling of nonnalized libraries 

(Palazzolo et al. 1989). The uniqueness of each clone justifies the investment of greater 

effort in characterizing each clone and its gene than would be feasible in a random clone 

selection strategy such as described by Yentor and colleagues (Adams et al. 1992). In 

addition, a high percentage of the sorted clone collection can be assayed for gross 

expression pattern by hybridizing labeled eDNA from defined sources to an array of 

clones (Appendix 3). Such hybridization experiments are useful in prioritizing members 

of the clone array for further analyses. These data increase the information value of each 

selected clone as a unique tag for a gene that is expressed in a tissue of interest. Once the 

initial clone set has been sorted and prioritized, a clone or set of clones that represent 

each corresponding message can be sequenced and subjected to other detailed analyses 

with a minimum of duplication. 

In Chapter 2, I describe a set of tools and techniques designed to minimize and 

simplify the manipulations required for the steps between selection of a clone from the 
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sorted pool and generation of full coding sequence. In many cases, the clone used for 

sorting may be too short to include the full coding sequence. A rapid and simple method 

for obtaining long eDNA clones from libraries is described Section 2.3. Cloning vectors 

and host cells that permit automatic (in vivo) subcloning from phage to plasmid are 

described in Sections 2.2 and 2.5. Transposon facilitated DNA sequencing (Section 2.4) 

allows rapid data collection by minimizing the amount of labor required to generate 

nested sets sequencing templates. 

Coding sequence analysis of eDNA, combined with expression pattern analysis 

should allow hypotheses of cellular and developmental functions to be made for a 

significant fraction of molecules. The availability of sophisticated genetic methods 

should allow testing of these hypotheses in the fruit fly. In addition, such methods can be 

applied to assess the developmental roles of molecules whose cellular or biochemical 

activity is known. 

Adhesion molecules, tyrosine phosphorylation, and axon pathfinding 

One of the most striking features of neuronal development is the extension of 

neurites along stereotyped pathways to establish an elaborate pattern of specific synaptic 

connections. Although detailed cellular descriptions of extending neuri tes and growth 

cones date back more than 100 years to Ramon y Cajal's fi rst description in 1890 (Ramon 

y Cajal 1990), the molecular mechanisms that drive these events remain poorly 

understood. Pathfinding by growth cones and selective fasciculation of developing axons 

requires both extrinsic cues in the ex tracellular space and a correct interpretation of them 

by the neuron. Evidence has been presented for diffusible factors, cell surface molecules, 

and extracellular matrix molecules functioning as guidance cues and for a variety of 

mechanisms to transduce these signals across the membrane(Bixby and Harris 1991). 
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Negative cues that cause the inhibition or collapse of growth cones have also been 

described (Patterson 1988; Walter, Allsopp and Bonhoeffer 1990). 

Much attention has been given to potential roles for cell adhesion molecules in the 

development of axonal pattern (for example, see Goodman et al. 1984; Edelman 1986; 

Hortsch and Goodman 1991). In vivo ligands or binding partners (such as the Notch and 

Delta proteins in Drosophila) are not known for the majority of these molecules and 

precise developmental roles of their adhesive properties remain largely unclear. 

Moreover, adhesion is unlikely to be the only role such molecules can play. For example, 

the genetic interaction in Drosophi la between mutations in the abl homologue and the 

gene encoding the fasciclin I he mophilic adhesion molecule argues that the fasciclin I 

protein might be involved in a signal transduction pathway parallel to that of the abl 

tyrosine kinase (Elkins et al. 1990). Furthermore, exposure of rat PC 12 cells to 

antibodies against the adhesion molecules L 1 and N-CAM has been reported to trigger 

changes in intracellular second messenger levels, possibly through a G-protein coupled 

mechanism (Schuch, Lohse and Schachner 1989). In addition, a number of presumed 

signal transduction molecules such as protein kinases (Hunter 1987) and protein 

phosphatases (Fischer, Charbonneau and Tonks 1991; Charbonneau and Tonks 1992) 

have been cloned that include adhesion molecule-like extracellular domains in addition to 

their catalytic domains. These results raise the question of whether a significant fraction 

of presumed adhesion molecules might actually be more important in reponing on the 

extracellular milieu than in adhering to it. 

Four experiments have suggested a specific role for the regulation of protein 

phosphotyrosine in events related to neurite outgrowth. Maness et al. (Maness et al. 

1988) observed high concentration of the src tyrosine kinase in vertebrate growth cones, 

however they were unable to directly assess its function in the context of axon growth 

and guidance. Gertler et al. (Gertler et al. 1989) and Elkins et al. (Elkins et al. 1990) 
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provided stronger evidence in Drosophila by showing that two different double mutant 

combinations that include a null allele of the D -ab! tyrosine kinase suffer severe and 

specific disruptions in the axonal array of the embryonic CNS. In addition, three groups 

have reported the isolation of axon-specific receptor-linked protein tyrosine phosphatases 

(R-PTPs) in Drosophila (Hariharan, Chuang and Rubin 1991 ; Tian, Tsoulfas and Zinn 

1991; Yang et al. 1991 ). A first functional test of one of these molecules in presented in 

Chapter 4. 

Elucidating the molecular details of neural development is likely to require not 

only the identification of diverse classes of molecules, but also the ability to test 

hypotheses about their functions in the nervous system. The variety of genetic 

approaches available in Drosophila make this a desirable organism in which to test such 

hypotheses. 

Testing hypotheses offunction with reverse genetics 

Concepts and limitations: Perhaps, in a strict sense, the term reverse genetics 

should only be applied when gem1line mutations are isolated in the endogenous gene of a 

known molecule. However, the current technical repertoire includes a variety of methods 

for perturbing gene function that fall outside this narrow definition. I will expand the 

discussion (but not the definition) here to also include germline and somatic interference 

methods such as antisense expression, dominant interfering product expression, and laser 

inactivation of proteins. 

The chief advantage of a germline mutational approach is also its chief 

disadvantage: it affects every copy of the gene product in every cell. The advantage to 

this is that the level and type of mutant gene product is reproducible from experiment to 

experiment and cell-autonomy is not a confounding problem in the interpretation. On the 

other hand , because many genes are known to function in several different developmental 
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pathways, the potential exists for early phenotypes to mask later effects. For example, 

the effects of ftz and eve on fate determination in the nervous system were not seen 

initially because of earlier defects in segmentation. However, as this example suggests, 

such problems may eventually be overcome by introduction of an appropriate transgene 

(Doe 1988). 

Gene product interference methods offer a different set of trade-offs (Herskowitz 

1987). Two advantages of interfering transgenes , such as antisense genes or genes 

encoding poison product monomers, are flexibility and speed. A large variety of 

potential interfering transgenes can be tried in parallel experiments, by either gem1line or 

somatic transformation. The experimenter could potentially target different splice 

variants of the gene product or different parts of a complex expression pattern. On the 

other hand, it is often difficult to determine the level to which the targeted gene function 

has been reduced and whether thi s reduction is uniform in every cell type of interest. 

Thus, it may be difficult to determine whether a given result corresponds to a loss, 

reduction, or misregulation of function. Negative results in such experiments are frequent 

and difficult to interpret. Similar arguments can be applied to methods aimed directly at 

protein products, such as CALI. However, such methods have proven successful and 

enlightening in a number of instances (Jay and Keshishian 1990; Amaya, Musci and 

Kirschner 1991). 

The crucial differences between these methods for my purposes have been scale 

and generality. While transgenes and CALI reagents must be independently produced 

and tested for each targeted gene product, molecular screening methods for reverse 

genetics have the potential to be scaled up to encompass large numbers of targets 

(Chapter 3). Furthermore, the existence of a null mutation is easily proven with 

molecular probes. 
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Mutagenesis methods for reverse genetics in Drosophila: A variety of 

methods have been used to introduce and identify new mutations into cloned Drosophila 

genes. Reported successes with chemical mutagenesis have requirements that are 

untenable for general application. Classical genetic screens over mapped deficiencies 

require prior knowledge (or a good guess) of the phenotype. Screens based on loss of 

antibody binding are labor intensive and require an antibody for each gene being 

targeted. Nucleic acid screens for chemically induced mutations in the fly have not been 

reported, although a test case is presented here in Appendix 2. 

Mutagenesis by P element transposon tagging has several distinct advantages. 

The rate of mutagenesis can be tightly controlled and precisely followed using genetically 

marked, non autonomous elements as mutagens under the direction of an immobile 

source of transposase. The isolation of one allele provides a direct route to isolating 

subsequent alleles through either imprecise excision, transposon recruitment, or local 

transposition mechanisms. Engels and coworkers have also reported the use of P element 

insertions to generated targeted mutations through an exc ision-dependent gene 

conversion mechanism (Engels et al. 1990). This method requires the prior isolation of a 

P element within a few kb of the targeted site. Molecular screening methods have been 

reported that allow the isolation of mutations in the absence of a known phenotype. 

Three types of molecular screening methods for P element insertions have been 

reported . PCR-based screens have been successful in several laboratories (Ballinger and 

Benzer 1989; Kaiser and Goodwin 1990; Pereira et al. 1992). I have developed screens 

based on plasmid rescue to enable simultaneous screening of large numbers of target 

genes (Chapter 3) and to facilitate screening the entire length of a single, moderately 

large gene (Chapter 4). In addition, I have described the use of direct DNA gel blot 

hybridization as an assay for highly efficient mutagenesis based on the local transposition 

of P elements. 
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I have developed these tools not for their own sake, but to analyze the molecules 

at hand. For example, the eDNA reagents and methods that I developed have been 

applied not only to large scale analyses but also to the more directed analysis of genes 

encoding R-PTPs expressed on developing CNS axons (Tian et al. 1991) and a candidate 

gene for a mutation that affects morphogenesis and viability in the fly (Appendix 1). The 

mutagenesis strategies described in Chapter 3 were adapted to directly test the role of one 

R-PTP in elaborating axon pathways during CNS development (Chapter 4) and these 

methods are currently being used for the mutagenesis of the remaining axonal R-PTPs to 

allow a more thorough genetic analysis of these molecules. Furthermore, I firmly believe 

that the pace of new technologies and new techniques can only compound the rate of new 

discoveries and new understandings of neural development. 
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Tools for large scale eDNA analysis 
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Overview of Chapter 2 

I first decided to pursue the molecular genetics of neural development in about 

1988. I decided that, for me, a satisfactory understanding of such complex 

developmental phenomena would eventually require the identification and analysis of a 

large number of di stinct gene products. Toward this end I began a collaborative effort 

with the several colleagues, whose names appear as co-authors on the following 

subsections, to develop a set of tools that would allow a rapid analysis of a large number 

of protein-encoding sequences expressed in neural tissue. This chapter consists of a 

series of technical papers that came out of this collaborative effort, presented in 

chronological order. Together these methods simplify each major step required for 

eDNA sequence analysis, from isolating appropriate phage clones to generating a nested 

set of sequencing templates. 

One step in eDNA analysis that had required considerable effort for each clone 

under consideration is subcloning eDNA inserts from a library phage into a more 

versatile plasmid vector for further analysis. To circumvent this, my collaborators and I 

developed a series of phage vectors that allow "automatic" subcloning mediated by in 

vivo site-specific recombination, described in section 2.2. My specific contributions to 

this effort were in the design and construction of the /...LOX arms, the plasmids embedded 

in the A.EXLX vectors, and the Pl lysogen strains used as recombinagenic hosts for in 

vivo plasmid subcloning and in the functional testing of these features. I also constructed 

and characterized the libraries in /...EXLX described in this paper. The development of 

improved host strains, a later extension of this work, is described in section 2.5. 

Another limiting step had been the isolation of sufficiently large eDNA clones to 

allow analysis of coding regions. In early 1989, Mike Palazzolo and I began to discuss 

and experiment with different ways to isolate long eDNA molecules, starting from either 

eDNA libraries or polyadenylated RNA. Out of this work, I constructed a series of size-
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selected and unselected eDNA libraries from Drosophila head RNA and demonstrated 

and refined the high-density plaque screen and diagnostic PCR screening method 

described in section 2.3. 

The remaining roadblock that we all felt needed to be addressed was the sequence 

analysis itself. Existing methods for generating overlapping templates for sequencing 

required significant in vitro manipulations for each clone that did not seem likely to ever 

become automatable. Mike Strathmann, Mike Palazzolo and I began to discuss the use of 

bacterial transposons as mobile priming sites for chain termination sequencing. Initially, 

we each set out to test different transposition systems, including derivatives of Tn5 and 

bacteriophage mu. It was soon clear, however, that the yo experiments initiated by 

Strathmann would be by far the superior method. Carol Mayeda and I tested the system 

further with subclones of the near full-length eDNA clones isolated in the experiments 

described in section 2.3. These results form a significant portion of the data presented in 

the Strathmann et al. paper included here as section 2.4. 

Together, these methods provide a fluent and relatively labor-free transition from 

the isolation of a prototype eDNA clone to the sequence analysis of a corresponding full

length clone. 
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§2.2: Phage lambda eDNA cloning vectors for subtrative hybridization, fusion

protein synthesis and Cre-loxP automatic plasmid subcloning 
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SUMMARY 

We describe the construction and use of two classes of eDNA cloning vectors. The first class comprises the AEXLX( +) 
and ).EXLX(-) vectors that can be used for the expression in Escherichia coli of proteins encoded by eDNA inserts. This 
is achieved by the fusion of eDNA open reading frames to the T7 gene 10 promoter and protein-coding sequences. The second 
class, the J.SHLX vectors, allows the generation of large amounts of single-stranded DNA or synthetic eRN A that can be 
used in subtractive hybridization procedures. Both classes of vectors are designed to allow directional eDNA cloning with 
non-enzymatic protection of internal restriction sites. In addition, they are designed to facilitate conversion from phage A. 
to plasmid clones using a genetic method based on the bacteriophage PI site-specific recombination system; we refer to this 
as automatic Cre-loxP plasmid subcloning. The phage A arms, A. LOX, used in the construction of these vectors have unique 
restriction sites positioned between the two loxP sites . Insertion of a specialized plasmid between these sites will convert 
it into a phage). eDNA cloning vector with automatic plasmid subcloning capability. 

INTRODUCllON 

We have constructed a new series of phage). eDNA 
cloning vectors with a number of features designed to facili
tate and simplify the construction of directionally cloned 
eDNA libraries, their subtractive hybridization, the rapid 
analysis of e DNA inserts by nt sequence analysis and the 

Correspondence to: Dr. H.D. Lipshitz, Division of Biology 156-29, 
California Institute of Technology, Pasadena, CA 91125 (U.S.A.) 
TeL (818)356-6446; Fax (818)564-8709, or· Dr. E.M. Meyerowiu., n;.,;.. 
sion of Biology 156-29, California Institute of Technology. Pasadena, 
CA 9 11 25 (U.S.A.) Tel. (818)356-6889; Fax (818)449-0756. 
• Present address : Molecular Biology Unit, Tata Institute of Fundamen
tal Research, Bombay 400005 ( India) Tel. (22)495-2411. 

0378-1119/90 'S03.50 Q 1990 Elsev1er Science PubliShers B.V. (Biomedical Division) 

expression of fusion proteins. Both the J.EXLX and the 
A.SHLX classes of vectors are designed to allow con
ventional, directional eDNA cloning (Palazzolo and 
Meyerowitz, 1987; Meissner et al., 1987)or eDNA synthe
sis with non-enzymatic protection of internal restriction 
sites (M. Strathmann and M . Simon, unpublished) followed 
by directional cloning.. In addition, they are designed to 

Abbreviations: aa. amino acid(s); Ap, ampicillin ; bp, base pair(s); Cm, 
chloramphenicol ; ds, double strand(ed); IPTG, isopropyl-/1-o-thiogalac
lopyra~ide; kb, kilobase(s) or 1000 bp; Km. kanamycin; nc, nucleo
tide(s); oligo, oligodeoxyribonucleotide; ORF, open reading frame; ori, 
origin of DNA replication; pfu. plaque-forming units; Pollk, Klenow 
(large) fragment of£. coli DNA polymerase I ; PCR. polymerase chain 
reaction; R, resistant/resistance; s, sensitive/sensitivity; SDS, sodium 
dodecyl sulfate; ss. single str8lld(ed); Tc, tetracyclin; wt, wild type; (], 
denotes plasmid- or PI phage-carrying state. 
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facilitate conversion from A. to plasmid clones in vivo using 
a method we refer to as automatic Cre-loxP plasmid sub
cloning. Automatic subcloning makes it possible to combine 
the high efficiency of cloning afforded by phage ).-derived 
vectors with rapid and simple conversion of each clone to 
a specialized plasm1d (Brenner et al .. 1982; Saua and 
Henderson. 1988; Shon et al.. 1988). The comersion 
strategy used here is based on tbe site-specific recombi
nation system of the phage P 1 (Stem berg et al. , 1983; Sauer 
and Henderson, 1988). Several different specialized plas
mids have been inserted into A. arms in such a way that the 
plasmid sequences are nanked by 34 bp direct repeats 
known as loxP. The loxP sites are the cis-acting genetic 
elements recognized by the PI recombinase, known as Cre. 
Plasmid; are automatically subcloned when the /oxP
containing A. derivatives are infected into £. coli strains 
expressing Cre. 

The plasmid portions of the ..l.EXLX expression class of 
vectors are derivatives of the T 7 expression system de
veloped by Studier and colleagues (Studier and MofTat. 
1986 ; Rosenberg et al., 1987; Lin et al., 1987). eDNA is 
directionally cloned downstream from the T7 RNA poly
merase promoter between theN-terminal portion of the T7 
gene 10 and a T7 transcription terminator. A large quantity 
of fusion protein is produced when eDNA plasmid clones 
are introduced into cells that express T7 RNA polymerase. 
Furthermore, these fusion proteins are often insoluble. 
allowing simple preparation for immunization (Lin et al. , 
1987). The original T7 expression vectors were based on 
pBR322 (Rosenberg et al., 1987). In contrast. our plasmids 
contruo the pUC and the n origins of replication and the) 
are expected to have a higher copy number and ss copies 
of the eDNA clones can easily be generated. It is thus 
relatively straightfo rward to select a eDNA clone from a 
A. EX LX library, convert the clone to a plasmid by Cre-loxP 
automatic subcloning. sequence the insert by the dideoxy 
chain-termination method, alter the reading frame if neces
sary and induce the expression of large amounts of fusion 
protein. 

At least two strategies have been proposed to facilitate 
subtractive hybridization procedures in situations where 
large amounts of RNA are difficult to obtain (Palazzolo 
and Meyerowitz, 1987; Pruitt, 1988). Both approaches 
involve the construction of eDNA libraries from the ttssues 
of interest, followed by the purification of DNA from these 
libraries to generate ss DNA or cRNA copies that can be 
used in the subtraction procedures. The second class of 
vectors that we describe hen:, the .(SHLX vectors, ha\•e 
been constructed to facilitate either strategy. 

It is sometimes useful to build eDNA cloning vectors for 
specialized reasons . To simplify construction of other vec
tors, we have built our vectors in a modular fashion. Specifi
cally, we have developed a set of 38-kb A. arms in which 
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unique restriction sites have been positioned between two 
loxP sites. After cloning a specialized plasmid between the 
/oxP sites, it is straightforward to convert it into a). e DNA 
cloning vector with automatic plasmid subcloning capa
bility. 

RESULTS AND DISCUSSION 

(a) Initial test of Cre-loxP automatic plasmid subcloning 
Our initial eKperiments asked whether the Cre-loxP site

specific recombination system of phage Pl would be useful 
for automatic subcloning in A.-based cloning vectors. This 
was done by constructing a Agt !O (Huynh et al., 1985) 
derivative (A.GLX) that contained plasmid sequences 
Oanked by loxP sequences. To be useful for automatic sub
cloning, the loxP sites should recombine in a precise fashion 
to generate an autonomously replicating plasmid. Further
more, the conversion from phage to plasmid should occur 
frequently enough to be useful for efficient library or clone 
conversion. The construction of .A.GLX is diagrammed in 
Fig. I . 

To test for conversion from phage to plasmid, E . coli cells 
that express the Cre recombinase were required. We 
generated a variety of PI lysogens that express Cre; these 
are listed in Table I and discussed in section ei, below. In 
our initial tests, the first of these strains to be constructed. 
DM103[Pl ) (Table 1), was infected with .A.GLX and plated 
on Ap plates. pGLX1 was found to be excised precisely, 
recircularized in vivo and replicated (Fig. 1 ). Detailed re
striction mapping of the pGLX I plasmid as well as nt se
quence analysis of the pGLXl region containing the loxP 
site, confmned that pG LX 1 was identical to pG LX2 except 
that it contained only a single loxP site. 

(b) Universal ). arms containing loxP sites: construction of 
;.LOX 

Several characteristics are desirable for a set of A. arms 
that can accept any plasmid for Cre-loxP automatic sub
cloning. First, restriction sites that are to be placed in the 
multiple cloning site of the finished vector must be removed. 
Second, the acceptor arms must contain directly repeated 
loxP sites. Third, unique restriction sites must be positioned 
between the loxP sites so the arms can be opened for 
plasmid insertion. The construction of ..< LOX, an acceptor 
meeting these three criteria, is outlined in Figs. 2 and 3. 

(c:) Constructioo of the ).EXLX T7 gene 10 expression 
vectors 

The plasmid portions of the .A.EXLX vectors consist of: 
(1) the T7 elements ofpET3xa (the T7 promoter, the coding 
sequences for the N-terminal end of the product of T7 
gene 10 and the T7 transcription terminator) (Rosenberg 
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Fig. I. Construction and tesl of -<GLX. The /oxP plasmid, called pGLX2, 
was gcneroted firs! and then inserted into lhe J.gt lO phage ann•. pGLX2 
was constructed by inserting two complementary oligos that coou.in a 
Xhol sile flanked by directly repealed /oxP sites into the Smal oite of 
pZFJSR (Mead el al., 1986). pGLX2lhus comams two directly repe•ted 
/oxP sites thai are flanked by a varicly of unique restriction sites aml are 
separated by a unique Xhol site. This plasmid was. \hom digested with 
X ho i and ligated into the X hoi site of lgHO to generate .<GLX. The phage 
contains an Xhol site flanked by /oxP sites. A PI lysogenic strain 
(DMIOJ[PI)) was then infected with this phage and Ap" plasroids, 
pGLX 1. were recovered post-conversion and found to contain a single 
loxP site. The directions of transcnption are represented by arrows. 
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et al., 1987); (2) the essential plasmid elements of 
pGEM3Zf(the pUC ori, the fl ori and the£. coli bla gene) 
(Promega, Madison, WI); (3) a multiple cloning site that 
includes EcoRl, Apal, Hindlll and Sacl restriction sites; 
and {4) an SP6 RNA polymerase promoter. The construc
tmn oftbese plasmids, pMP3( + ) and pMP3(- ), that differ 
solely in the orientation of rlle fl ori, is diagrammed in 
Fig. 4. These plasmids were linearized by digestion with 
Smai and ligated between the loxP sites in the J.LOX 
acceptor arms, completing the construction of J.EXLX( +) 
and J.EXLX( - ) (Figs. 4 and 6A). 

(d) Construction of the lSHLX subtractive hybridization 
vectors 

The plasmid portions of the J.SHLX vectors, pOD I and 
pDD2, were designed to have the following features: (I) a 
multiple cloning site that allows the construction of direc
tionally cloned cON As by a number of different strategies; 
(2) T7 and SP6 bacteriophage RNA polymerase promoters 
facing each other from opposite ends of the cloning sites; 
(3) Noll and Sfil restriction sites that are placed just outside 
of the RNA polymerase promoters; and {4) the essential 
plasmid elements ofpGEM3Zf(pUC ori. the fl ori and the 
£. coli bla gene). Since these vectors are designed for the 
subtraction of one eDNA library from another, two vectors. 
J.SHLXI and J.SH LX2, have been built; these differ solely 
in the relative orientations of the multiple cloning sites. A 
more detailed explanation of this last point is given in 
section h, below. The construction of the pOD 1 and pDD2 
plasmids is outlined in Fig. 5. These plasmids were line
arized by digestion with Hpa l and separately inserted 
between the loxP sites in the ).LOX arms to give the fmal 
vectors, ).SHLXJ and J.SHLX2 (Figs. 5 and 68). 

(e) Tests of the functional elements of the vectors 
Each of the four eDNA cloning vectors contains a variety 

of functional elements. These include: loxP sites, the pUC 
ori, the fl on·, the RNA polymerase promoters, the multiple 
cloning sites and a drug resistance marker. Each of these 
was tested in each of the constructs to ensure that they are 
intact and functionaL In addition, test eDNA libraries have 
been constructed in both the ).EXLX and J.SHLX vectors. 

(i) Cre-1oxP auromaric- suhcloning 
Cre-loxP-mediated in vivo subcloning requires a spe

cialized host-cell strain that produces the Cre protein. Con
version from phage to plasmid clones in vivo is accom
plished by infecting such cells with phage and selecting for 
ApR colonies on agar plates. We have made several com
mon cloning strains of£. coli lysogenic for a recombinant 
PI phage (PlCmRr - m - ; Yarmolinsky et al., 1989) that 
carries a selectable marker (CmR) and lacks the Pl 
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Fig. 2. Construcuon of l LOX. arms wnh loxP sit~s. lLOX IS a d~nvauv~ 
of lNMI 150 (Murray, 1983; Pouw~ls et al., 1985) 10 which the Apal, 
Hmdlll and EcoRI Sttes hav~ ~en removed and twoloxP sites have ~en 
insened 1010 the Xhol Site Phage m.UP3 (M Stratlunann and M. S1mon, 
unpubhshed)IS a denvauve of ANMll50 m whtch theApal site 10 the lefi 
arrn has ~en removed and a new Apa I site has ~en introduocd in the 
right arrn (M . Strathmann and M. Stmon. pers. commun.). m.UP3 and 
lNM I I 50 DNAs were nuxed and digested with SnaB I. The dtgested 
mixtur~ was ligated and then digeSted with Apa I to eliminate the 
undesrrablt haauon producu. DNA from theresvllmg plage O PH I) was 
digested with Xhol and hgated to Xhol-dtgested pGLXl DNA (see FJ& I 
for structure of pGLX2), to introduce /oxP sites into the A vector. DNA 
from this phage (APH2) was digested with Sacl + Xba 1 to remove the 
plasmid sequences and ligated to an 850 bp stutTer fragm~nt of SV40 
DNA taken from pC4fJgal (Thummel et al .• 19g8) to mruntain minimum 
phag~ genome s12e for effictent packaging. The cos ends of th~ result10g 
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restriction-modification system (Table 1). To test the fre
quency of conversion from phage to plasmid, both these PI 
lysogens and their parental non-PI lysogens were infected 
with each of the four vectors. The infected P I lysogens were 
plated on agar plates containing Ap and the number of 
resistant colonies scored. The infected non-PI lysogens 
were plated on nonselective medium and the resulting phage 
were counted. We defme the apparent conversion frequency 
from phage to plasmid operationally as the ratio of the 
number of ApR colonies when plated on a PI lysogen to the 
number of plaques when plated on its parental non-PI 
lysogen. Representative results are shown in Table II ; the 
apparent conversion frequency varied between 5 and 30 °0 • 

Since infection of a ). lysogenic strain should favor the 
plasmid excision pathway over the lytic ). pathway, we 
tested the conversion frequency in £ . coli strains that were 
lysogenic for both PI and). (see Table II for representative 
results). In the doubly lysogenic strains the conversion of 
phage to plasmid is more efficient; typical apparent con
version frequencies of 40 to 50 ° 0 were observed for vectors 
alone, while for individual eDNA clones frequencies of 
from 80 to 140% were observed (Table II). 

(ii) Propagation of automatically subcloned plasm ids 
Yields of purified automatically subcloned plasmid DNA 

from our PI lysogens (Table I) were often an order of 
magnitude lower than yields we obtained when the same 
DNA was transformed into the parental non-ere
expressing £ . coli strains (data not shown). In addition, 
plasmids propagated with different efficiencies on the var
ious host strains; for example, pEXLX( +)propagated well 
on strain BM25.5 (Table I) but pEXLX( -) and pSHLXI 
and 2 propagated poorly. Our results suggest that there is 
a negative correlation between the presence of Cre recom
binase in a cell and the propagation of /oxP-containing 
plasmids, particularly when the plasmid sequences are pres
ent at high copy number. Similar poor plasmid DNA yields 
were previously observed in cells in which the gene that 
encodes Cre was cloned and introduced into £ . coli as part 
of a ). lysogen (Sauer and Henderson, 1988 ; although not 

phil~ (APH3) DNA were ligated. To elimmate the EcoRI and Hind Ill 
sites. dtgestioo was carried out with these two enzymes (hence deleung 
DNA belweentbesites), followed by end-ftlltng wtth Pollk and reltgation. 
Thts was followed by a second Hind Ill + EcoRl dtgestion to reduce 
background. The resultant phage (..I LOX) gave l:ll'ge, clear plaques, dtd 
not hybridize to plasmid DNA probe and did not contain restriction sites 
for ApPI, El'ORJ or Hindfll. After digestion of ALOX with Xba I + Sacl 
(and blun\mg \M ends with T4 DNA polymerase tf necessary), any 
linear12ed plasmid with appropriate ends can~ hgated ~tween the/oxP 
sites A detailed map of ALOX is given in Fig. J . Restncuon sues are 
marked· A, Apal; H. Hindlll ; R, EcoRI ; Sc, Sacl; Sn, SnoB I , X, Xho l ; 
X b. Xba I. Caret symbol, .<LOX vectors with either onentauon of the 
Xba 1 and Sacl sites ase available. Figures ase not to scale. 
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Baeten at strams used to perform and test in vivo subclonmg 

Stram • Based on ( R~f )b Prophages ~ (Ref) b 

DMI03(PI J JMIO' (lj PICm•r- m- (5) 
BHB 11.11.':1!-1 Ill .wwrr4.34.tan (4J 

KW25 1(PI) KW~I t1') PICt,.• r m (<) 

BM25.5 Kll.'l~l (2) Urnm434kon \4~ PlCm• s .. (~I 

BH24 XLI-blue/3) l.Jmm4_l4/con (4) 

81142 XI I blu< IJ) PtCm11 r 01 (5) 

BM2H XLI-blue (3) A.rmm4)4kan (4). PICmH.r m- (51 

BII2R JMI OI (I) !Jmm434kan (4) 
BH82 JM IOI ( I) Plcm•r - m- (5) 
BM25.8 JMIOI ( I) lJmm434kon (4). PI CmRr m (5) 
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Addtt1onaJ propc:ntcs " 

r ·. Tc~. r«A • 

f , Tc". rrcA ·, mcrA, mcrB (6) 
1- • Tc'\ r#CA ·, "'l'f'A mrrB (6) 
F - , T cR, rrcA •. mcrA , m~rB (6) 

F ' , 1 c1\ rte.A 

F. , Tc• ""'A 
F'. Tck, r«A 

F , Tc5 • m:A " 

F'. Tc~. ruA .. 

F'. Tc:r.. rtcA • 
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Com menu 

Robust colomcs Good DNA )ulds for 
pEXLX(• I 

Mmute colomes. Can mob1hte plasmtd to 

nc"' host b) t'WO·step n rescue 

Can mobaltze pla.sm•d 10 new host b; one
s tep fl rescue 

• Lysogens fer .l.nnm434kan ..,·ere obtamed by mfectmg 0.5 to 1.5 ml of fresh saturated culture with 107 to 108 pfu for 20 min at 37 C. Infections were 
spread on plates contamm~ 501'g Km mJ to select lysogens. To construct PICmRr m - lysog<ns, 0.05 to 0.5 ml of fre sh saturated culture was made 
5 to 20 I'M for CaCI2 and then mfected .,.,.h JO ' to 10' pfu for 20 mm at 37• c. PI lysosens were selected on plates contaimng 30 1'8 Cm ml Straans 
lysog<nac for both phage were constructed senalll , b) mf<ctmg the Aimm434kan lysosen with P 1 phage. 
• ( I) Yant5ch-Perron et al. ( 1985), (2) Promega. MadiSon. WI (U.S.A.) , (3) Bullock et al. (1987), {4) M. Strathmann and M Samon (unpub.); 
(5) Yarmoltnsky et al ( 1989); (6) Raleagh and Wilson ( 1986). 
• kan, gene encodmg Km resastance; r - m-. mutanl m both the restnctton and modalicatJon funCtion s of PI (5), mer. mutant in methylcytos ine-specalic 
restnctton S)St<ms (6), F ' markers: JM IOI and !03 denvallve< (F', uaDJ6. proAB, Ioct•Z<!M1 5] (I); XLI-blue denvattves (F". lroD36. proA B ·, 
Jact •ZdM 15. Tn/0. (Tc11 1f (3). For J .. amm4~ se< Fig 3. 

discussed in this paper, it appears from their Fig. 3 that 
plasmid DNA yields were reduced in their ere-expressing 
~train). S. EUe<ige (pers. commun.) has constructed a series 
of Cre-loxP eDNA cloning vectors related to those 
described here; however, his automatically subcloned plas
m•ds contain a pBR322 (rather than a pUC) ori and thus 
are not present at high copy number. In this case, he has 
found that there are good DNA yields from these plasmids 
when automatically subcloned in a A-lysogenic host strain 
in which the ere gene is present in the lysogenized l 
sequences. Should our reasoning be correct, then the pro
duction of Cre recombinase under conrrol of an mduc1ble 

promoter, rather than constitutively, should eliminate the 
depression of plasmid growth. We are currenlly exploring 
such possibilities. 

In the mean-time, we have devised a strategy by ~hich the 
site specific recombination is conducted in doubly lysogenic 
cells (l and PI) and the resulting plasmid is rapidly trans
ferred to a second host strain that docs not express the Cre 
recombinase. The eDNA vector is introduced into an 
£ . coli strain that is a PI and l lysogen and also contains 
an F ' episome {strain BM25.8 ; see Table I) making the cell 
susceptible to infection by phage M 13. Simultaneously, the 
cells are infected with M 13K07 helper phage (Yanisch-
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Fi~ 3. Structure of ).LOX A det:>.iled map of ).LOX IS shown, wath tho: names and locations ( ± 10 bp) of the restnction sates above. Below are shown 
th<locallons ofdelettons and ansertions relauve to wt ; open boxes, wt ).DNA ; blackened box, pGLX2/SV40 DNA that contains Sacl and Xbal sttes 
no< shown on the map of ).LOX (see Fag. 2); hatched boxes, clammuntty (tmm) reg10n of phage 434. Since ).LOX is derived from .lNMII50, it too IS 
Red (S<C Pouwels et al., 1985 for a detatled map and genotype of ).NM 11 50). <IH3/RI , deleuon of DNA between the EcolU and HindlJI sites (see Ftg. 2 
legend) 
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Fog. 4 ConstruciKlll of n geM J()..cl)NA fusion protein expressoon 
vectors .l.EXLX The expressoon plasm1ds m .!EXLX( +) and 
J.EXLX( - ) contam a plasmod backbone derived from pGEM3Zf 
(Promega, Mad1son, WI ), an onducil* promorer and protein-codiu& 
reg10n deroved from pET3xa (Rosmberg et al., 1987) and a muh1ple 
clonong s•te and an SP6 RNA polymerase promoter (antisense to the 
protein-coding region) constructed from synthetic oligos The two plas· 
mids differ from each other in whether the plasmid backbone was derived 
from pGEM3Zft + )in the case of .l.EXLX( +)or pGE~fJZfl-) jn rhe 
case of J.EXLX(- ), and thus in the relati..., oncnt at1cm of the fl ori. The 
pMPI plasmids wcrr consrructtd as follows: pGEM3Zf plasmids were 
dogesled w1th p...,n 10 remove the lacZ gene and cloning site, and were 
then hgated to a pair of complementary synthetic oligos containing 
Hincll , Hindlll. Bg/11 and Sma l restricuon si tes. The resultmg plasmJds, 
pMPI( +)and pMPl( - ), were dogested "1th Bg/11 + Hincll and hgated 
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Perron et al., 1985). In these cells, site-specific recombi
nation occurs and the ). clone is converted into a plasmid 
clone, which is then replicated from the fl on· 10 yield ss 
DNA that is packaged into infectious particles. Cells from 
a second host strain (XU-blue; Bullock ct al., 1987) that 
contains an F ' episome with a TcR gene arc added to the 
mixture which is then plated on selective medium containing 
both Ap and Tc. After incubation, colonies appear that 
contain the converted plasmid but do not express the 
recombinase. Yields of plasmid DNA from these colonies 
are equivalent to those obtained for pGEM3Zfin non-ere
expressing strains (not shown). 

The above method for rescue of automatically subcloncd 
plasmids occasionally results in deletion of part of the 
eDNA inserts, particularly when these are > 2 kb in length. 
In this case, it is useful to carry out the automatic plasmid 
subcloning, followed by purification of plasmid DNA from 
the ere-expressing cells. Enough DNA can be obtained to 
transfonn a non-ere-expressing strain (XU-blue). Plas
mids can then be purified from these cells with excellent 
yields and with their eDNA inserts intact (not shown). 

(iii) Function of the fJ ori 
We have tested the function of the fl ori in all four 

vectors. Plasmids were recombined out of the phage ). vec
tor~ and transfonned into £ . coli cells containing an F ' 
episome (XU-blue). These cells were then infected with the 

to the small Bg/11-EcoRV fragment of pET3xa to create pMP2( +)and 
pMP2(- ). This fragment of pET3xa contaons the T 7 gene 10 promoter. 
the coding sequence for the fir st 260 aa of the n gene 10 product. a 
Bam HI restnCliOn Site, and an transcnplloo termmator (Rosenberg 
et al., 1987). The pMP2( +) and pMP2(-) plum1ds were onserted onto 
phage m.l.J (proVIded by M. Strathmann and M. Stmon) by homologous 
recombmauon with a fragment of the £ . coli bla gene on the m.l.J phage. 
m.l.J os a .l.NM t 150 derivarive that contains 650 bp of the£. coh bta gene 
inserted between the EcoRJ and Hlndlll sotes. and also lacks the Apal 

sue present in lNM t 150. Integration was detected by growth on a 
l-lysogen,thJs requites replication of the phage DNA ofT the plasm1d ori. 
DNAs from the resulting phages, m.<MP2( +) and m.l.MP2( - ). were 
digested wirh Bam HI and bgated to a plllr of ohgos to onsert Hindi II. 
Xbal and &:oR! restriction sites and destroy the BamHJ sote. The DNA 
from these pbagn, ml MP2P and ml MP2A, was dogested With 
H/ndlll + EcoRJ and ligated to a secood pair of complementary ohgos 
that introduced Saci,HindJ JJ ,.Apa\ and SP6 RNA polymerase promoter 
silt>, "'hlie destroying the ongmal Hind Ill site. The plasmids, pMP3( +) 
IWd pMP3( - ), -.m'e recovered in a .!·lysogenoc strain [MP23, NM522 
(Gough and Murray, 1983) with a .limm4341ysogen. M. Strathmann and 
M. Simon. unpublished!. {Genotype: tJ(Iac·proAB, Ihi ' ,hsdtJ5,supE.[F' . 

proAB. lac!•. ZtJMt5). Almm4341con.) by homologous recombination 
bcrween thepani&lblo gen~. under &election for Ap•. The pMP3( +)and 
pMP)( - )plasmids were digested with Sma J and inserted into the .<LOX 
vector arms that had been digested with Sacl + Xba I and blunt-ended 
with T4 DNA polymerase. to create the fonal cloning vectors .l.EXLX( +) 
and .!EXLX( - )(see also Fig. 6A}. Hell. Hincll: RV, £coRV. The direc· 
uons of transcnpuon are represented by arrows. 
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F1g 5. Construction of the l SHLX vectors. pCM I (C.H.M .. C. Mayeda a.nd MJ.P., unpub.)was chosen to build the lSHLX vectors because it already 
con tamed most of the demable plasmid elements and only required alteration of the polylinker. pCM I contains the pUC ori, the n ori and the ApR marker 
denved from the Pvull fragment ofpGEM3Zf\ .. ). It also contams a 1-kb fragment from pATH (Dieckmann and Tzagoloff, 1985). Th1s pATH fragment 
IS vestigJal from an earher construction and has no relevance to the lSHLX vectors To construct the l SHLX vectors. pCM I DNA was digested with 
Hmdlll + Sacl . Two paus of complementary oligos were separately ligated to generate new polyhnkcrs with unique Sacl, EcoRl. X ba l. Apa I and Hindlll 
restn cuon Sites between lhe SP6 and T7 RNA polymerase promoters The resultin& plumid was named pOOl. A second vers1on, called pDD2, with 
the oncntauon of the mult1plc clonmg sltes reversed relatl\C to pDDt ~~oas also constJW:\ed. The pDD pb.smKh were linearized at lhc Hpa l Sltc and 
hgated to l LOX DNA that had been digested with Sacl + Xlxl l and bluntcdwitb T4 DNA polymerase. Tbercsultant phage vectors were named lSHLX 1 
and ).SHLX2 (sec also Fig. 68 ). ThcXbal site of ALOX wu ~ated upon hgat1on o( the pOD plasmids, thus IS not un1que to the multiple cloning 
site 

Ml3 helper phage K07 and grown overnight (Yanisch
Perron et al., 1985). Phage particles containing ss DNA 
were purified and the DNA was extracted. The yield of ss 
DNA was approximately the same as that from control 
pGEM3Zf plasmids (not shown). 

(iv) Function of the SP6 and 17 RNA polymerase promoters 
Chain-termination nt sequence analysis verified the 

presence of the consensus sequence for the SP6 and T7 
RNA polymerase promoters in each of the vectors (Fig. 6). 
To test the function of these promoters. DNA prepared 
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pEXLX(+) , .... 
pEXLX (-) 

... n.. SP6Up 

B !UU T7 promoter ~ Sad !coR I Xhl Apal Hladlll N'•ll ~ s" promoter Noll 

pSHLX I :GGCCAAGTCGGCCTCTAATACGACTCACTATA GGGAGCTCGAATTCCAGTCTAGAGGGCCCAAGCTTG ATGCATATTCTATAGTGTCACCTAAATCTGCCCCCCC 

T7 Up 

Stu T7 proi"'HHIItr ~ HhuiJJI Ap• l Xbal £.toRI S ad Nail ~ SP' promoter Noll 

p S HLXl: CGCCAACTCGGCCTCTAATACGACTCACTATACGGAGCTAAGCTTGGGCCCTCTACACAGGAATTCGAGCTCAGCTTGATGCATAITCI'ATACTGTCACCTAAATCTGCCGCCGC 

Fig. 6. Structures of the aUlomatically subcloned plasmid portions of the (A) .lEX LX and (8) ..lSHLX vectors. The pUC ori, P-lactamase gene (bla) and 
n on are from pGEM3Zf( + )in pEXLX( + )and pSHLX. or from pGEM3Zf\ - ) in pEXLX( - ), The T7 promoter, gene/0 protein coding fragment, 
and T7 transcription terminator in pEXLX plasmids are from pETJ xa (Rosenberg et al., 1987). Multiple cloning sites and additional bacteriophage 
promoters were introduced with olip as descnbed in Figs. 2. 4 and 5. The directions of transcription and the orientation of the n ori are represented 
b) arrows. The gene 10 reading frame m the pEXLX polytinker is indicated by the periods. T t/>. T7 transcription terminator; rsp, transcription start point. 
Figures are not to scale; approximate distances between restriction sites are given in bp. 

from each of the plasrnids was linearized with an appro
priate restriction enzyme and used as template in T7 and 
SP6 RNA polymerase reactions containing [a-32P)CfP. 
The amount of cRNA synthesized was assayed by 
measuring the retention of radioactivit) on DE-81 filters 
(Maniatis et al., 1982). These experiments indicated that all 
four plasmids contained SP6 and T7 promoters that 
functioned roughly as efficiently as they did in pGEM3Zf 
(not shown). 

(v) Expression of 77 gene 10 protein 
To test the ability of pEXLX( + ) and pEXLX( - ) to 

produce large amounts of the T7 gene I 0 product in cells 

that express T7 RNA polymerase, the plasrnids were intro
duced into a pLysS host strain (Moffat and Studier, 1987; 
Studier et al. , 1990). This is a strain of E. coli that contains 
an lPTG-inducible TI RNA polymerase gene on a ). 
lysogen. Since low levels of this polymerase are expressed 
even without IPTG-induction (Studia and Moffat, 1986), 
we were able to compare the expression of gene I 0 protein 
from pEXLX and pET3xa simply by lysing uninduced over
night cultures in an SDS-urea buffer followed by SDS
polyacrylamide gel electrophoresis. Our results demon
strated that the amounts of the gene I 0 protein produced by 
pEXLX( +)and pEXLX(-) are approximately equivalent 
to those from pET3xa (data not shown). 
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TABLE II 

Apparent conversion frequencies of .<EXLX( +) vector and •EXLX( +) eDNA clones in a PI lysogen (KW251 [P I]) and in a Pl-.< double-lysogen 

(BM25.5J 

Vec:\or/cDNA • Non-PI lysogen • Number of PI lysogen • Number of Conversion" 
plaques • colonies b (',) 

~EXLX( +) KW251 282 KW251[P ll 75 27 
RM25.5 I J7 41 

lEXLX(+) KW251 413 KW251(P1l 22 5 
BM.25.5 190 46 

).EXLX( +)eDNA I KW251 315 BM25.5 372 118 

lEX LX(+ )cDNA2 KW251 171 BM25.5 220 129 

lEXLX( + )cDNA3 KW251 171 BM25.5 144 84 

.<EXLX( + )cDNA4 KW251 110 BM25.5 140 127 

lEXLX( + )cDNA5 KW251 364 BM25.5 332 91 

.<EXLX( + )cDNA6 KW251 140 BM25.5 148 106 

.<EXLX( +)eDNA 7 KW251 392 BM25.5 396 101 

.l.EX LX( + )cD:-1.'\8 KW251 91 BM25.5 128 141 

.<EXLX( + )cDNA9 KW251 290 BM25.5 0 0 
).EXLX( + )cDNAIO KW2~1 170 BM25.5 212 125 
.< EXLX( +)eDNA II KW251 104 BM25.5 88 85 
.< EXLX( +)eDNA 12 KW251 349 BM25.5 344 99 

• The results of two representative experiments with the .<EXLX( +)vector alone are shown. The random eDNA clones were isolated from the Drosophila 
.<EXLX( +) eDNA library described in section evii. 

• In each experiment, equal volumes of appropriate phage suspension were used to infect equal volumes of saturated cultures of each E. coli strain. 
lnfecnons were earned out for 20 min at 37' C. Infections for phage liter were plated in NZCYM top agarose. Infections for plasmid conversion were 
spread on plates containing Ap or carbc:mcillm (w1th or "-'lthout Km and Tc; the presence of these two drugs did not influence the number of colonies). 
That these colonies resulted from plasmid excision was •·enfied by growing cells from several individual colonies overnight in liquid culture, preparing 
rapod pJ.asrmd DNA preparations and analyzing the restriction fragments generated by digestion with diagnostic restriction enzymes (H in fl for the vector 
alone. Apal + Sad for eDNA clones). In all cases tested, appropriate restriction patterns were observed (data not shown). eDNA 9 did not convert 
upon retesting; however. it appears to be unique in lhat we have seen no other such nonconvening clones in several subsequent experime.nts. Similar 
apparent conversion frequencies were found for A.SHLX vectors and eDNA clones as well as for other lysogenic host strains (data not shown). In all 
cases, fresh cultures of BM25 cells gave better apparent conversion frequencies than did either old cultures or cultures grown beyond saturation. 
' Apparent conversion frequency is defined in section ei and is fisted here as a percemage 

(vi) Construction of a eDNA library in ).SHLX 
To test the ability of the ).SHLX vectors to accept eDNA 

molecules, a library was constructed in J.SHLX2. 
Poly( A) • RNA was isolated from a mixed-stage liquid 
culture of the N2 strain of Caenorhabdiris e/egans. eDNA 
was prepared accOf'ding to a method developed by M. 
Strathmann and M. Simon (pers. commun.) in which the 
eDNA can be directionally cloned with all of the internal 
sites protected (see section g, below for details). In the 
construction of our library, 5 Jig of poly( A) • RNA was 
converted into ds eDNA. This material was then frac
tionated on a 1% agarose gel and four individual size 
fractions were recovered: 0.5-l.O kb (approx. 420 ng re
covered), 1-2 kb (450 ng). 2-3 kb (330 ng) and greater than 
3 kb (360 ng). Material from eacll of these fractions was 
then ligated into Apal + Sacl-d.igestcd .hSHLX1 and the 
cloning mixture was packaged . Yields were between 
106 and 107 pfu (e.g., the 1-2-kb material yielded 
7.5 x 106 pfu). 

When the 2-3-kb fraction library was screened at low 
density with probe synthesized from the C. elegans 

poly( A) • RNA, almost half the clones gave positive auto
radiographic signals. Over 100 individual plaques that did 
not give a detectable hybridization signal were isolated and 
screened by the PCR using oligo primers that flank the 
cloning sites (Saiki et al., 1988). Over 48 % contained 
inserts longer than 1 kb, while 26 ~. had shorter inserts, and 
26% had no detectable insert by this assay. The selection 
of nonhybridizing plaques biases towards clones that are 
relatively rare in the mRNA population, or that have no 
inserts (Palazzolo and Meyerowitz, J 987; Palazzolo et al., 
1989). Of these J.SHLX2 eDNA clones from the 2-3-kb 
fract.ion, 22 were converted to plasmids by the method 
de<Seribed in sect\OD eii. Restriction mapping of DNA pre
pared from the individual clones showed Apa I -Sac I inserts 
that matched the sizeoftheinserts detected by the PCR test 
for 20 of the 22 selected clones . The remaining two con
vened clones showed, in one case, a significantly smaller 
insert (0.57 kb vs. I .75 kb by PCR) with a normal vector 
band and, in the other case, aberrant insert and vector 
bands. The reason for these discrepancies has not been 
determined. A set of five additional clones, selected on the 
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basis of showing a hybridization signal with eDNA probe 
derived from C. elegans poly( A)+ RNA, and thus likely to 
contain eDNA~ representing relatively abundant RNAs, 
were analyzed b) chain-tcmunation nt sequence analysis. 
One of the clones was found to be idcoucaJ to rhe nematode 
hsp70A gene (Snutch et al., 1988) over the 187 nt of 
sequence that was determmed. A second clone showed a 74 
out of78 a a match to the yeast elongauon factor I-« A chain 
predicted protein sequence (Nagashima et al., 1986). 

(vii) Construction of eDNA libraries in A.EXLX 
We have constructed Drosophila eDNA libraries in the 

A.EXLX vector~. eDNA synthesized from poly(A) • RNA 
purified from 0-24-h Drosoplula embT)OS was cloned into 
.l.EXLX( +)and eDNA synthesized from poly(A)• RNA 
purified from adult Drosophila was cloned into A.EXLX(-) 
using the Strathmann-Simon method outlined m section g 
belov. . The clonmg gave bet'~<een 1.2 x 106 and 4.6 x 107 

clones/J.Lg poly(A)' RNA. Each library was shown to 
contain eDNA inserts by A. plaque filter hybridization 
screens with 32P-Jabelled eDNA synthesized from the same 
source of RNA that was used in its construction. After a 2-h 
exposure, about 40 °·0 of the clones gave positive hybridiza
tion signals in this screen. These librar1es have been 
screened with probes generated fTOm selected clones 
isolated by Palazzolo et al. ( 1989) from a subtracted Droso
phila library in which adult-head eDNA was subtracted 
with 0-1-h embryo RNA. These probes identified a small 
number of homologous clones that were plaque-purified, 
automatically subcloned and are current!) under detailed 
analysis. 

(f) Applications of J.LOX 
Almost any plasmid can be linearized and inserted 

between the loxP sites of .l.LOX to generate a specialized 
cloning vector With Cre-loxP automatic subclonmg. Here 
we have constructed and tested two sets of vectors : one for 
expression of eDNA clones in£. coli and a second for use 
m subtractive hybridization procedures. However, the 
.l. LOX arms can be used to construct specialized vectors 
containing other types of plasm ids, such as shuttle vectors 
for yeast or different types of eukaryotic expression vectors. 
To use ).LOX for these applications it is important first to 
introduce the appropriate cloning sites (such as Hindlll , 
EcoRJ, Apal, and Sacl) into the plasmid of interest. This 
plasmid can then be linearized with a different restriction 
enzyme and ligated into the Xbal and Sacl sites (blunt
ended with T4 DNA polymerase} of ).LOX. 

(g) Methods for directional eDNA library construction 
At least two strategies have been devised recently to 

facilitate directional eDNA cloning with the protection of 
internal endogenous restriction sites. Meissner et al. ( 1987) 

32 

synthesized ds eDNA that was primed initially with 
oligo(dT). This was then methylated with M ·Bam HI + 
M ·A lul methyltransferases to protect internal Bam HI and 
Hindlll restriction sites. A specialized linker was then 
blunt-end ligated to this eDNA ; this linker contains a 
BamHl s.ne nanked by the last 4 nt of the Hindlll recogni
tion site. When ligated to the eDNA, the first 2 nt of the 
Hmdlll site were generated at the 3' end by the poly(dA} 
sequence~ and a BamHI site was positioned at the 5' end 
of the eDNA. In the case of A.EXLX and A.SHLX, one 
would ligate a linker containing an £coR I site flanked by the 
last 4 nt of the Hind III recognition site. The eDNA would 
then be digested with EcoRl + Hindlll and cloned into the 
unique EcoR I and Hind Ill sites in any of the four vectors 
that we have constructed. We have successfully constructed 
0-1-h Drosophila embryo eDNA libraries in ).SHLX2 using 
this strategy. 

The ~econd protocol was dev1sed by M. Strathmann and 
M . Simon (pers. commun.). Briefly, an Apal site is 
generated at the 3' -end of the eDNA by priming first strand 
eDNA synthesis with an oligo(dT)-Apa l primer-adapter. 
First strand eDNA synthesis is carried out using 5-methyl 
dCfP in place of dCfP, while second strand synthesis 
utilizes unmethylated dCfP. Sacl linkers are ligated to the 
ds eDNA and the eDNA is digested with Apa ) + Sacl. All 
internal Apal + Sacl sites are hemimethylated and cannot 
be cleaved by Apa I or Sacl, while the restriction sites at the 
ends can be cleaved because they are unmethylated . 

(h) ApplicatiOIIS of lEXLX( + ) and lEXLX(-) vectors 
It is often desirable to obtain clones in which the eDNA 

of interest is inserted into an expression vector so that the 
protein encoded by the eDNA can easily be purified for use 
as an immunogen. The plasmid expression vectors de
veloped by Studier and colleagues (Rosenberg et aJ., 1987) 
offer a number of attractive features. Expression is com
pletely silent in cells that do not contain the T7 RNA 
polymerase gene and is abundant in cells that do {Studier 
and Moffat, 1986). Thus, control of gene expression is very 
tight, limiting problems that occur when the foreign product 
is lethal in £ . coli. In addition, their vectors provide ter
mination of transcription as well as initiation. Finally, the 
fusion protein is often insoluble (Lin et al., 1987), allowing 
a rapid and simple one-step purification. Our lEXLX( + ) 
and .l.EXLX{-) vectors are A-based versions of the pET 
expression vectors that additionally feature directional 
eDNA cloning with the protection of all the internal sites, 
Cre-loxP autoiDlllic subcloning and the ability to produce ss 
DNA by induction of an fl ori. Recently, we have generated 
a monoclonal antibody to the T7 gene 10 protein product 
(C. Mayeda and M.J .P., unpublished) and are currently 
pursuing the use of this antibody in the immunopurification 
of expressed gene 10 fusion proteins. 



The use of the J.EXLX vectors for gene 10 fusion protein 
expression requires that the gene 10 and eDNA ORFs be in 
the same frame. In previous expression vectors (Young and 
Davis, 1933) it was important to ensure that the eDNA 
clone was in.sened mto the vector in the appropriate reading 
frame. In the case oft he A:EXL..X vectors, ss D NA (purified 
as outlined in sections eii and ~w) can be used to alter the 
reading frame of any individual clone by a variety of in vitro 
mutagenesis methods (Taylor et al., 1985; Kunkel et al., 
1986) that involve pnrning of DNA synthesis with oligos 
containing small mismatches designed either to insert or to 
delete nt. 

(i) Applications of the ..tSHLX vectors 
Two methods have been developed for using eDNA 

libraries to generate the large amounts of the ss DNA or 
cRNA required for subtractive hybridization procedures 
(Palazzolo and Meyerowitz.. 1987: Pruitt, I 988). The 
J.SHLX vectors have been designed to facilnat~ either 
strategy. 

One strategy follows the hybridization selection methods 
of Pruitt ( 1988). Briefly, a e DNA library representing 
sample X is prepared in J.SHLX I , and one representing Y 
lS constructed in J.SHLX2. Each library is then amplified 
and aliquots are con verted to ss DNA as outlined in 
sections eii and eiii. Since the muluple cloning sites in the 
S H LX I and S H LX2 vectors are in opposite orientations. 
the ss DNA recovered from the converted pSHLX I library 
will represent the 'sense' orientation and that from the 
pSHLX2library the 'antisense' orientation. The ss Y -DNA 
can then be covalently attached to an insoluble substrate 
and the X-DNA can be hybridized to an excess of the 
Y -DNA. The soluble fraction, that should be enriched in 
X-specific sequences, can then be transformed into £ . coli 
to give an ·x - Y' plasmid library (Pruitt. 1988). 

In the second strategy (modified from Palazzolo and 
Meyerowitz. I 987 ; Palazzolo et al., I 989), X- andY -eRN A 
can be synthesized in vitro using as template either plasmid 
or phage DNA prepared from each library. Specifically, 
DNA from the X-library in automatically subcloned 
pSH LX I can be linearized at the Notl site (since this en
zyme has an 8-bp recognition sequence, this reduces the 
probability of digestion within the cloned eDNA sequences) 
and then used as template for a T7 RNA polymerase 
reaction to make 'sense' X-cRNA. Similarly, DNA from 
the Y-library in pSHLX2 can be linearized at the Sfil site 
and used as template for a SP6 RNA polymerase reaction 
to make 'sense' Y-cRNA. The X-cRNA can be reverse
transcribed to make 'antisense' eDNA ; this is accom
plished by priming eDNA synthesis with an oligo comple
mentary to the SP6 promoter sequences present in the 
X-cRNA (this is preferable to the use of an oligo comprised 
partly of the Notl recognition sequence since the latter is 
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G + C-rich). This 'antisense' X-cDNA can be hybridized 
to an excess of 'sense' Y -eRN A. After subtractive hybridi
zation the 'X - Y'-cDNA sequences can be made ds and 
recloned. 
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Obtaining full-length or even near full -length eDNA clone" ha' 
been a time-consuming and labor-intensive >tep in the analy>i'o 
of cloned gene;,. Recem methods which U'oe PCR a" a preparative 
tool for cloning (1. 2) have made this step con<,iderably more 
raptd, but rna) imroduee 'oequence error;, in the resulting clone' 
due to numerous ~equential rounds of in vitro replication. We 
describe a method for idemifying long eDNA clone'o from existing 
eDNA libraries u~ing PCR purcl) a'> a diagno'>tic tool. 

The method i; ;,hown schematicall) in Figure I. Sequence 
mformation from the 5' end of an exi~ting done j, used to de,ign 
a gene-specific PCR primet Thh i; used in l:ombination "'ith 
a primer that aoocs the 5' clomng >ite in the vector to amplify 
a directionally cloned eDNA insen and then to reamplify the 
insen in the pre;,e nee of J2p and the ab;,ence of ;ignificant vector 
"equences to generate a radiolabeled 5' end probe for screening 
librarie; b) plaque filler hybridization (3). For efficiency. "e 

E,t,llng 
clo111..' 

I 

c:=:a ~' 10' tn 10" 
plu/platc 

Label h~ Pl R 

~ 
"" c:=:::> Filter 
~replic:ue 

Plaque Filler Hybridization 

I 
Pic!.. crude plug,, 

prepare I~ <.,ate' 

l 
L~ sate A ~~ 

ABC 

PCR • L' sate 8 ~ 

L._, '~te C ~ 

Figure J. Flo" da;.gram ot 'cre-enmg procedure PCR pramcr' are repre,en!ed 
~ urro"head~ In each l)!kttc onl: one phage clone. shown schemattcall)'. should 
l'OnHun ~o,tquence.., corre..,pondmg to the gcne·\pecific pnmer Se!t> text for full 
de3Cnptlon. DcL.ulcd protocols available on request. 

* To \I. hom corrc ... pondence "'hould he addre,.,ed 

screen size-selected eDNA libraries at ver) high phage den,itie' 
(200.000 to 1.000.000 pfu per 150 mm diameter plate). Th" 
den;,ity allow' an entire library to be screened on relatively fe" 
plates. Crude phage plug> are picked into SM buffer Each plug 
lysate contain' a few hundred to a few thou;,and phage cltun~'· 
one of which corre;,pond!> to the probe. Each I) ;,ate i• then 
subjected to PCR bee ween the gene-;,pecific primer and a 5' vector 
primer. The ;,ize of the amplification product ~ho"" the distance 
from the gene-;,pecific primer to the 5' end of the desired cD~A 
clone from each crude plug . Only cDr\A clone' of a de;,tr~d 
length are purified and analyzed funher The principle ltmttattnn' 
in thb strategy are the qualtcy of available librane;, and the ,in· 
range of reliable PCR amplification. 

Results from two typical experiment> are ;,ho"' n tn Figure ~ . 
I C 12 and 2F8 are clone;, from a large collection of eDNA> that 
represent RI"As expre;,sed in the head but not in the earl) emb~ o 
of D. melanogasrer (4). The tnitial clone of ICI2 i;, I kb in length 

Figure 2. PCR pnxtuct.., from tY..O t~ pil'al expenment.., Dro.wphila aduh hc~d 
cD:-.JA hbr.r~e' Jn XEXLX 15). >~Ze·>CICClcd for cD:"A' l ar~cr than ) " ~h ""d 
2 0 lo..h. re~pectl\el) . '>'Crc plated at ~50.000 ptu !50 mm pi•U~ F1her replh .• tk'' 
1..1. crc h)bndued to '!p.Jabeled eDNA m-,cru. (- 5 ,.:- JO"" <:pm ,tug) from )..S\\ AJJ 
clone .. repre-,enung R!\ A' ex pre"~ m the adult head (.l). H) t'lnd!Latt<.ln c:ondHI\m ... 
"'ere 50"1 fomlam•dc15XSSPE I ><Dcnhardt'> >oluuon I "1 SDS tOO ~g ml 
~lmon .. penn DNA at~::! C Probe "a' added to 1-.:\>c Hf ~.:pm ml dftc:r 4~ 
mm mcubauon m thts buffer. F1hcr~ ~..~.ere '>-ll'ihcd 3 umc' m 0 I xSSPl:. 0.)(( 
SDS 31 50-55 C for 15-20 mm Plug, ol ph<.~ge corre,pc•nthng w 
autoradmgr:~ph•r ~1gnaJ, \\ere p1cked "11h a ba.lo..cd Pas1cur p1pc1te or J hrol..\"n 
I ml dJ'fX"'lblc \erologJcal p1pct1e 1ou1cr d1amete:r 5 rnm) 11110 ~(Xl-:\O:l ~d '\~1 

buffer and allo"ed to resu:,pend for ~\era! hour' PCR "J" performed on I 
J.'l of each l~ ..ate 111 40 p.l reacuon volume Pnmcr ... '>'ere U'ICd at :!50 n~1 t:., ... h 
Amphflc<n1on""credonewllh40c)clc,of94 C.~~...ec .55 C . .Jc;...el' 72 C 
3 mm PCR pnmc" . S\\'N3.5. 5 ATITAGGTGACACTATAGAATACAC'-;1. 
AG 5 tXEXLXI. 5'-GCTGGTACCGGATCGA.>,TTC'-3 . IC'Ic . 5 · ATATT· 
C'C'ATGCCGTTTC'GTG 3. 2H. <' C'TITGTC'TCGTCATGC'GTTG .' 

· Pre!<.ent addre'' Depanment of Genetu.: ... . v.·a .. hmg:ton Um\t>r,lt) School of Mcd1cmc. St LOUJ\. ~10 631 10. LISA 
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and hybridize• ro a single poly(A) + RNA of approximately 5200 
nt. Ten phage plug lysates from size-selected eDNA libraries 
were analyzed by PCR. The longest PCR product. from lysate 
6. is 2 . I lcb. The full length of the wrresponding eDNA clone 
1!. 3.0 kb 1lte onginal 2F8 clone is 0.4 i:b and llybndr~es to 
!.everal poly(A) * RNAs . ranging from 2500 to 6700 nt. The 
amplification product from lysate 7 is 3.4 kb and corresponds 
to a eDNA clone of 3.7 kb. The longest eDNA clone identified 
for each probe was subsequently plaque-punfied. convened to 
plasmid in vivo (5), restnction mapped, and panially sequenced 
to verify its identity. 

We have obtained comparable results with many other eDNA 
probes and with phage densities as high as 2 x I cP pfu per plate. 
Exposures of 24 hr or longer with an intensifymg screen are 
usually necessary to detect hybridrzarion signals on filters 
contaming 106 or more pfu. Wh.tle m our hands the efficiency 
of detection (hybridization signals/phage density) decreases with 
increasing phage density above I OS pfu per plate, the efficiency 
of screening (hybridization signals/filter) increases. 
Abbre\~ations: kb, k.ilobase pairs: nr, nucleotide: PCR. 
polymerase chain reaction; pfu, plaque forming un11 . 
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ABSTRACT We describe bere a transposon-based DNA 
sequencing strategy that allows the Introduction or sequencing 
priming sites throughout a target sequence by bacterial mating. 
A minlplasmid was designed to select against transposon In· 
sertions into tht vector. Sites of transposon Insertion are 
mapped by the polymerase cbain reaction with bacterial over· 
night cultures providing the templates. A small set or plasmlds 
with transposons spaced sneraJ hundred base pairs apart can 
then be sequmced. !>eq~ primers rorTespondlng to the 
transposon ends allow sequencillf. ill~ dlrectiofts. Thus, Jhe 
entire sequence or both wands att be easily determined. 

One of the major problems in DNA sequence analysis of large 
or even moderately SIZed fragments is how to position 
unsequcnced reg1ons next to known pnming sites . A variety 
of techniques have been developed for thiS purpose mcludmg 
random shotgun subclonmg. unid1recuonal dcleuons and 
subcloning. and the cootmucd symhes1~ of additional oligo
deoxynucleolide primer~ (1-4). These methods are expensive 
or requ1re many molecular manipulations. 

A number of strategies employ bactenal transposons to 
generate pnming site~ within a target DNA sequence (5-10). 
Several criteria exist for an efficient transposon-based se
quencing strategy: (i) Mobilization of the tmnsposon must be 
relalively simple. (ii) Selection for transposon insertions inlo 
the plasmid as opposed to the bacterial chromosome mu~l be 
effic1ent. (iii) The transposon must insert into the target 
sequence and not mto the plasm1d vector. (i•·) The tmnspo
SIIlon sues must be eas1ly mapped to m1mmize the number of 
requ1red sequencing reactions. In this paper we descnbe a 
transposon-based stmtegy that meets these criteria. 

We employ yS, which belongs to the TnJ family of lran~
posons (1 1) and which has been used previously m transpo
son-facililated strategic~ (g, 20). The members of I his family 
con lain 38-base-palr (bp ) terminal inverted repeals and trans· 
pose by a replicative mechanism. Donor and 1argc1 sequences 
arc joined in an inlcrmediate struciUre 1ermcd a cointcgmte. 
The comtcgratc. which contains two copies of the transpo
son, is mpidly resolved by a site-specific recombination 
system. The resolvase IS encoded by the lransposon and ac1s 
at the 120-bp res site located wilhin the mobile element. 

yS is present on the F factor. Consequently, transposition 
to a plasmid 1rans1cntly fu~es the F faclor and plasmid in a 
coinlegrated slructurc. Th1s cointegrate can be tran~fcrred to 
a rec1p1ent cell by conjugation. Resoluuon oft his structure in 
the recipient yields the F factor and the plasmid each with a 
single yS insertion (Fig. 1). 

This paper describe~ the use of conjugal transfer of a 
plasmid to introduce yS msertions into a ta.rget sequence (12). 
The target DNA fragment bas been subcloned into a m1mmal 
plasmid m -.hich nearly all the pla~mid sequences are select· 
able. Under these conditions recovered transpositions almost 

The pubhcatton cosiS of thos artocle were defrayed on part by page charac 
paymenl Thos a rtocle mus1 lherefore be hereby marlced " ad• ntlumtnt" 
on accordance wnh 18 U.S C. §1734 sole ly to ond1cate this facl. 
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alway\ contain a yS transposon inserted into the target 
sequences. The sites of insertion can be readily mapped by 
polymerase chain reaction (PCR) 03). Finally, orientatiOn· 
specific sequencing primers allow sequence analysis in both 
directions from the msertion point. 

METHODS 

Bacterial Mating. Two Escherichia coli strains arc grown 
overnight under appropriate antibiotic selection . The donor 
stram. DPWC (sup£42 llrecA[Sst 11-EcoRI] sri: :Tn/0-
[Tet' ]. F' ). contains the target plasmid. which confers resis· 
tance to ampicillin. The recipient, strain JGM. is strain 
MC1061 (14) that carries Tn5scq1 (9) and is F- and kanamy
cin resistant. One-tenth milliliter of each overnight culture 
and 2 ml of LB medium arc combined in a sterile 15-ml tube 
and mcubatcd on a rotary wheel (30 rpm) for 3 hr or longer 
at 37"C. One-tenth milliliter of a 100-fold dilution of the 
mating mixture is plated on an LB-agar plate containing both 
amptc1lhn at 100 ~g/ml and kanamycin at 50 ~g/ml. This 
plate IS mcubated overnight at 37"C. Generally, this proce
dure y1elds 50-500 Amp'Kan' colomes. Plating nondlluted 
and JO-fold dilutions of the mating mixture results in bacterial 
lawns that consist primarily of bacteria resistant only to 
kanamycin. 

Conslructi01t or the Miniplasmid Vector. The miniplasm1d 
vectOf . used as a transposon target. was constructed by the 
PCR 04) followed by standard recombmant DNA techmqucs 
(15). (i) Two oligonucleotides were synthesized that would 
PCR-amplify the J3·1actamasc gene and the replication origin 
of the pUC plasmids . One oligonucleotide, N· AMP (5'· 
ATGAGACAATAACCCTGA-3'), hybridizes just upstream 
of the /3-lactamase gene (near position 4210 of the pBR322 
map) (16) . The second oligonucleotide. OR1 F (5 '· 
GCCCGGGCGTTGCTGGCGTTTTTCC). is located around 
pBR322 position 2520 and contains a Sma I site . A PCR was 
performed by using this oligonucleotide pair as primers and 
pBiuescnptKS2 (Stratagene) as template . The PCR product 
was phosphorylated with T4 polynucleotide kinase. ligated . 
and introduced into £ . coli to generate plasmid pOAS. The 
polyhnkcr from pBiuescriptKS2 was then introduced into 
pOAS to gcncrale pMOB (Fig. 2). To accomplish this con
strucllon. the polyhnker was first PeR-amplified by using the 
reverse and universal ~>Cquencmg oligonucleotides that are 
commercially available (New England Biolabs). Plasmid 
p()AS was linearized with Sma I and ligated to the polylinkcr. 

DNA Sequence Analysis. Templates for DNA sequence 
analysis were prepared by using rap1d·boil plasmid prcpara· 
tions (17). The sequencing reactions were done with lhc 
Uruted States Biochemical 17 Scqucnase version 2.0 ku 
acCOfdmg to the enclosed protocols. The sequencing primers 
are oligonucleotides complementary to transposon sequences 
adjacent to the mverted repeat ends. GDl (5'-CAACGAAT· 
TATCTCCTT-3 ') will sequence outward from the yS end 

Abbrcv1a11on: PCR. polymerase chain rcact1on. 
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FIG. I. Transposon mobilization into target DNA sequences. 
This diagrams the probable mechanism of -r.S.transposon insertion 
into the target sequences by bacterial mating. According to this 
model (5). a cointegrate is formed in the donor cell between the F 
factor and the target plasmid. In this cointegrate, both plasmids are 
Oanked by -rli transposons. After transfer , the cointegrate is resolved. 
leaving a transposon copy in each plasmid . 

closest to the Sac 1 site in the transposon (12). GD2 (S'
TCAATAAGTTATACCAT-3 ' ) will sequence outward from 
the opposite end. 

PCR Conditions. All PCRs were done in 40-~1 total volume 
with a light mineral oil overlay . For the construction steps, a 
three-step prowcol was used that included the following: 
94"C for 45 sec. ss•c for 4.5 sec. and n•c for 2 min. This 
protocol was then repeated for 10 cycles. For the transposon 
mapping experiments a two-step PCR protocol was used: 
92"C for 20 sec and n •c for 2 min. One-half microliter of a 

~A,H, R, P,Xb~ 

or i 
amp R 

FlO. 2. Map of pMOB. the miniplasmid used fo r transposon
targeted DNA sequence analysis. This plasmid COI!tains (I) a pUC 
plasmid origin of replication (pUC ori), (ii) ll-lactamasc: gent (Amp'). 
(iii) a multiple cloning site (MCS), (iw) bactenophage RNA polymer· 
ase promoters (T3 and 171. (v) primer sites for PCR mapping of the 
transposon insertion sit~ (LREV, LUNI). The polylinker was 
derived from a PCR from the plasmid pBiuescriptKS2; many restric
tion sites occur in this polylinker. We have tested for and used only 
the Apa I (A), EcoRl (R), Kpn I (K), Pst I (P), Hindlll (H), Sac I (S) 
and Xba I (Xb) sites (these sites are all unique and found only in the 
MCS region). Because this plasmid was constructed from DNA 
fragments amplified by PCRs. the DNA sequence may vary some
what from sequence of the parent plasmids. 
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bacterial overnight culture was added to the 40-~1 reaction 
mixture and subjected to the PCR for 40 cycles. For each 
template two PCRs were done. Both PCRs used an oligonu
c leotide (GDIR; 5 ' -TTTCGTTCCATTGGCCCTCAAAC
CCC-3') complementary to the inverted repeat of the y8 
transposon. T he second oligonucleotide primer used in one 
PCR (LREV; .5 ' -AACAGCTATGACCATGATTACGC 
CAAG-3') was complementary to a sequence just upstream 
of the T7 promota- (see Fig. 2). The second oligonucleotide 
primer used in lhe other PCR mapping (LUNI ; .5 ' 
GTAAAACGACGGCCAGTGAGCGCG-3 ') is complemen
tary to a region immediately adjacent to the T7 RNA pro
motu. Tbe PCR buffer was purchased from Cetus. 

RESULTS AND DISCUSSION 
Etriciency of y6 Transposition Into Targel Plasmids. Trans

position of y8 from an F factor to a plasmid is believed to 
produce a cointegrate that can be conjugally transferred . 
After conjugation the cointegrate is resolved in the recipient 
cell (Fig. 1). 

LREV 

M 1 2 3 ~ 5 6 7 8 9 tO 11 12 13 14 15 16 17 18 19 20 

LUNI 

M 1 2 3 4 5 6 7 8 9 10 111213 14 15 16 17 18 19 20 

F IG . 3. PCR mapping of transposon-insertion sites. -rli trans
posons were introduced by bacterial mating into 1. 7-kb eDNA (I H2) 
that was subc~ into pMOB. Bacterial overnight cultures from 
each of 21) individual transposition events provided t he templates in 
two separate PCRs. In the first set of PCRs LREV and GDIR were 
the primers: PCR produels wen thai analyzed by agarose gel 
electrophoresis (Upper, ~led LREV). The second set of PCRs 
were identical. e...:ept that LUNI and GDIR oligonucleotides were 
tbe primers (Lower); results of these PCRs are labeled LUNI. Lanes 
in each of these gels are matched so that the upper gel shows the PCR 
products generated by using the first set of primers. and the bottom 
gels show the analogous products with the second set of primers. 
Exact sequences of the oligonucleotides and PCR conditions are 
indicated in text ; interpretation of this data is presented in Fig. 4. As 
mentioned in text. some PCRs gave ambiguous resul ts : for example , 
multiple PCR products can be seen in Jane 9 (Lower) , whereas no 
apparent products can be seen in either reaction in Jane 14. Size 
markers (M) are Hinfl digests of pBR322. 
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FtG. 4. PCR mapping analysts allows the generation of maps of the y~transposon-insertion points. Insertions into three different cON As 
ClH2. 1.7 kb; lOl l. 2.0 kb: and 489. 1.6 kbl are shown. These plasmids are all longer versions of eDNA clones originally isolated by Palazzolo 
f'l a/. (19). Each tnangle repre•ents the insertion of a smgle yl> transposon mto a given eDNA. PCR mappings that gave ambt&uous results were 
e""ludcd from the map. The filled tnangles represent clones selected for DNA sequence analysis. A complete double-stranded analysis was 
posstble from JUSt these selected clones. 

Although tbe mobilized plasmid is expected to contain a 
single cop) of -y.5. some e'Cperiments (]8) indicated that an 
alternative method of plasmtd transfer is posstble m certain 
£ . coli strains. Examination of transferred plasm ids in these 
strains showed that only 30% of the plasmids contained 
transposons after transfer . To determine the fraction of 
mobilized plasmids that contain -yll, £ . coli DPWC (a donor 
strain ; see Methods) was transformed with a 3-kilobase (kb) 
plasmid vector conferring ampicillin resistance. pBiue
scriptKS2 (Stratagene). into which a 1.5-kb Drosophila 
eDNA fragment (489: ref. 19) bad been subcloned. These 
cells were then mated to JGM (a kanamycin-resistant recip
ient strain. see Methods) . Recipient cells that received the 
plasmid were selected on plates containing ampicillin a nd 
kanamycin. Restriction enzyme analysis of 20 mobilized 
plasmids indicated that, in each instance, the plasmid con
tained a -yll insertion. Furthermore. restriction fragment 
length polymorphisms in the restriction enzyme digests sug
gested that the transposons had inserted at different sites. 

Coastrudioo of a Miaiptasm.id Sequencing Vector. An Im
portant cntenon for the successful apphcatton of transposi
tion to DNA sequence analysis is that the transposon be 
forced into the target DNA sequences and not the plasmid. 
Restric tion anaJysis of the -yll insertions described above 
suggested that most msertion events occurred tn the vec-tor 
and not in the insert . We used dideu:~.ynuc:!eofide c-ham
termination DNA sequenc ing to identify the transposon
insertion site~ in more detail. Of eight clones chosen at 
random and sequenced , all transposition sites occurred at 
different locations in the vector. 

T hese experiments suggest that a plasmid, in which inser
tions into the vector sequences can be selected against, is 
useful , as then o nly the transposon insertions in the target can 
be recovered. Ideally , the vector should contain only an 
origin of replication , a drug-resistance gene , and a multiple 
cloning site [the construction of such a miniplasmid, pMOB 
(Fig. 2). has been described]. 

To test where transposons insert in this 1.8-kb construct. 
three different Drosophila eDNA molecules (1H2 , 1Dll. 
489) (19) were subcloned into this plasmid , and each sub
clone was separately used as target for -yl> transposition . 
Twenty clones from each of the mating mixtures were 
selected and analyzed by restriction mapping. All 60 clones 

contained a -yfJ transposon, and most insertion sites were in 
or near the target eDNA fragments. 

Analysis of Transposon-lnsertion Sites by PCR. The ability 
to rapidly and simply map the sites of insertion is important 
for minimizing the labor required to sequence a given target 
DNA fragment. PCR promised to allow such an identifica
tion. For this purpose, we synthesized three oligodeoxynu
cleotides . One (GDIR) matches the inver1ed repeat found at 
each end of -y8. The other two o ligonucleotides (LREV and 
LUNI) flank the cloning site of the miniplasmid (see Fig. 2). 
Two separate PCRs can be used to determine the point of 
insertion of a given transposon . ln one reaction LREV and 
GDIR are used as primers. whereas LUNI and GDJR are 
used m the second reaction. In both cases the same plasmid 
containing a -y6 transposon is the templa te. Size of the 
LUNI-GDIR PCR product allows determination of the dis
tance from the transposon-insertion site to the LUNI site at 
one end of the target fragment , whereas the size of the 
LREV-GDIR PCR product allows a similar determination of 
the distance from transposition site to the opposite end of the 
subclone. Furthennore. the two PCR products should add up 
to approximately the same size as the fragment subcloned 
into the miniplasrnid. 

Such an analysis was performed on the 60 plasmids isolated 
tn the transposon experiments described above. Bacterial 
overnight cultures provided the templates in two separate 
PCRs. These reactions were subsequently analyzed by aga
rose gel electrophoresis. Analysis of 20 transposition events 
into one clone is shown in Fig. 3. The size of the fragment in 
each lane delimits the distance of the transposition site from 
the fixed points in the plasmid. 

These experiments allowed us to map the -y6 insertion sites 
for mo~t of the 60 plasmids containing transposons (Fig. 4). 
Three conclusions can be drawn from these results. (i) 
Forty-two of the(,() transposition events occurred within the 
eDNA inserts and could be rapidly localized . (ii) The inser
tion sites were sufficiently dispersed within the target to be 
useful for DNA sequencing. (iii) Eighteen of the PCRs gave 
apparently anomalous results, including multiple PCR prod
ucts or the apparent absence of PCR products. The transpo
son insertions that gave such results could not be placed on 
the transposition maps by this technique a nd were not further 
characterized . 
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DNA Sequence Analysis By Using Transposon Sequences as 
Priming Sites. Several plasmids were then chosen for DNA 
sequence analysis of the different eDNA clones. The plas
mids that were sequenced were selected because the trans
posons were spaced -300-400 bp apart {Fig. 4). Because 
cn6-speci1ic sequences are found immediately adjacent to the 
inverted repeats. oligonucleotides complementary to the.se 
regions can~ used to sequenceoutw:vd trom each end of the 
transposon {see Methods for prime.r sequences). Thus. it is 
straightforward to simultaneously obtain complete sequence 
information from both strand; of rhe target sequence from a 
relatively small number of pla,mid-transposon templates. All 
three plasmids presented in this paper were completely 
sequenced by a small number of transposon-containing tem
plates {Fig. 4). In addition. we have sequenced six other 
eDNA clones with insert s from 1.2 to 2 kb. For each clone. 
a screen of 20-30 yli insertions was sufficient to obtain a 
subset of transposon mseruons that were spaced every 
J00-400 bp along the eDNA insert 

Some Limitations to this Sequencing Strategy. One major 
limitation to this strategy is the inability of the PCR to map 
transpositional events that are relatively distant from the 
fixed points of the pla~mid {LREV and LUNI). Specifically . 
PCRs typicall y yield anomalous products on template> in 
which transposons have inserted > 3 kb away from the fixed 
plasmid point. One potential response to this limitation is the 
use of strand-switching PCR to map the position of unknown 
transposon insertions relative to known transposon-insertion 
points. In other words. two plasmids that contain the same 
initial insert but have transposons in different locations can 
be mapped relative to each other in a single PCR. This 
reaction contains both plasmids as templates but uses only 
the inverted-repeat oligonucleotide <GDIRJ as primer. The 
PCR product should be the DNA sequence between the two 
transpositional events. and tiS size will map the position of 
the unknown site relative to the known one. 

To test this strategy we used various combinations of the 
plasmids containing the 1H2 eDNA and different transposi
tional events. PCRs containing different pairwise combina
tions of 1H2 plasm ids as templates and only GDIR as primer 
resulted in PCR products of the sizes predicted by the results 
presented in Figs. 3 and 4. 
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A removeable source of Cre recombinase for 

simplified in vivo subcloning 

Bruce Hamilton and Kai Zinn 

Several A. cloning vectors are currently available that allow automatic plasmid 

subcloning by Cre/loxP site specific recombination in vivo (1,2). However, it has been 

noted that high copy number plasrnlds that contain a loxP target site grow poorly in the 

presence of constitutive Cre expression (1). To circumvent this problem, we have made a 

medium copy number, Cre-producing plasmid that can be lost by incompatibility with the 

excised plasmid and selected against in sucrose-containing media. 

The plasmid, pSacCre, was constructed by cloning a PCR-amplified ere gene from 

bacteriophage PI and the B. subtilis sacB gene from plasmid pUCD800 (3) into the~

lactamase gene of pBR322 (Fig. 1). The resulting plasmid expresses Cre recombinase and 

confers resistance to tetracycline (but not ampicillin). The sacB gene provides a negative 

selection against the plasmid by making the cell intolerant to ~5% sucrose in LB media. 

Automatic subcloning is accomplished in pSacCre strains by a simple protocol. An 

appropriate bacteriophage clone is infected into an£. coli strain that harbors pSacCre. The 

infected cells are spread out and grown on LB agar containing ampicillin or carbenicillin to 

select for the excised plasmid subclone. Conversion frequencies (pfu/cfu) vary from IQ-3 

to IQ-5 depending on the host strain. For DNA minipreparations, an isolated colony is 

regrown in liquid LB media supplemented with 5-8% sucrose to select against cells that 

have retained the pSacCre plasmid. Sample digests from several such preparations are 

shown in Fig. 2. 

Acknowledgements We thank Dr. C. I. Kado for the gift of pUCD800 and Drs. B. 

Condron and M. Strathmann for helpful discussions. 
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Figure Legends 

Figure 1. Plasmid pSacCre. The ere gene from P 1 cmR was amplifed by PCR with the 

primers 5'- TGTCTGCAGAAATATCAACTAAITATAGCA-3' and 5'

CTGGATATCAAAAGGGTTTGATCGTGATAG- 3', to include the pR2 and pR3 

promoters (4) and cloned into pBR322 digested with Pst I and Ssp I to create pBCre32. B. 

subtilis sacB was isolated from pUCD800 (3) by digestion with Bam Hl and Pst I and 

cloned into pBCre32 digested with Ase I and Pst I. 

Figure 2. Results of pSacCre-mediated subcloning of a A.EXLX clone. Single colonies 

were picked into 2.5 ml Super Broth or 2.5 ml LB supplemented with carbenicillin and 

shaken at 37°C. After 1 hr., 0.67 ml 24% Sucrose was added (to 5% final concentration) 

to the LB cultures. Plasmid DNA was isolated from cultures after overn ight growth and 

digested with Sac I and Apa I to release the insert. Lane I is a size marker and lane 2 is a 
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plasmid control. Lanes A-E are plasmid preparartions from Super Broth cultures, lanes F-J 

are preparations from LB/sucrose cultures. 
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Large scale screen for transposon insertions into cloned genes 
(Drosophila/ !' elmtent / revorse genotics/ plasmld r-u•) 
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Communicated by No rman fl . tlorowin. Ikambu 14. 1990 (uc~ivrd for rrvi'"' AuKNJI 31 , 1990) 

ABSTRACT We describe a method of screening for trans
poson insertions In or near Drosophilo loci that correspond to 
cloned DNA sequences. We mobilize a modified P element 
traD!l410§00 that carries a bacterial plasmid origin of replication 
and. dTV«-f"eslstanc:e marker. 'I'M genomic sequences nanking 
ucfl lr1lJI5POSOn insertion site can Ibm be rescued as a plasmid 
in Escherichia coli. Libraries of sud\ plasmids, represe.nting 
pools of transposon-mutagenlzed individuals, are used as hy
bridization probes against cloned sequences to determine 
whether a transposon has inserted next to a particular site In 
the genome. The number of loci that can be screened simul
taneously by this procedure is quite large. We have screened an 
array of eDNA clones representing almost 700 distinct loci 
against libraries representing 760 mutagenlzed nles, and we 
obtained ltybrldlzatlon signals to 7 different cDNAs. Three of 
these events lutft '-a analyzed Ia detail aod represent genllille 
ID~rtiomi near genomic sequences that correspond 10 the 
cDNAs. 

To understand the de"elopment and physiology of a nervous 
system in molecular detail, we have initiated a large scale 
analysis of RNAs expressed in the Drosophila brain . Our 
study began with the isolation of a large number of eDNA 
clones that represent messages expressed in the adult head 
but not in the preblastoderm embryo (1). Combining molec
ular and genetic analyses of these molecules should lead to 
testable models of their neuronal functions. An imponant 
requirement of this approach is the ability to identify muta
tions in the genetic loci that encode the cloned molecules. 
Such a genetic screen must meet se\leral criteria: the screen 
must be simple and compatible with studying many loci 
simultaneously. it must have high sensitivit y and low back
ground. and ir must not require any assumptions about 
mutant phenotype~. Th1s paper describe~ a screening proce
dure that meets these criteria. 

Although other methods to dis rupt cloned Drosophila 
genes have been reported. none meets all of the criteria lis ted 
above. While classical genetic screens have been successful. 
they require a prediction of a mutant phenotype. Screening 
for loss of antibody binding (2 , 3) requires unique reagents 
and assays for each locus. Methods based on PCR (4-8) 
require DNA sequence dat" and at least o ne unique oligode
oxynucleotide primer for each locus considered . Each locus 
must a lso be screened in a separate biochemical reaction. In 
addition, distinguishing true insenion events from spurious 
amplification products (ref. 7: B.A.H .. M.A. W .. C.A.M . • 
and M .J .P ., unpublished data) requires consi~ effort in 
larger experiments . 

We describe a s trategy fo r reverse genetics that cit-cum
vents these problem~. The method is based on plasmid rescue 
of genomic DNA (9, 10) that flanks the insenion sites of a 
modified P element transposon, PlacW (11). By using a 

Th< publocation cosls of this artocle were defrayed in part by page charge 
payment. This artecle must therefore be hereby marked "ad vrrturm r nt'" 
in accordance with 18 U.S.C. §1734 solely to indicate this fuct. 
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library of rescued sequences as a hybridization probe against 
an array of eDNA clones , we are able to assay for insenions 
in or near a large number of cloned loci in a single experiment. 
This requires no assumptions of expected mutant phenotypes 
and requires neither antisera nor DNA sequence data for 
PCR primers. Because PlacW carries a w • minigene as a 
dominant genetic marker, it should be possible by standard 
mutagenesis methods to obtain deletion alleles of loci that are 
tagged but not functionally disrupted by the transposon . 
Enough probe could be synthesized from a single plasmid 
library to screen an array of c loned DNA representing the 
estimated sequence complexity of the Drosophila genome. 

MATERIALS AND METHODS 

fly Strains and Crosses. We obtained new PlacW insertions 
by genetic mobilization. As a source of transposons we used 
C(l)RM, y w 4[PiacW], which carries four copies of PlacW o n 
each homolog and was kindly provided by Dan Lindsley 
(University of California. San Diego). Transposase activity 
from the stable source P[ry• ~2-3](99B) (12) was supplied on 
a derivative ofTM2, Ubx ry, that carries this insertion , kindly 
made available by John Merriam (University of California. 
Los Angeles). Other genetic elements have been described 
(13, 14). F lies were raised on s tandard medium (15) at 22"C. 
C(l)RM. y "'4[PlacW] virgins were mated to shi; TM2. Ubx 
ry P[ry• ~2-3](99B)/Sb ry P[ry' A2-3](99B) males (12 females 
and 4 males per pint bottle) for 3-5 days and transferred or 
discarded. Each mating was transferred no more than twice. 
Dysgemc virgin females of the genotype C(l)RM, y "' 
4iPiacW): TM2 Ubx ry P[ry• ~2-3](99B) were collected by 
heat treatment as described (16), and mated as desc ribed 
above to males of the genotype w; CyO: TM6, Ubx/ T{2;3)Xa 
or w; CyO: TM6, Hu/ T(2;3)Xa . Proge ny males with pig
mented eyes (indicating a Plac W transposition to an autosome) 
were individually mated to two or three females of an appro
priate balancer strain to establish temporary lines. Males were 
removed for DNA preparations after 3-5 days. 

eDNA Gel Blots. cDN A insens from ASW AJ3 clones (1, 17) 
were isolated by performing PCR directly on high-titer ly
sates of c lo ned bacteriophage with primers that abut the 
clonina site (SWAJ3 .1, 5'-ATI'TAGGTGACACTATA
GAATACAC-3'; SWAJ3.2 , 5'-CGGAAGCTTGGGCTG
CAGGTCGACf-3 ' ). ASWAJ3 contains no plasmid se
qllence~ that could hybridize 10 the plasmid probes in the 
screenina procedure. DNA gd blots of PCR products were 
prepared by standard methods (18). 

DNA Pre~. We prepared DNA from 10-20 flies by 
a standard metllod {19) with modifications. Flies were col-

"Present add ross: Departm<nt of G<n<tics. Washington University 
School of Modicine. St. Louis. MO 63110. 

t Permanont address: Molecular Bioloay Unit. Tata Institute of 
Fundamontal Research. Bombay 400005, India. 

*Present address: Department of Biology and Center for Molecular 
Medicine M-049. University ofCalifomia , San Diego, La Jolla. CA 
92023. 



2732 Genetics: Hamilton et a/. 

lected on dry ice in a 1.7-ml microcentrifuge tube. Frozen 
flies were ground in 100 1-'1 of 5% sucrose/ SO mM NaCI/ 0.1 
M Tris·HCI, pH 8.5/ 0.5% SDS/50 mM EDTA with a baked 
glass rod; the rod was rinsed with another 100 1-'1 of this 
solution and the sample was refrozen. After 30 min at 10•c. 
each sample was made 160 mM in KOAc and placed on ice 
for 30 min. The precipitate was removed by centrifugation. 
DNA was prec1pt1ated from the supernatant with 150 11\ of 
isopropanol and wa.o. collected b) centrifugation. Recovered 
DNA was resuspended in 100 jA.l oflO mM Tris·HCI, pH 7.5/ 1 
mM EDTA. 

Plasmid Rescue. To plasmid rescue transposon-flanking 
sequences from the mutagenized chromosomes of either 140 
or 160 flies, 50 1-'1 from each of seven or eight DNA prepa
rations was pooled . Four 30-~J.I aliquots (- 3 1-'g each) of 
pooled DNA were digested to completion with Sac II in 
separate 40-~J.I reaction mixtures. Four similar aliquots were 
each partially dige~ted by incubating with 5 units of EcoRl at 
37"C for 9 min an a 40-.,J reaction mixture. Digests were 
stopped by heating to 70"C for 15 min. DNA in each reactiOn 
mixture was cyclized in a 0.5-ml vol by adding 0.46 ml of a 
1.09x ligase reaction mixture [1 x is 50 mM Tris·HCI, pH 
7.8/ 10 mM MgC\2/ 20 mM dithiothreitol/ 1 mM ATP/ 1000 
units of T4 DNA ligase per ml (New England Biolabs)j and 
incubating at room temperature for 4-20 hr. DNA was then 
precipitated by adding LiCI to 160 mM and 0.5 ml of isopro
panol and centrifuged to pellet DNA. Pellets were resus
pended in 30 1-'1 of water. Similar aliquots were pooled, 
precipitated with EtOH. and resuspended in 8-91-'1 of water. 
Two 4-~J.I aliquots from each resuspended pellet were used to 
lr.lnsform Escherichia coli (strain LE392) by electroporation 
(20) and selected on UJ agarose plates (18) containing 
carbemcillin (200 1-'g/ mll 

Screening Libraries of Rescued Plasmids. Radiolabeled 
plasmid DNA from each plasmid-rescue library was hybrid· 
ized to DNA gel blots containing the array of eDNA inserts 
(see above). Plasmid DNA was prepared from primary trans
formant colonies by the rapid boiling method (21). Approx
imately 100 ng of res triction-digested DNA from each library 
was labeled by random priming (22) with a commercially 
available kit (Prime-A-Gene. Promega). Membranes were 
incubated at 42•c in 50% formamide/ 5 x SSPE (1 x SSPE = 
0.18 M NaCI/ 10 mM phosphate , pH 7.4/ 1 mM EDTA)/ 1% 
(wt/ vol) SDS/ 1 x Denhardt 's reagent/ 100 118 of sheared 
salmon testes DNA per ml 08) for at least 15 min befon: 

C(1~ r •"'PI«Ww,l 

- Ubo ~ "1'1-· 42-311998 

+ /~·c 

50 

• P!ocWiw") d . -~ l(l( 
CyO, T\06 XI 

l "-.. 
T..,..,..-; ... 

DNA pres-Ilion 
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adding probe to a final concentration of 1-4 x 1()6 cpm/ ml. 
Hybridizations were for 12-20 hr at 42"C. Membranes were 
washed three times in 0.1 x SSPE/ 0.3-0.5% SDS at 50-55•c 
for 20-60 min. 

PCR Amplification of Fly DNA. PCRs were performed on 
41-'1 of fly DNA solution, in 50 mM Tris·HCI (pH 8.9 at 1 M)/ 2 
mM MgC\2/ 0.1% Triton X-100/ 200 I-'M each dATP, dCTP, 
dGTP, and dTTP/ 0.25 I-'M each oligodeoxynucleotide in a 
40-~J.I reaction volume with 2-3 units of Taq DNA Polymerase 
(Promega). The P element terminal sequence oligodeoxynu
cleotide (7) was the gift of Denrus Ballinger (Sloan-Kettering 
Research Institute). Other primers were as follows: c3B7 , 
5' -GGCCGATTGTTAAGTTGCTGTAGTG-3'; c4Dl2, 5'
TGGTCCCGATAAAGTACCAAACCTC-3'; c8H9 , 5'
CACACTTTCACTGCTGCGATATCGG-3'. 

Other Methods. Radiolabeled eDNA inserts were prepared 
by sequential PCR amplifications : a s tandard amplification 
from a phage lysate as described above followed by a labeling 
amplification that is 50-150 I-'M in each dATP, dGTP, and 
dTTP, 400-800 nM in [a-32P)dCTP (3000 Ci/ mmol; 1 Ci = 37 
GBq) , and 2-5% (vol/ vol) of the first amplification reaction. 
In situ hybridizations to polytene chromosomes were as 
described (1 ). Other methods were essentially as described 
(18). 

RESULTS 
Identification of Inserted Loci by Flanking Sequence Rescue. 

Our screening procedure, diagrammed in Fig. 1 , consists of 
genetic crosses to mobilize transposons, plasmid rescue of 
genomic DNA that flanks the new transposon insertions, and 
hybridizataon of radiolabeled rescued plasmids to a collection 
of eDNA clones bound on nylon membranes. The genetic 
crosses allow recovery of stable PlacW insertions on the 
autosomes of F 2 males, u sually one insertion per male. These 
males are mated to establish lines and then used to prepare 
DNA. This DNA is digested with a restriction enzyme and 
then circularized . Only genomic sequences flanking PlacW 
insertion sites remain physically linked to the plasmid se
quences of the transposon. These are recovered by transfor
mation into E. coli. Radiolabeled plasmid DNA from drug· 
resistant colonies is used as a hybridization probe against an 
arra} of - 680 cloned eDNA inserts (1). 

Our first probe agamst the cON A filters represented a pool 
of 140 F 2 male Oies. Genomic DNA was prepared from 7 
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FtG. I. Overview of screenong procedure. (A) Geneltc crosses used to generate PlacW insertion lines. (8) Steps in screening the lines. PlacW 
transposon (open box with arrowheads) integrated near a hypothetical cloned eDNA sequence (hatched box). R. EcoRI recognition site; S. Sac 
II recognilion sile. The genomic DNA from a number of flies bearing differenl PlacW tnseruons is digested with a restriction enzyme and then 
ligated into closed circles. Only a small fraction of the circles will contain plasmid sequences, P. from a transposon ; only these are recovered 
as plasm ids afler transformation and drug selection. Recovered plasm ids are isolopically labeled and used as a hybridization probe to filter-bound 
eDNA clones. 
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groups of 20 flies each. Half of the DNA from each prepa
ration was pooled and aliquots were e ither partially digested 
with EcoRl or digested to completion with Sac ll . Digested 
fly DNA was circularized in the presence of T4 DNA ligase . 
Transformation of£. coli produced 908 drug-resistant colo
nies from the £caRl-digested DNA and 563 colonies from the 
Sac IJ-digested DNA. Plasmid DNA was prepared directly 
from colonies. yielding '-'8 ILg per library. DNA from each 
library was Labeled to high specific activity (7-9 x 108 

cpm/ J.LY,) and equal amounts of radioactivity from each were 
combined as a hybridization probe against the filter array of 
eDNA targets. Autoradiography revealed hybridization to 
two eDNA clones: c3 B7 and c4D12 (Fig. 2). Similar screens . 
representing PlacW insertions in 620 additional males. re
vealed hybridization signals to clones clC2, clF4, c4B9. 
c4E10, c6F9. and c8H9 (Table 1). Two additional clones in 
our collection gave a hybridization signal with every probe 
tested; lhese signals appear to be nonspecific and we have 
neither counted them as positwe signals nor pursued them 
further . 

Charactulzation or Rescued Plasmids. A rescued plasmid 
that corresponds to a PlacW insertion near a gene of interest 
should contain both a single contiguous piece of the fly 
genome that hybnd1zes to the eDNA and a P element 
terminal repeat sequence from the transposon. We have 
tested this for the first three presumed insertion events (c3B7, 
c4D12, and c8H9). a s described below. 

We isolated the relevant plasmids by colony filter hybrid
ization to eDNA probes , usmg both the o riginal plasmid
rescue libraries and primary transformant colonies represent
ing either pools of20 fl y lines or single fl y lines. A c3B7 eDNA 
probe allowed the isolation of nine mdependent plasmids 
from EcoRJ-rescued libraries. but none from Sac 11-rescued 
libraries. Each plasmid conta ined a 4-kilobase (kb) genomic 
fragment with no internal EcoRl sites. It is unlikely that these 
plasmids could have arisen by ligation of c3B7 homologous 
sequences to noncontiguous plasmid sequences, as this 
would generate an internal EcoRl site and a new rescued 
fragment size in each instance. Similarly, independent plas
mids for c4Dl2 were isolated from £ coR I (partial digest). bur 
not Sac ll . libraries. Each of these contained either a 1.2-kb 
genomic fragment with no internal £ coRJ sites or a 2-kb 
genomic fragment with one EcoRl sire 1.2 kb from the P 
element end . Several independent c8H9 homologous plas
mids were rescued by Sac II but not by EcoRI. Each of these 
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FIG. 2. Hybridjzation of rescued plasmids to eDNA gel blots. 
DNA gel blots of PCR-amplified e DNA inserts were hybridized to 
probes from rescued plasmids representing 140-J60 mutagrni?:<:d 
floes. (A) Agarose gel of some amplified eDNA~. oncludong c3B'I. 
stained with ethidium bromide and visualized by UV fluorescence. 
(B) Autoradiogram of the gel blot corresponding to A . showing 
hybridization to eDNA c3B7. (C) Gel includong c4D12. (D) Autora
doogram of blot of C. showing hybridization to c4D12. (£) Gel 
including c8H9. (F) Autoradiogram corresponding 10 gel in E show
ing hybridization to c8H9. 
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Table 1. Plasmid rescue and hybridization results 

No. of No. o f 
Probe lines colonies e DNA clone(s) 

1 140 1471 c3B7, c4Dl2 
2 140 776 
3 160 390 c8H9 
4 160 soo c1C2. c1F4. c4B9 
s 160 4S4 c1F4, c4E10 

contained a 7-kb genomic fragme nt lacking internal Sac II 
sites. 

A rescued plasmid and the original eDNA clone for each 
locus were used to probe duplicate gel blots of genomic DNA 
digested with a variety of restriction enzymes. For each 
locus, the rescued plasmid and the eDNA identify overlap
ping patterns of bands and each probe appears to be single 
copy in the genome. This further demonstrates that the 
recovered sequences represent discrete, tagged sites rather 
than ligations of disjoint sequences (or tagged dispersed 
repeat sequences). 

A genuine rescue product should also contain one of the P 
element terminal repeat sequences from the PlacW transpo
son. We subjected one of the plasmids rescued from each 
locus to chain-termination sequencing (23) by using a syn
thetic primer that corresponds to the P element terminus (7). 
From each of these reactions, we obtained a unique sequence 
ladder, indicating that each of these plasmids contains a 
single P element terminus. 

Isolation or Fly Lines Carrying the ldentUJed Insertions. We 
have used two different methods to identify the single lines of 
flies that carry the desired PlacW insertions. The first method 
is based on PCR; the second is based on plasmid rescue. 

We used sequence information from the rescued plasmids 
to design locus-specific PCR primers that lie adjacent to the 
PlacW terminal repeat ; we used these primers in combination 
with the P element terminal repeat primer for PCR on fl y 
genomic DNA templates. Amplification between the c3B7 
and P element primers was used to detect a PCR product from 
DNA from pools of fly lines a nd then from indi vidual lines. 
Only 1 of the original20-fly DNA preparations in the pool that 
hybridized to c3B7 supports an amplification product of the 
size predicted from DNA sequence and illustrated by PCR on 
the rescued plasmid (- 220 base pairs ; Fig. 3). Two of the 20 
lines in this pool had failed to propagate. We prepared DN A 
from each of the remaining 181ines for PCR. Nine of the lines 
gave amplification products of the appropriate size . This 
result was repeated with a second set of DNA preparations 
and has also been partially verified by plasmid rescue exper
iments and in situ hybridizations to polytene chromosomes 
(see below). 

In addition to PCR sorting experiments , we assayed for the 
c3B7 and c4D12 insertions by plasmid rescue . PCR results 
indicated that a single pool contained both insertions. We 

M 1A 18 2A 28 3A 38 4A P M --- .. ----- . -- -
FIG. 3. PCR amplification between c3B7 and P element primers. 

Lanes M. size standards. Alphanumerically labeled lanes are ampli· 
fi cation products from each of the pools of 20 flies used to make the 
first rescued-plasmid library. Lane P, control amplification from the 
rescued plasmid . 
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used EcoR I partial digests of new fl y DNA preparations to 
rescue transposon-nanking sequences from each of 13 lines 
from this pool (2 lines were propagating poorly and so were 
not used to prepare DNA and 3 more lines did not yie ld 
drug-resistant colonies in this experiment). Mini preparations 
of plasmid DNA from 1-3 individual colonies for each line 
rescued were a nalyzed by Dt-.A gel blot hybridiz.alion . A 
c3B7 probe hybridizes to pla~mids from each of the lines 
tmphcated by PCR from which rescued plasmids were re
covered: lines 4.01. 4.03. 4.08. 4.10. a nd 4.13. The filter was 
stripped of the c3B7 probe and hybridized to a c4Dl2 probe . 
The c4Dl2 probe identified one line. 4.09. Since the 13 
plasmid-rescued lines were sufficient to identify one line 
bearing the c4D12 insertion and several bearing the c3B7 
insertion, we have not tried further to rescue plasmids from 
any of the remaining 5 line~. 

We failed to identify an insertion line for c8H9 by either 
method . From the pool of20 lines that produced the c8H9 Sac 
II rescue plasmid. 6 1tnes fa iled to propagate a nd could not be 
tested. Thts is a nomalous: we usually recover offspring from 
>909(; of single-male matings . It appears from the data that 
the initial c8H9 hybridization signal was due to a genuine 
insertion. but that the corresponding line was lost. 

In Situ Hybridization to Polytene Chromosomes. As a fi nal 
confirmation of the first two identified insertions. we tested 
whether the cDNAs for which we i~olated insertions and a 
PlacW element in the identified line are as~ociated with the 
same cytological location on polytene chromosome~ (Fig. 4). 
Biotin-labeled probes prepared from eDNA clones in pEXLX 
(24) a nd from rescued genomic sequences were individually 
hybridized to larval salivary gland polytene chromosomes 
from a wild-type strain (Oregon-R). PlacW insertions were 
localized by hybridizing a biotinyla ted pBR322 probe to the 
plasmid sequences of the tran~po~on in polytene chromo· 
somes from identified insertion lines. Each probe identities a 
single site in the genome and for each locus the eDNA. the 
rescued genomic ~equence. and the PlacW element all map to 
the same cytological locatton. 450 for clone c4Dl2 and 90D 
for c3B7. In addition to the results shown in Fig. 4. we have 
tested the location of PlacW elements in lines 4.01 and 4.08: 
these also indicate single PlacW insertions at 90D. The 
rescued fragment identified by c8H9 hybridizes to a single 
site at 71F. 

DISCUSSION 

With the advent of modtfied transposons for enhancer traps 
( 11. 25. 26). it has become possible to clone genes selected for 
either mutant phenotypes or expression patterns directed by 
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associated regulatory elements. We have used such modified 
transposons to take a different approach: isolating lesions in 
genes that correspond to cloned sequences. 

Comparative Advantages of This Method. The screen de
scribed here offers several advantages not shared by previous 
me!hods . Any presumed insertion can be rapidly verified by 
characterizing the rescued plasmid before investing signifi
cant time in attempting to isolate and characterize a line of 
flies. Moreover. each of the presumed insertions we have 
analyzed appears to reflect a genuine correspondence be
tween a contiguous rescued genomic fragment and a target 
eDN A, suggesting that the incidence of false positive signals 
should generally be low. Since the modified t ransposon 
carries a dominant visible marker (w+), isolation of subse
quent deletion a lleles by imprecise excision of the transposon 
(27-29). radiation mutagenesis, or exposure to chemical 
mutagens known to cause deletions (30) should be straight
forward. In addition . since very little extra effort is required 
to screen for insertions into additional loci and sufficient 
mass of rescued plasmid DNA is recovered from miniprep
arations. projects representing up to 104 unique target se
que nces (or more) should be feasible. This may prove useful 
for genome mapping and related studies. 

Fidelity of the Screen. From probes representing 760 PlacW 
insertion lines, we obtained hybridization signals to e ight 
clones in our array. We have characterized three of these 
insertions in detail to demonstrate that they a re genuine. 
rather than artifacts of the screening procedure. Chain
termination sequencing shows that each rescued plasmid 
contains a single P element terminus , as predicted. Gel blot 
hybridization to restriction-digested genomic DN A shows 
that each rescued seque nce represents a single continuous 
site in the genome, which encodes the corresponding eDNA. 
For c4D12 a nd c3B7, we have a lso shown that a PlacW 
element is present in the identified insertion line at the same 
cytological location as the rescued sequences and the eDNA. 
Similar criteria have now been used to verify and obtain lines 
for the c4B9 and clC2 insertions (although the latter appears 
to be a transposon: ref. 31 and B .A.H . and J. Liao. unpub
lished data). Since all of the insertions analyzed appear 
genuine . we conclude that the screening procedure is reliable. 

Screening Efficiency. We have used a collection of nearly 
850 eDNA clones (all but the eye-specific clones in ref. 1) as 
hybridization targets in th is screen. Cross-hybridization data 
suggest that these represent 682 discrete loci (1). However. 
preliminary DNA sequence data from a subset of a lmost 250 
of these clones suggest that 2-5% of the collection comprise 
related or identical clones (M.A.W., C.A.M., B .A.H ., and 
M.J .P., unpublished data). This is consistent with a report on 

FtG. 4. In situ hybridization to polytene chromosomes. Arrows indicate the sites of hybridization signals (90D in A-C: 45D in D-F ). Lines 
delimit the numbered division into which each signal falls. (AI Hybridization of eDNA clone c3B7-15 probe to polytene chromosomes from 
wild-type strain Oregon-R. (8) Rescued plasmid c3 B7. R2 hybridized to Oregon-R chromosomes. (C) pBR322 probe hybridized to polytene 
chromosomes from the insenion line 4.03. H ybridization is to the plasmid sequences of the PlacW transposon . (D) eDNA clone c4Dl2-ll, 
Oregon· R chromosom._. (£) Rescued plasmid 4Dl2R4.1. Oregon-R chromosomes. (F) pBR322 probe to insenion line 4.09. 
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eye-spec ific cDNAs from this collection (31). Thus, the 
number of distinct loci we have screened may be as low as 
650. 

We assayed 760 fly lines in this screen , predominantly 
carrying one PlacW element each. However, our dysgenesis 
scheme allows redundant isolations of single transposition 
events that occur in premeiotic germ cell s or their progeni
tors : for example. 9 individual lines bear the c3B7 insertion. 
Such clustering of identical insertions ill not surprising. While 
the transposase should be active quite early in development, 
the overall rate of transposition is low (]5-25% of male 
progeny from the mass-mated dysgenk females show .., ~ 
function) and any insertion that occurred very early in the 
germ lineage of one female would comprise a large fraction of 
the ..,· progeny in a given bottle (see Materials and Meth
ods ). Thus , the actual number of independent insertions 
represented by these flies is < 760. 

Modifications to the screening procedure should allow 
screening of the large numbers ofmutagenized flies needed to 
find insertions near single target sites. Mating flies en masse 
and hybridizing DNA gel blots of rescued libraries to cloned 
probes could save considerable labor . Alternatively , rescued 
plasmid libraries could be screened by PCR using two locus
spec ific primers a known distance apart. Having rescued only 
genomic sequences that flank an insertion obviates the need 
for a transposon-specific primer and knowing the size of 
legitimate amplification products reduces background caused 
by spurious amplification products. 

Sorting Lines. We described two methods for finding the 
appropriate insertion line among a pool of lines known to 
contain the insertion: PCR and flank ing sequence plasmid 
rescue. PCR is simple , rapid , and extremely efficient : how
ever , this high sensitivity makes it prone to contamination 
artifacts . Plasmid rescue assays are less sensitive to trace 
contamination , but the y require more starting material. 

The PCR sorting strategy we describe differs from those 
described by Ballinger and Benzer (7) and Kaiser and Good
win (8) in two important respects. First , the veracity required 
of the PCR to determine which line carries the identified 
insertion is much lower than that required to ask whether any 
line carries any such insertion. Second, we can predict the 
size of the genuine amplification product because our gene
specific primer is derived by sequencing the rescued genomic 
fragment from the P element primer. This more closely 
resembles the method of Kim and Smithie~ (6) and ought to 
alleviate the s ignal / noi se problems caused by spurious am
plification products. 
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ABSTRACT 

Drosophila P elements have been recently shown to transpose preferentially into nearby 

sites. Here we describe the use of P element local transposition for directed mutagenesis. 

Among transposants from a small pilot screen we isolated a new locus, encumbered, 

based on its visible phenotypes. This mutation is associated with a transposition from 

45Dl-2 to 45Cl-2. In a second set of experiments, we used a molecular screen to 

identify four different PlacW insertions near the DPTP99A gene among 938 independent 

lines derived by mobilizing an element at 99B 1-3. DPTP99A encodes an axonal 

receptor-linked protein tyrosine phosphatase and is located at 99A 7-8. All four insertions 

were isolated from a pool of 170 lines enriched for new transpositions by scoring a 

visible marker carried by the transposon. Imprecise excision of one inserted element 

produced a small deletion that removes most of the DPTP99A coding sequence. 

Embryos homozygous for this deletion lack detectable DPTP99A protein, but do not 

appear morphologically abnormal. We discuss the implications of these results for the 

roles of PTPs in neural development and for the design of efficient directed mutagenesis 

experiments based on local transposition. 
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Receptor-linked protein tyrosine phosphatases (R-PTPs) are transmembrane 

glycoproteins that may provide a direct link between selective cell recognition and signal 

transduction via control of tyrosine phosphorylation (reviewed by (Fischer, Charbonneau 

and Tonks 1991; Charbonneau and Tonks 1992). A specific role for phosphotyrosine 

regulation in axonal patterning is suggested by the finding of high concentrations of c-src 

in mammalian growth cones (Maness et al. 1988) and by the finding in Drosophila that 

certain double mutant combinations that include lesions in the D-ab/ tyrosine kinase gene 

produce severe disruption of central nervous system (CNS) axon pathways (Gertler eta/. 

1989; Elkins et al. 1990). More recently, three different R-PTPs (DLAR, DPTP10D, and 

DPTP99A) have been shown to be selectively expressed on CNS axons during embryonic 

development in Drosophila (Yang et al. 1991; Tian, Tsoulfas and Zinn 1991; Hariharan, 

Chuang and Rubin 1991). Each of these proteins has an adhesion molecule-like 

extracellular region composed of fibronectin type III (FN) repeats, with or without 

additional immunoglobulin-like (lg) domains, linked by a single transmembrane segment 

to one or two cytoplasmic PTP domains. To addTess the roles that R-PTPs play in the 

assembly of the CNS axon array, we have begun to search for mutations in the genes 

encoding these molecules. 

Because we were unsure whether a mutation in a single R-PTP gene would result 

in lethality or in any other predictable defect, we chose to develop mutagenesis strategies 

that would allow us to isolate lesions in these genes without making assumptions about 

the resulting phenotypes. The three axonal R-PTPs have similar structures and 

expression patterns, suggesting that they may have partially overlapping functions. 

Furthermore, the signal transduced by any one R-PTP may be functionally redundant at 

the cellular level with a signal transduced by a different biochemical mechanism. 

Mutations in other Drosophila genes encoding neuronal surface proteins often have no 

apparent embryonic phenotype and most are viable (Bieber et al. 1989; Elkins et al. 
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1990; Grenningloh et al. 1990; Nose, Mahajan and Goodman 1992). In at least one case 

this appears to be due to a redundancy of signalling pathways (Elkins et al. 1990). For 

DPTP99A , the lack of existing deficiency mutations spanning the gene also makes 

conventional strategies to identify lethal complementation groups in this region difficult. 

We have adapted a molecular screen for P element insertions (Hamilton eta/. 

1991) to identify new insertions adjacent to DPTP99A among local transposition events 

from an element located in 99B. The utility of P elements as mutagens is well known 

(Bingham, Kidwell and Rubin 1982; Rubin, Kidwell and Bingham 1982) and molecular 

screens for P element insertions have allowed mutations to be isolated in cloned DNA 

segments without regard to their phenotype (Ballinger and Benzer 1989; Kaiser and 

Goodwin 1990; Hamilton eta/. 1991). P elements have recently been shown to 

preferentially transpose to new sites in the vicinity of their original location (Hawley et 

a/. 1988; Tower eta!. 1993; Zhang and Spradling 1993) and an elevated transposition 

frequency can still be observed at distances of the order of a hundred kb (Tower eta/. 

1993). These data suggested that an efficient directed mutagenesis strategy could be 

developed by using a P element cytologically mapped near the target gene as a starting 

point for local transposition. Collections of mapped single insert lines have now been 

reported by several research groups (O'Kane and Gehring 1987; Cooley, Kelley and 

Spradling 1988; Bier et al. 1989; Bellen et al. 1989) and many are widely available from 

either individual laboratories or stock centers. 

An additional advantage of P elements as mutagens is that flanking sequence 

deletions can be recovered following mobilization of the transposon (Voelker et al. 1984; 

Daniels etal. 1985; Salz, Cline and Schedl 1987; Cooley, Thompson and Spradling 1990; 

Engels eta!. 1990). Such imprecise excisions of a nearby P element can provide a means 

to mutate genes refractory to direct P element insertion. An efficient mutagenesis 

strategy based on local transposition should thus include the screening of a large region 
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around the target gene for insertion events, so that insertions flanking the gene can be 

used to generate excision mutations. 

In this paper, we provide two examples of mutagenesis by local transposition. 

First, we describe the isolation of encumbered (enc), a new locus affecting 

morphogenesis of the wing imaginal disc that was uncovered by a local transposition 

from 45D1-2 to 45C1-2. Second, we describe the directed mutagenesis of DPTP99A 

using a stepwise molecular screen. P element insenions adjacent to the gene were 

generated by local transposition from an element in 99B and identified by screening 35 

kb of genomic sequence from the locus. An apparent protein-null deletion was generated 

by imprecise excision of one of these elements. 

MATERIALS AND METHODS 

Drosophila stocks: Single-insenion lines of PlacW, a P element derivative that 

contains a partially complementing w+ minigene and bacterial plasmid sequences (Bier et 

al. 1989), were maintained as homozygous stocks in a w- background. Line 4.09 carries 

a P/acWelement at 45Dl-2 on the second chromosome (Hamilton et al. 1991). Two 

equivalent isolates of a PlacW insertion at 99B 1-3, lines P1445 and P1446, were obtained 

from the Bloomington Stock Center as starting sites for local transpositions into 

DPTP99A. The immobile element P{ L12-3, ry+ ](99B), referred to below as L12-3 

(Robertson et al. 1988), was used as the transposase source in all experiments. The 

chromosome TM2, Ubx L12-3 was provided by J. Merriam. Other chromosomes and 

variants are described by Lindsley and Zimrn (1992). 

Local transposition screen on the second chr·omosome: The single PlacW 

element in line 4.09 was mobilized by mating w; PlacW females to S I ln(2L+2R)Cy, Cy 

E(S) Kpn; Sb L12-3 I TM2, Ubx L12-3 males. Dysgenic male offspring with the genotype 

w; PlacW I ln(2L+2R)Cy, Cy E(S) Kpn; +I Sb L12-3 were mated tow; S I CyO. 
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Phenotypically w+; s+ F2 males were crossed back to w; S I CyO and their w; PlacW 1 

CyO progeny were inbred to establish stable lines. 

Local transposition screens on the third chromosome: Lines P1445 and Pl446 

are equivalent and were used interchangeably. The PlacW element was mobilized in 

male gennlines by mating females to shi; Sb L12-3 I TM2, Ubx L12-3 males or by mating 

PlacW animals of either sex tow; Sb L12-3 I TM2, Ubx L12-3. Dysgenic males were 

mated 1-2 to a vial with w; TM3 I TM6B, Tb Hu females. Selected F2 animals were 

crossed back tow; TM3 I TM6B, Tb Hu to create stable lines. Dysgenesis products from 

female germlines were established similarly, except that only w; Sb Ll2-3 I TM2, Ubx L12-

3 was used to introduce the transposease source. Plasmid rescues of transposon-flanking 

sequences were as described (Hamilton et al. 1991), except that libraries were made by 

complete digestion with Eco RI. 

Generating deletions by imprecise excision: Transposons in the double insert 

lines CB24 and CB27 (described in text) were mobilized by matings to .0.2-3 as described 

for the third chromosome screen above, except that all dysgeneses were in male 

germlines and balanced F2 animals were selected for reduction or loss of w+ function. 

Lines established from selected F2 males were analyzed for deletions into the DPTP99A 

gene by genomic DNA gel blot hybridization against a eDNA probe. The breakpoint of 

the HA64 deletion that lies within the gene was further mapped by gel blot hybridizations 

of genomic DNAs, digested with a panel of restriction enzymes, to a variety of genomic 

and eDNA probes. The other HA64 breakpoint apparently lies outside of the cloned 

region. We do not detect a cytological deficiency associated with HA64. 

Immunohistochemistry and other methods: Immunohistochemistry on whole 

mount Drosophila embryos using HRP-conjugated secondary antibodies was performed 

as described (Elkins eta/. 1990) except that signal detection was enhanced in most 

experiments by adding NiCl to 0.03% in the staining reaction. Monoclonal antibody 
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6C8C3 is directed against an amino terminal portion of DPTP99A and has been described 

previously (Tian eta/. 1991). The antibody used to visualize CNS axons is BP102 

(expression pattern shown in Elkins et al. 1990). PNS axons were visualized using MAb 

22C1 0 (Fujita eta/. 1982). The anti-fasciclin MAbs were: 6D8 (fasciclin I; Hortsch and 

Goodman 1990); 1D4 (fasciclin II); 2D5 (fasciclin III ; Patel, Snow and Goodman 1987). 

All MAbs were obtained from C.S. Goodman and colleagues. Molecular biology 

procedures were by standard methods or as described in Sambrook, Fritsch and Maniatis 

(1989). 

RESULTS 

Mobilization of P4.09 and isolation of encumbered: In an attempt to isolate 

intracistronic transpositions for a locus at 45Dl-2 (Hamilton eta/. 1991), we generated a 

series of w+ transposition derivatives of the PlacW strain 4.09 (Fig 1: cross scheme). F2 

males were only selected qualitatively for w+ function, not for altered levels of 

complementation. Genomic DNA was prepared from 50 w+ lines, digested with EcoRI, 

and used for gel blot experiments. Hybridization with a pBR322 probe (corresponding to 

one end of the transposon) and a lacZY probe (derived from the other end) identified new 

insertions in 20 of the 50 lines (DNA of such lines retains one or both ends of the donor 

element plus one new band detected with either probe). Of the remaining 30 lines, 28 

show no change from the parental line with these probes and two lines contain deletions 

of one end of the element. Correlation of these gel blot hybridization results with a score 

of eye color intensity indicated that new transpositions could often be visually identified 

by an increased level of w+ complementation. Similar results were obtained in a screen 

involving transpositions from a lethal PlacW insertion at 90D (data not shown). 

Although none of the lines examined contained a new insertion within the region 

of interest at 45D 1-2, one line was saved for further analysis because of its visible defects 
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and adult lethality. Homozygous adults have crumpled wings, often with incised 

margins, and a variable number of missing thoracic bristles. These adults are hypoactive 

and infertile, and die prematurely. We call this new locus encumbered (enc), reflecting 

the appearance of adults during locomotion. In situ hybridization to polytene 

chromosomes reveals a new PlacW insertion at 45C1-2. It is not yet clear whether the 

phenotypes are due to the new insertion or a small rearrangement of the donor site at 

45D1-2, as we have been unable to separate these sites by recombination. However, we 

have been able to isolate a high frequency of w-, transposase-induced reversions of the 

morphological and viability defects, strongly suggesting that these phenotypes are 

associated with at least one of the insertion sites. This allele of enc complements at least 

one class of lethal excisions generated from the 450 transposon, implying that enc is 

located at 45C. enc also complements at least one allele of each of three nearby genes 

that have similar phenotypes: apterous, bloated and vestigial. 

Plasmid rescue screens for PlacW insertions near DPTP99A: We began 

screening for ?-element insertions at DPTP99A using a plasmid rescue and hybridization 

strategy (Hamilton et al. 1991) . To identify insertions within a region of interest, 

genomic DNA from pools of PlacW transposant lines is digested with a restriction 

endonuclease, ligated to form covalent circles, and transformed into E. coli. Colonies 

recovered after drug selection comprise a plasmid library of Drosophila sequences that 

flank PlacW insertion sites. The library is then screened by hybridization to identify 

pools in which one or more lines contain transposons located within the target region. 

The crosses used to generate transposant lines for the DPTP99A experiments are shown 

in Figure 2. Transposants were generated from line P1445, which contains a single 

PlacW element that we have mapped to 99B 1-3 by in situ hybridization to polytene 

chromosomes. Plasmid libraries rescued from pools of these lines were radiolabeled and 

hybridized to filters containing a set of genomic and eDNA clones that span 35 kb at the 
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DPTP99A locus (Figure 3). Probes from each end of this 35 kb region and from the 

eDNA hybridize to the 99A 7-8 doublet of salivary gland polytene chromosomes. 

In one experiment, we established and screened stable lines from the darkest-eyed 

F2 male from each of 766 Fl mating vials (Table 1 ). Rescued-plasmid libraries from all 

of these lines (pool size 20- 140) were hybridized to the DPTP99A clones. In this 

screen, we were unable to identify any insertions in the region spanned by the clones, 

although two pools exhibited hybridization to clone A.gl that could not be reproduced 

with subpools or single lines. 

To improve the efficiency of screening, we tried to generate F2 populations that 

were enriched for new transposition events. From a separate set of Fl crosses, we 

established lines from 170 independent F2 progeny whose eye color appeared distinct 

from that of age-matched same-sex controls carrying the parental P1445 chromosome 

over TM3, Sb or TM6B, Tb Hu (Table 2). The rate of transposition appeared low as 

measured by scoring eye color changes, and we collected only an average of one 

transposant per 6.25 vials in this experiment. Rescued-plasmid libraries from 98 of these 

lines were hybridized to the DPTP99A clone set. One library pool of 40 lines hybridized 

to clone A.gl. From this pool we recovered two independent lines, CB24 and CB27, 

which bear insertions adjacent to the 3' end of the gene. These insertions are both within 

a 4.3 kb EcoRl fragment, one end of which is 4 kb 3' to the end of the DPTP99A coding 

sequence (Figure 3). The remaining plasmid rescue pools failed to hybridize to the clone 

set. 

Genomic DNA gel blot screen for insertions near DPTP99A: To ensure that 

we were not missing any insertions by the plasmid rescue strategy, 60 of the negative 

lines (98 minus a subpool of 18 that had been rescreened to isolate CB24 and CB27 and 

20 for which either w+ was not balanced on the third chromosome or the eye color 

closely resembled that of the P1445 stock upon rescoring), as well as the remaining 72 
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untested lines, were screened individually by genomic DNA gel blot hybridization. DNA 

samples from 132 insertion lines, as well as from P1445 and w; TM3 1 TM6B controls, 

were each digested with Eco RI and used for gel blot experiments. Filters were 

hybridized to several probes spanning 36 kb of the DPTP99A locus. These included a 

eDNA containing the entire protein-coding sequence, and genomic fragments 

corresponding to 6 kb of 5' flanking and 4.3 kb of 3' flanking sequences (see Fig. 3). 

Polymorphisms were only detected using the 3' flanking probe, which corresponds to the 

4.3 kb genomic Eco RI fragment into which the CB24 and CB27 elements are inserted. 

This probe detected a polymorphic band in each of two new lines, FA30 and FB 15, that 

were among the 72 lines that had not been included in the plasmid rescue pools (Fig. 4). 

None of the lines that had tested negative in the plasmid rescue experiment showed 

polymorphisms with any of the probes. 

We also used the gel blots to estimate the number of transposition events 

represented in the enriched lines by hybridization to a pBR322 probe (Table 3). This 

detects the Eco RI fragment adjacent to the right end of each intact transposon. 

Hybridization of the gel blots to labeled pBR322 detects new bands in 109 of the 132 

lines examined. Of these 109 lines, 101 appear to be double inserts, having both the 

parental band (corresponding to the P/acW at 99B 1-3) and a second, polymorphic band. 

One additional line shows hybridization to at least three distinct bands. The remaining 

seven lines do not show the parental band and could result from either single new 

insertions with loss or rearrangements of the sta11ing transposon. 

Characteristics of insertion lines: Two of the double insertion chromosomes, 

CB24 and FA30, are recessive lethal and a third, CB27, is male sterile. The FB15 double 

insertion chromosome is homozygous viable and fertile in both sexes. We note that the 

severity of the insertion phenotype is inversely proportional to the distance between the 

inserted element and DPTP99A. Fut1hermore, homozygotes for the lethal CB24 
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chromosome are well stained by a monoclonal antibody (MAb 6C8C3) against the 

extracellular domain ofDPTP99A (Tian eta/. 1991), suggesting that loss ofDPTP99A 

expression is not the cause of lethality in this line. 

We have al so assessed the state of the donor element at 99B in the insertion lines. 

Plasmid rescue of sequences on each side of the transposon allowed us to design PCR 

primers on each side of the P/acW element that produce a unique product in combination 

with a primer complementary to the P terminal repeat. DNA prepared from each line 

supports the amplification of a product the same size as that from parental line P1445 for 

the right (plasmid) side of the transposon. In addition, hybridization of a pBR322 probe 

to genomic DNA from each line shows the same size fragment as the parental line. In 

contrast, none of the four lines yields a parental-like product from the left (lacZ) end: 

FB 15 DNA supports the amplification of an abnormally large product (whose origin we 

have not determined), while none of the other lines yield any product. Furthermore, 

hybridization of pBR322 to Bam HI-digested genomic DNAs reveals only a new band 

larger than the parental band in all cases (data not shown). This suggests that the right 

end of the donor element has remained intact while the left end or a sequence flanking it 

has been deleted or modified on each chromosome. It is also worth noting that each of 

the 99A secondary insertions is in the same orientation, although they have different 

locations within the Eco RI fragment. This orientation selectivity is consistent with other 

recent reports on local transposition events (Tower eta/. 1993; Zhang and Spradling 

1993). 

Generation of an apparent protein-null allele by imprecise excision: To 

generate a mutation that would eliminate DPTP99A expression, we remobilized the 

PlacW elements in the first two insertion lines, CB24 and CB27. We established 112 

lines that had visibly reduced w function, 63 lines from CB24 and 49 from CB27. Gel 

blots of Eco RI-digested genomic DNA were serially hybridized to a eDNA probe and a 



67 

5' flanking sequence probe (see Fig. 3) to detect breakpoints of deletions that would 

remove DPTP99A protein-coding sequences. One line, HA64, was isolated on this basis 

(Fig. 5). The 5' breakpoint of this deletion lies in the large 5th intron, removing the 

cytoplasmic PTP domains but leaving the exons encoding the N-terminal extracellular 

and transmembrane domains intact. 

To examine whether DPTP99Al-IA64 homozygotes might express a truncated 

DPTP99A protein, we stained embryo collections with MAb 6C8C3, which recognizes 

the extracellular domain. Virgin females of the genotype w; HA64 I+ were collected and 

mated to males of the same genotype. Embryos were aged to 12-15 hrs at 25°C before 

fixation and stained with the MAb using nickel-enhanced HRP immunohistochemistry. 

Approximately one-quarter of the embryos collected from HA64 I+ parents failed to 

stain with 6C8C3 (Table 4). In contrast, parallel experiments with collections from either 

w; CB24 I TM3 or w; +I+ showed strong staining in every embryo. The distinction in 

staining is illustrated in Fig. 6. 

We have examined the morphology of the embryonic CNS in HA64 homozygotes 

by staining embryos with several MAbs that detect epitopes expressed on neuronal cell 

surfaces. Dissected ventral nerve cords and body walls from stained whole-mount HA64 

homozygous embryos were compared to those from their heterozygous and wild-type 

sibs. We saw no obvious defect in homozygous HA64 embryos stained for epitopes 

expressed on most or all CNS (MAb BP102) or PNS (22C10) axons. For CNS axons, 

which are very densely packed, such an assay can only detect fairly severe disruptions in 

the axon array. We also examined specific CNS axon bundles using MAbs against the 

three fasciclin proteins, which are expressed on different axon subsets (Patel eta/. 1987; 

Zinn, McAllister and Goodman 1988; Grenningloh, Rehn and Goodman 1991; 

McAllister, Goodman and Zinn 1992). The fasciclin II MAb allows visualization of most 
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motor axon bundles in the periphery. No alterations were observed in HA64 embryos 

using any of these markers. 

DISCUSSION 

Tower et al. (1993) have recently shown that P elements preferentially transpose 

to nearby chromosomal sites. In this paper, we demonstrate that local transposition can 

be used as a tool for efficient directed mutagenesis by tagging a new genetic locus based 

on its visible phenotypes and by isolating a mutation in DPTP99A solely on the basis of 

molecular criteria. Our results show that genes located as far as one letter division of the 

standard polytene chromosome map away from a P element insertion site can be targeted 

by local transposition. By extrapolation to other regions of the genome, this indicates 

that the current density of mapped P element single insertions (approximately 1500 are 

currently available from the Bloomington Stock Center) is sufficient to attempt directed 

mutageneses of most Drosophila genes. These results also suggest that a small array of 

selected P element lines could be used to saturate the P element-mutable sites within a 

defined genomic region in an efficient manner. 

Isolation of encumbered: In a small local transposition screen of 50 F2 lines, we 

isolated encumbered, a new genetic locus associated with a PlacW transposition from 

45Dl-2 to 45Cl-2. Encumbered is required for proper morphogenesis in the wing 

imaginal disc. The structures primarily affected by enc at the gross anatomical level are 

the wings themselves and thoracic bristles derived from the wing disc. Bristles derived 

from other imaginal cells are not affected. The adult lethality is probably due to other 

sites of action. The phenotypes present in enc are reminiscent of apterous and vestigial, 

both of which complement enc, and it will be of interest to assess possible genetic 

interactions among these loci. 
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Directed mutagenesis of DPTP99A : We established and screened a total of 938 

PlacW lines derived from an insertion at 99Bl-3. Of these, 766lines were established 

from males that had the darkest eye color in their respective vials, but were not compared 

to controls. In similar but separate crosses, an additional 170 lines were established from 

F2 animals whose eye color appeared to differ significantly from that of age-, sex-, and 

genotype- matched animals carrying the parental chromosome. All four of the insertions 

isolated near the DPTP99A target gene were found in this smaller collection. This 

highlights the importance of following changes in expression of a visible marker on the 

transposon to the efficiency of the screen. The 170 selected P 1445 transposants were 

likely enriched at least 6-fold for new insertions relative to the more naive screen, 

containing new transposon sites in approximately 80% of the lines examined. In a similar 

experiment with a P lwB element at 99A5-6, transposant lines could not be enriched for 

additional insertions by scoring eye color due to the high level of w+ function provided 

by a single copy of the original insert. Hybridization of genomic DNA gel blots to 

pBR322 revealed only 11 new transposon sites among 60 lines, or 18% (B. A. H., 

unpublished results.) The ability to effectively discriminate between zero, one, and more 

copies makes the partially-complementing w+ minigene in the PlacW element a valuable 

marker for local transposition experiments (Bier eta!. 1989; Golic and Lindquist 1989). 

Since all four of the new PlacW insertions that we obtained near DPTP99A are 

located in a 4.3 kb EcoR 1 fragment 3' to the coding sequence, we induced an excision of 

one of these elements that generated a null deletion mutant. Interpretation of the 

phenotype of this null allele, DPTP99AHA64, is complicated by the recessive lethality 

conferred by the original insertion, CB24. Our results suggest that a portion of one or 

more loci mutable to lethality (by the CB24 and FA30 insertions) or to male sterility (by 

the CB27 insertion) may lie within the 4.3 kb EcoR 1 fragment. Thus, we cannot 

determine from our data whether a mutation affecting only DPTP99A would confer 



70 

lethality. Nevertheless, we have shown that there is no gross visible defect in the 

embryonic CNS associated with a null mutation in DPTP99A. 

General considerations for directed mutagenesis screens. The ability to 

select new transposition events by visually scoring changes in w+ function conferred by 

an increase in PlacW copy number was essential for the success of our screen. Our 

results also suggest that because the coding sequences of a gene may prove refractory to 

transposon insertion, intronic and flanking region DNA should also be used as a target in 

local transposition screens. Excision derivatives of the initial insertions can then be 

generated to create null alleles. 

Several methods allow identification of lines bearing insertions in a desired 

region. Genomic DNA gel blots are useful for monitoring the rate of transposant 

recovery and for screening small numbers of transposant lines for desired insertions. We 

isolated two insertions adjacent to DPTP99A by analyzing DNA gel blots of 132 lines. 

Mass-screening strategies based on plasmid rescue or PCR, however, allow the recovery 

of lower probability events from larger pools of insertions (Ballinger and Benzer 1989; 

Kaiser and Goodwin 1990; Hamilton et al. 1991 ). We used plasmid rescue from a total 

of 866 lines to isolate two additional insertions near DPTP99A. 

Zhang and Spradling (1993) have reported that the distribution of transposon 

insertion sites differs between those generated in male germline and those generated in 

female germlines, with males being more prone to hot and cold spots. This suggests that 

while male germline transpositions may be used to quickly saturate relative hot spots, 

female germline transposition should also be employed in order to obtain a broader 

distribution of insertion sites. In our screen, however, the only insertion generated by 

transposition in the female germline was localized to the same 4.3 kb EcoR 1 fragment as 

the three insertions generated in male germlines. 
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Our isolation of four insertions near the target gene from among 170 selected lines 

(936 total lines) represents a large increase in efficiency relative to molecular screens that 

rely on interchromosomal transpositions (Ballinger and Benzer 1989; Kaiser and 

Goodwin 1990; Hamilton et al. 1991). For example, in an earlier plasmid rescue screen 

for interchromosomal transpositions into sequences corresponding to a collection of 

nearly 700 eDNA clones, insertions were isolated for only about 1% of the target 

sequences among 760 transposant lines carrying autosomal insertions (Hamilton eta/. 

1991). The 4.3 kb EcoR1 fragment containing the four insertion sites is apparently a 

local hot spot for P element insertion within the 35 kb of screened genomic DPTP99A 

DNA. Our ability to identify the insertions does not mean that this DNA segment is a 

prominent third chromosome hot spot, however, since no P elements had been identified 

at this site among the collections to which we had access. 

Our identification of the encumbered locus demonstrates the utility of local 

transposition for transposon tagging genetically defined sites prior to cloning. In 

addition, this suggests that local transposition screening may allow efficient saturation of 

?-mutable sites within a defined region of the genome. This may facilitate the genetic 

analysis of genomic regions refractory to other approaches (Kongsuwan, Dellavalle and 

Merriam 1986). 

Possible functions of DPTP99A in Drosophila embryonic development. 

The DPTP99A proteins have an extracellular domain composed of three FN repeats, and 

two cytoplasmic PTP homology domains (Yang et a/. 1991; Tian et al. 1991; Hariharan, 

Chuang and Rubin 1991). It is closely related (63% identity in the first PTP domain) to a 

human R-PTP, HPTPy (Kreuger, Streuli and Saito 1990). DPTP99A protein is 

predominantly localized to CNS axons in the embryo, and is apparently present on all 

axon bundles. It is expressed from the beginning of axonogenesis (stage 12/5 of Klambt, 

Jacobs and Goodman 1991) and this expression is maintained until at least stage 16. 
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We do not detect a CNS phenotype in embryos homozygous for the null 

DPTP99AHA64 mutation. However, our ability to detect a phenotype is limited by the 

available antibodies, and MAbs recognizing all CNS axons can only reveal major defects. 

Although DPTP99A protein is expressed on most or all axons, its activity may be 

uniquely required in only a subset of axon bundles that is not visualized with the anti

fasciclin MAbs. Alternatively, perhaps DPTP99A activity is required only for later 

events such as synaptogenesis rather than for axon outgrowth and guidance. 

The lack of a CNS phenotype for HA64 could also suggest that the axonal R

PTPs may be functionally redundant. However, the Drosophila R-PTPs are more closely 

related to human cognates than to each other (Strueli eta!. 1989; Tian eta!. 1991) and 

this evolutionary conservation argues against a complete redundancy for both ligand and 

substrate specificity. Perhaps DPTP99A transduces a signal to a unique set of 

cytoplasmic substrates , but the ultimate effect of this signal in any given cell is 

redundant with a signal produced by another pathway. 

If DPTP99A activity is functionally redundant, analysis of double mutant 

embryos in which a null DPTP99A mutation is combined with mutations in other genes 

may help to elucidate its role in CNS development. We are currently attempting to use 

local transposition to generate mutations in two other Drosophila R-PTP genes. 

Mutations in genes encoding other molecules that interact with phosphotyrosine signaling 

pathways might also produce interesting double mutant phenotypes when combined with 

DPTP99AIIA64_ The fasciclin I mutation has no known embryonic phenotype as a single 

mutation, but causes severe disruptions of CNS axon pathways when combined with a 

mutation in the D-ab/ tyrosine kinase gene (Elkins eta/. 1990). We are currently 

combining the DPTP99AHA64 mutation withfascicfin I, II , Ill, and D-ab! mutations in 

order to determine whether such a conditional phenotype can be observed. 
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Table 1: Naive w+ F2 screens 

Germline sex, L12-3 source Fl matings #F1 I vial F2 mated Plasmid screen 

male, Sb L12-3 182 1 157 157 

male, TM2, Ubx L12-3 37 1 22 22 

male subtotal 219 - 179 179 

female, Sb L12-3 31 1 31 30 

female, TM2, Ubx L12-3 750 1 641 559 

female subtotal 781 - 672 589 

TOTAL 1000 - 859 768 



0 
00 

Table 2: F2 screens enriched by eye color scoring 

Germline sex, L12-3 source F1 Average# 

matings F1 I vial 

male, Sb L12-3 753 1.9 

male, TM2, Ubx L12-3 2::200 1.9 

male subtotal 2::953 1.9 

female, Sb L12-3 327 1.4 

female, TM2, Ubx L12-3 215 1.3 

female subtotal 542 1.3 

TOTAL 2::1495 -

Fertile F1 

matings 

702 

2::160 

2::862 

310 

206 

516 

2::1378 

F2 Plasmid Gel blot Total Lines 

selected screen screen screened isolated 

116 57 76 87 1 

54 18 6 24 2 

170 57 82 111 3 

56 28 39 45 

19 13 11 14 

75 41 50 59 1 

245 98 132 170 4 
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Table 3: Genomic DNA gel blot hybridization to pBR322. 

Germline sex ~-3 source #F2 scored No Single Double Triple 

change insert 

male Sb L12-3 76 9 4 60 3 

male TM2, Ubx L12-3 6 1 1 3 1 

female Sb L12-3 39 7 2 30 0 

female TM2. Ubx L12-3 11 8 1 2 0 

TOTAL 132 25 8 95 4 

TABLE 4. Staining of whole mount embryos collected from HA641+ parents 

Batch Parental genotype #stained #unstained %unstained 

1 w; HA64 I+ 363 114 23.9 

2 w; HA64 I+ 245 65 21.0 

3 w; +I+ 138 0 0.0 
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FIGURE LEGENDS 

FIGURE l. Second chromosome mobilization scheme. 

FIGURE 2. Third chromosome mobilization scheme. 

FIGURE 3. Map of DPTP99A locus. Half-filled triangles represent the insertion site 

and orientation of isolated PlacW insertions: 1, CB24; 2, CB27; 3, FB 15. The filled side 

represents the plasmid end of the element. The open bar shows the sequences removed 

by the HA64 deletion. The 3' end of the deletion has not been mapped. EcoRI sites are 

indicated by short vertical lines on the unlabeled bar. The site marked with * is not 

present on TM3. The eDNA clone used in these experiments is truncated at a SnaBI site 

in the 3' untranslated region. Positions of exons relative to the genomic map are from 

(Yang et al. 1991). Genomic clones in J..GEM-11 were isolated by hybridization with 

fragments of the eDNA. Probe A is derived from a 6.5 kb Sali-Scai fragment from a 

bacteriophage P1 clone of the region. Probe B is a 4.3 kb Eco RI fragment isolated from 

J..gl. 

FIGURE 4. Screening insertions with DNA gel blots: isolation of FA30 and FB 15. Gel 

blots of Eco RI-digested genomic DNA from each of 132 independent PlacW insertion 

lines generated from a single insertion at 99B were hybridized with probes from the 

DPTP99A locus. Several lanes of one gel hybridized to a labeled 4.3 kb Eco RJ fragment 

flanking the 3' end of the gene (probe B in figure 3) are shown. The lane marked "a" 

corresponds to line FA30 and "b" to line FB 15. 

FIGURE 5. Excision line HA64 contains a deletion into the 5th intron of DPTP99A. A. 

Gel blots of Eco RI-digested DNA from several excision lines hybridized to the eDNA 

probe shown in figure 4. Lane 2 is line HA64. B. The HA64 deletion breakpoint lies 

within the 5th intron. DNA from lines CB24 I TM3 (lanes 1 and 4), HA64 I TM3 (2 and 
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5), and P1445 (3 and 6) was digested with Hind III (lanes 1-3) or Eco RI (lanes 4-6) and 

used to prepare gel blots. Filters were hybridized with a PCR product from eDNA that 

corresponds to the transmembrane segment (amino acids 323 to 406 from Tian eta/. 

1991). 

FIGURE 6. Detection of DPTP99A protein in whole mount embryos stained with MAb 

6C8C3. The embryos shown in (A) and (B) are from the same 12-15 hr. old embryo 

collection from a DPTP99AHA64f+ stock, and are of approximately the same age. A. 

DPTP99A expression is detected by MAb 6C8C3. B. The lack of 6C8C3 staining shows 

that DPTP99A is not expressed in homozygous HA64 embryos. 
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Encumbered is required for proper morphogenesis 

in the Drosophila imaginal wing disc 

Bruce Hamilton 

Summary 

I describe in more detail the encumbered (enc) mutation, which was briefly described in 

chapter 4. This mutation affects adult structures derived from imaginal wing discs as well 

as adult longevity and fertility. I propose a candidate eDNA as the affected locus. 

Materials and Methods 

Drosophila stocks and variants have been described previously (Hamilton et al. 1991; 

Lindsley and Zimm 1992). All stocks were reared at 22-25°C on standard food. Plasmid 

rescue of transposon flanking sequences and subsequnt isolation and sequencing of eDNA 

clones were carried out by described methods (Hamilton et al. 1991; Hamilton, Palazzolo 

and Meyerowitz 1991; Strathmann et al. 1991 ). PlacW mobilizatin crosses to generate 

excisions used the same crossing scheme described for the second chromosome screen in 

Chapter 4, except that w- progeny were selected in the F2 generation. 

Results 

Isolation of the encuberedl allele: The en(_.l mutation was recovered as an 

exceptional progeny after genetic mobilization of a PlacW element on the second 

chromosome in a screen for intrachromosomal transposants (Chapter 4). The striking 

phenotype in anesthetized homozygous animals is the tortuously crumpled appearance of 

the wings (Figure 1). In awake animals, the held-up, distorted wings contribute to 

locomotive difficulties and relative inactivity that are partially relieved by their removal. 
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With or without their wings, the animals all but cease to move early in adulthood, clinging 

to the side of the culture vial until they eventually and prematurely expire. These 

phenotypes led to the characterization of these flies as being encumbered and this has been 

formalized as a name for the mutant. 

The mutant chromosome carries both the donor element at 45D 1-2 and a newly 

inserted element at 45Cl-2. Although the parental insertion line shows no phenotype, 

DNA gel blotting experiments suggest a rearrangement of sequences flanking the donor 

element. Efforts to separate the two insertion sites by meiotic recombination have been so 

far unsuccessfu l. Thus, it is not clear which of these inserion sites is responsible for the 

phenotypes. 

Morphological defects: The degree of wing defOimity in encl homozygotes varies 

from a crumpled umbrella-like appearance, as shown in Figure 1, to a nubbish appearance 

similar to that described for severe alleles of vestigial or apterous (Lindsley and Zimm 

1992). The milder phenotypes are the more common. In addition to altered topography of 

the wing blade, incisions of the wing margin are frequent among encl homozygotes. Such 

incisions also have been in at least some alleles of a variety of Drosophila genes that are 

mutable to lethality and play a role in neural development, including cut, Notch, scalloped, 

and Serrate. 

Thoracic structures derived from the wing di scs are also affected by the encl 

mutation. Bristles, less frequently their sockets, and much less frequently patches of 

scutelum are deleted or deformed in homozygotes. The bristles are not affected uniformly, 

ranging from 6% of posterior dorso-central bristles missing up to 73% of anterior 

notopluerals, as illustrated in Figure 2. 

Lethality and sterility: Homozygous adults are rare in the balanced stock. When 

observed at low population density in vials, these animals tend to become stuck by their 

deformed wings to the food or to the side of the vial and soon perish. However, 
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homozygous adults whose wings have been removed with spring scissors under C02 

anesthesia have significanty higher mortality rates than heterozygous or wild-type controls 

(Figure 3), indicating that the wing defonnity and subsequent immobilization are not the 

primary cause of the premature adult deaths in these animals. 

Matings between homozygous adults are invariably sterile, even when the adults 

survive for several days. Homozygous females are occasionally fertile when mated to 

nonmutant males, but their fecundity remains low. Homozygous males appear to be 

completely sterile. The basis for this sterility has not been investigated. 

Excision alleles and revertants: Mutations caused by the insertion of a P element 

can often be reverted at high frequency by remobilization of the element. I generated 40 w

derivatives of the double insertion chromosome by mating in a stable source of transposase 

(Robertson et al. 1988) for one generation. Thirty-four of these excision lines were back

crossed to the encl allele. Heterozygous progeny from 25 excision lines showed no wing 

defect, one produced a less severe phenotype than encl homozygotes, and seven produced 

progeny indistinguishable from encl homozygotes. The remaining line failed to produce 

any encl I excision progeny in this cross. 

Candidate cDNAs: The genomic sequences flanking each insertion site have been 

recovered by plasmid rescue and used to isolate eDNA clones from a variety of libraries, 

including libraries constructed from embryos, adult heads, antennae, and larval imaginal 

discs. Sequence from cDNAs representing several transcription units flanking the 45D 

insertion site reveals no open reading frames (B. H. and J. Liao, unpublished results). A 

single transcribed sequence, which contains a long open reading frame, is detected by RNA 

gel blots or eDNA library screening with probes derived from the 45C insertion site. 

The nucleotide sequence and predicted open reading frame of the 45C transcript are 

shown in Figure 4. The site of the PlacW insertion within 3' untranslated sequence is 

indicated. This sequence does not show significant similarity to any sequences reported in 
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current databases. The predicted novel protein is unusual in its high content of so-called 

PEST sequences and in its high content of charged residues except histidine. 

Discussion 

Because the encl chromosome contains new lesions at both 45Dl-2 and 45Cl-2, it 

is not yet clear which of these sites is responsible for the mutant phenotypes or even 

whether all the phenotypes are attributable to one locus. However, the recovery of a high 

frequency of excision-mediated revertants strongly argues for an association between the 

observed phenotypes and at least one of the inserted PlacW elements. One argument in 

favor of the 45C site is that the suspected 45D rearrangement nevertheless leaves both ends 

of the donor element intact and does not seem to involve a third insertion site. A 

rearrangement with these characteristics is unlikely to be functionally reversed by 

remobilization of the transposons. Furthermore, the variability in morphological phenotype 

and ability to recover apparent non-complementing lethal alleles are that the encl allele is a 

hypomorph. This would be consistent with an insertion into 3' untranslated sequence, 

which could lead to alterations in RNA splicing, stability, or translation efficiency, but 

probably not to its total blockage. Further elucidation of the molecular biology underlying 

the enc locus will require germline transformation and complementation experiments with 

cloned DNA segments. 

Acknowledgements: I thank J. Liao for sequence analysis of several 45D cDNAs; Ed 

Lewis and Sue Celniker for assistance with the photograph in figure 1; and G. Rubin, J. 

Fristrom, and M. McKenna for larval and antenna! eDNA libraries. 
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Figure legends 

Figure 1: Photograph of a typical encl homozygote (left) and a homozygote of the 

parental single PlacW line, 4.09 (right). 

Figure 2: Thoracic bristles derived from wing discs are not uniformly affected by the 

encl mutation. Percentages give the frequency with which the inclicated bristle is missing 

in homozygotes. 

Figure 3: Survival curve. Homozygous male or virgin female adults and heterozygous 

male adults were collected from a w; encl I CyO stock 0-24 hr. after eclosion. Wings were 

removed from each animal under C02 anesthesia. Animals were maintained at 25°C in 

glass culture vials with standard food. Each vial was started with either 10 males 

(heterozygotes and 2 homozygote vials) or 10 virgin females ( 1 homozygote vial). For 

each genotype, 30 animals were observed periodically for 10 days. No cliscrepancy in 

survival rate was noted between male and female homozygotes. 

Figure 4: Sequence analysis of a candidate eDNA for enc. Consensus nucleotide 

sequence of three eDNA clones isolated from adult head libraries and conceptual translation 
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of the long open reading frame. Neither the nucloetide sequence nor the translated amino 

acid sequence detects significant similarity to entries in the public databases. The 

integration site of the PlacW element is indicated by the arrow. 
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121 

100 

ACCGGATCGA ATTCGAGCTC GTTTTAAATA AACATTTAGT 
CAGTTGCGTT TTCGACAAAT TAAAAACAAT TTCTTAAAAT 
GTTTTAAATA CATCCAATTA AATGGCTGCC CTGGCCAGCT 

MAA LAS 

TTTAAACATT CTCAAAAAAA 
AAGCAGTTGT AGTCATCTAA 
TGACTGCCCA GTACACGGAT 
LTA OYTD 

181 TCCGAGAACG AGGGCGATGC TAGTCCAGAT TCACAAAACT CCACGGCGTC CCTGGTAATC 
SENE GOA S~D SONS TAS LVI 

241 ATACCGCCCA AGCGACCCAC GCCGACGCCC ACCAAACAGG ACGAAGAAAG CAAGCGATCT 
I~PK R~T ~TP TKOD EES KRS 

301 AAGGAGAAGA AAAAGAAGCG GGCCGAGAAG GTGCGTCGGT TGGTGAGCTA CCAGGATGAC 
KEKK KKR AEK VRRL VSY ODD 

361 ACCCTGATTT CTGACGAGGA CGAGGACCGC GCCGCAGCGT CCTCTAGTGA AGAGGAGTCC 
TLI S OED EDR AliAS SSE EES 

421 AGCAGTGGCG ACGAGAGCAA TAGTTCCAAT TCCCAGAGCG AAGACAGTCC CAAAGCCAAG 
SSGD ESN SSN SOSE DSP KAK 

481 GATAAAAGCA ATGCTGGTAG TGGTTCCAAG GACGGGGACA CGCCCATGGA GGTGGACGAG 
DKSN AGS GSK DGDT PME VDE 

541 GAGCCGGCAT GTTTCCCGGT CGAAGAACGC ACGGCTGAGA GCTACGAAAA GGATGCCAAG 
EPAC F'~V EER TAES YEK OAK 

601 TACGCCAAGT ACAAGTTCCA GCTGCCACCC GAGCCAAAGG GGAAGCCGTC CGCCGAATTA 
YAKY KF'O LPP EPKG K~S AEL 

661 GTGGCCAAAA TCACTAAAAT GTACACAAAG ATGAACCAgA CCAATATGGA CATGAATCGC 
VAKI TKM YTK MNOT NMD MNR 

721 GTAATACAGG ATCGCAAGGA ATTTCGCAAT CCCAGCATAT ATGACAAACT AATAAGCTTT 
VIOD RKE F'RN PSIY DKL ISF' 

781 TGCGACATCA ACGAGTTCGG TACCAACTAT CCGCCCGAGA TCTATGATCC TTTGCAGTGG 
COIN EF'G TNY PPEI YO~ LOW 

841 GGCGAGGAGT CCTATTACGA GTCCTTGGCG GCGGTCCAGA AAACGGAGAT GGTGAAGCGG 
GEES YYE SLA AVOK TEM VKR 

901 CAGAAAGATC GCAAGGACAT GGACAAGGTG GAGCAGGcCA CTGCGTTGGC CCGGAAAGTC 
OKDR KDM OKV EOAT ALA RKV 

961 GAGGAGGAGG CCAAAAAGCG CAAATCCAAG TGGGATCAAC CGGCACCTTC GTCAACCGTT 
EEEA KKR KSK WDOP APS STV 

1021 GTTAAGACCA CTCTTCCGGC TCTAACCACC ACGGTTACGG GCACCAAGGG CACTGTCATT 
VKTT LPA LTT TVTG TKG TVI 

1081 TCCGCCTTTG GATCGCTGCC GAAGAAGCCA GCCGTTTAGA TTTTAATTTT TAAATAAACA 
SAF'G SLP KKP AV 

1141 TTTAGTTTTA AACATTCTCA TCCCAAGGCT TTCAATAGAA GCCTTTTTTG GGTTTGTTTT 
1201 TCCTTTTTTA CACGGTCTTT GGT1'TTTATT ATGTTCTGTT TCTTGACAGC TTACACTGTA 
1261 TGTTATAATG AACAACAAAT AATATGTAAA AATCATCGCT GTTTTTAAAT ACATTTTGTT 
1321 TACCTTCAGT TTTAGGAATA CCCCAAGTGC GCAAATCACA TACGAAAGTG TTCAATGGTA 
1381 TTTTCTTGGT ATATTTAAAA CCTATTCTGC ATATTGTTCT CACTCTGGCG CGGTCACACT 
1441 GGCTGTMCT CGAACATCCG TGTGTGTTGG GTTGTACTTT TGCGTTTTAA ATTACAAAAA 
1501 CACAAATAAA TACAGTGTTT ATTTATTGGA TGCAGTCGGC GTTATGATTT GAAAATAGGA 
1561 GTGCGTGATA CCTAATTCGA TTGATAGATT CGGAGTAAAA TTTGGAGAAC ACAACACAGG 
1621 GCAGGGCAGC AACAACCACA CACCGAGAGA AAAGAGAGAA GACAGCGCAG CAACAGCAAA 
1681 AGAATTTTTC GATCTGAGCC GAATGAGTGT GTGTGTGTGT GAGCGAGATA GCCTAAGATT 
1741 TGTATAAAAA GATGAAGAAG ATGCCGAGAT TATTGTTTAA CCCAATGTCC GTGTATGTGC 
1801 GTGTGTGAGT GGTGAAAAAT TCAGTTTAAA CATTCTTGGC CGTGCCATTA ATTCAAGGTG 

,j. 
1861 CATATAAATG CGGATGTGGC CATTTAAACG GCAACCGGTA TTTCGTCTGC CCCTCGCTTC 
1921 CCATCCTTTT TTTAGCTGCG CGAGTCGCTA TTTTGCCGCA ACTGGCGCTG CATCTCTCCT 
1981 TCCCCTCGCA CTCGCTAGAA AGCTTATTTA TAAAtCCAAT TGCAAGAGCG GAACAGAAAA 
2041 TAAAGAAAAA GAAGCACCGT TCAATTGTGG GCAGTTTCAA TGGGTGAACG CCATTGTCTC 
2101 TGGAATATGC ATAATATTTA GCAAAAAAAA AAAGGGGGCC C 
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Appendix 2 

Screening mixed pools of genomic DNA for small deletions: a 
PCR-based assay for chemical mutagenesis 

of cloned target genes 



102 

Detection of small genomic deletions in mixed DNA samples by PCR 

and implications for chemical mutagenesis in reverse genetics of 

Drosophila melanogaster 

Bruce Hamilton 

Abstract 

Previous molecular screens for mutations in cloned Drosophila genes have relied on 

detection of P element insertions. While effective, these methods are limited by the 

insertion site bias of the transposon and consequently by the variety of lesions that can be 

generated. Efficient detection of chemically induced mutations would therefore be of 

considerable value. I demonstrate here a method to detect small deletions, such as those 

induced by exposure to diepoxides. This method is based on detecting the loss of a 

restriction site that is flanked by PCR primers. Pooled DNA samples are digested with the 

appropriate restriction endonuclease and then used as template for PCR amplification. 

DNA samples that lack the restriction site are detected by providing a nuclease-resistant 

amplification product smaller than that supportied by parental DNA. I show detection of 

the ryl allele, a deletion of - 100 bp that removes a Sac I site, in dilutions of up to one part 

in 400. 

Introduction 

The object of molecular genetics is to correlate observable phenotypes with 

molecular functions or dysfunctions. This can be done in either direction: mutations that 

produce interesting phenotypes can be cloned and cloned DNA segments of interest can be 

mutagenized in situ. These approaches have been applied, with varying degrees of 

difficulty, in a variety of organisms ranging from bacteriophage to rodents. 



103 

Mutagenizing a cloned gene without a prediction of the expected phenotype requires 

a physical assay for lesions in the DNA. The most general assays for detecting mutations 

in cloned Drosophila genes have required the use of P elements as the mutagen (Ballinger 

and Benzer 1989; Kaiser and Goodwin 1990; Hamilton et al. 1991). While transposon 

mutagenesis has a number of advantages, it also suffers in several respects from the non

randomness of recovered insertion sites. Developing methods to detect chemically induced 

lesions in cloned genes is therefore of interest. 

One class of mutation that should be readily detectable is small deletions. Mutations 

induced at the rosy (ry)locus by diepoxybutane (DEB) treatment have been examined by 

Reardon et al. to determine the molecular nature of each lesion. These authors show that 

nearly 80% of the ry mutations they recovered were deletions smaller than 250 bp (Reardon 

et al. 1987). This size is sufficiently small that one could expect to assay such deletions by 

PCR (Saiki et al. 1988). In the experiment reported here, 1 use the a small deletion in the 

ry gene to test a PCR-based method for detecting such lesions. I chose to work with the ry 

locus because of the number of available mutant alleles that have been analyzed at the 

molecular level (Clark et al. 1986; Cote et al. 1986; Reardon et al. 1987; Lee et al. 1987; 

Keith et al. 1987). 

Materials and Methods 

The ryl allele has been described in detail (Clark et al. 1986; Cote et al. 1986); other 

genetic variants of Drosphila are described in (Lindsley and Zimm 1992). DNA 

preparations and PCRs were performed essentially as described (Hamilton et al. 1991). 

Oligonucleotide primers rylA (5'-ACATTGTGGCGGAGATCTCGATGGC-3') and ry 1B 

(5'- ATCACAGATGGGTTGATCGCTGCAG-3') flank the ryl deletion and amplify a 372 

bp product by PCR on ry+ DNA. 
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Results 

The strategy described here is designed to detect small deletions that remove a 

restriction site between two PCR primer sites. DNA from pools of fly lines under 

consideration is digested with a restriction enzyme to cleave the targeted site. The digested 

DNA is then used as a template for PCR to detect restriction resistant molecules. 

Amplification products from deletion mutants are distinguished from those of uncleaved 

non-mutant DNA by size fractionation through agarose gels. 

To test the sensitivity of detection, PCR reactions were perf01med on Sac !-digested 

DNA from a range of dilutions of ryl with ry+. DNA samples from 20 ryl su(Hw)2 jvl 

bx34e I TM 1 adult males, from 20 ry+ males, and from one ryl su( Hw J2 jvl bx34e I TM 1 

male mixed with 19 ry+ males were prepared An aliquot of DNA from each of these 

samples was then digested with Sac I for 3.5 hr.s at 37°C. DNA from the mixed sample 

was then serially diluted ten-fold with DNA from the ry+ stock to create effective dilutions 

of the heterzygous ryl fly of 11200 and 112000 in the new samples. Approximately 200 ng 

DNA was then used as template in each PCR amplification with primers rylA and rylB. 

As shown in figure 1, the mutant product can be detected when the heterozygous mutant fly 

contributes as little as one two-hundredth of the DNA sample (hence the mutant allele is 

diluted 11400), but not one two-thousandth (114000). 

Discussion 

A simple implementation of the method described here might fail to detect a large 

fraction of potentially informative deletions, either because mutation did not remove the 

restriction site or because the mutation removes or falls outside of a primer binding site. 

However, because so little material is needed in each PCR assay, the same pools of 

mutagenized fly DNA could be for several assays. Thus, multiple primer pairs could be 

used to assay a larger region of lhe gene. Furthermore, since the assay only requires the 
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targeted resriction site be unique within the amplified region, primer pairs and restriction 

sites could probably be chosen to allow detection of most DEB-induced mutations within a 

well-characterized gene. 

The sensitivity of detection with this method will depend on the efficiency of 

cleavage by the restriction enzyme and on the amplification disparity between the wild-type 

and mutant PCR templates. I have detected the equivalent of one heterozygote out of 200 

flies using Sac I and a small template from the rosy gene. This is already a useful 

sensitivity for mutagenesis; Ballinger and Benzer (1989) successfully used pools of 200 fly 

lines to detect P element insertoins by PCR. 

Acknowledgements: I thank C. H. Martin for productive discussions and E. B. Lewis 
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Figure Legend 

Figure 1 PCR reaction products size fractionated by electrophoresis through agarose and 

visualized by ethidium bromide fluorescence. The lanes are: 1, pBR322 digested with Hinf 

I as a size marker; 2, amplification product from DNA of the heterozygous ry stock; 3, 

amplification from DNA of 1 ry heterozygote among 20 flies (1/20); 4, 1/200; 5, 1/2000. 
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embryonic nerve cord 
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Rapid assessment of RNA gross expression patterns 

by bulk filter hybridization: genes selectively expressed in the Drosophila 

embryonic nerve cord 

Bruce Hamilton 

Summary 

A panel of 250 eDNA clones representing mRNAs expressed in the Drosophila 

adult head was analyzed by hybridization to radiolabeled eDNA probes derived from 

embryonic ventral nerve cord and larval fat body. This procedure allowed the array of 

clones to be sorted by gross expression pattern. Each clone could be categorized as being 

predominantly expressed in one tissue, expressed in both tissues, or not expressed in either 

tissue above a threshold level for detection. Such data allow the panel of clones to be 

organized such that priority in future experiments is given to cloned sequences expressed in 

a desired ti ssue, such as the central nervous system, without excluding clones for 

sequences expressed at low levels. This experiment has broader implications for the design 

of large scale eDNA sequence analysis projects. The data presented here also suggest that a 

high percentage of genes expressed in the nervous system are expressed in patterns with at 

least some tissue specificity. 

Materials and Methods 

The eDNA array. Drosophila adult head eDNA clones in A.SWAJ (Palazzolo et al. 

1989).were amplified out of phage lysates by PCR with primers that abut the cloning site, 

as described (Hamilton et al. 1991). Amplification products were electrophoresed through 

agarose gels, photographed, transfered to Hybond-N nylon filters, and cross-linked by UV 

irradiation. 



110 

eDNA probes. Radiolabeled eDNA was prepared from two source ti ssues: 

embryonic nerve cord and larval fat body. Nerve cords were bulk isolated from embryos 

as described (Goodman et al. 1984). Body wall fat body was hand dissected from mid to 

late third instar larvae in cold Ringer's. Polyadenylated RNA was prepared from each 

tissue by serial organic extractions followed by oligo(dT) cellulose chromatography. 

eDNA was synthesized by standard methods from an oligo(dT) primer with 32P-dCfP 

(3000 Ci I mmole) as the only source of dCfP in the reaction. Two mg poly(A)n was 

added to each probe prior to use to inhibit hybridization of probe to poly(dA) tracts in the 

amplified eDNA clones. Hybridizations and washes were essentially as described 

(Hamilton, et al. 1991 ). 

Results 

Sequences in an array of 250 sorted Drosophila eDNA clones whose corresponding 

RNAs were previously shown to be expressed in adult head and in late (24 hr.) but not 

early (0-1 hr. ) whole embryos (Palazzolo et al. 1989) were assayed for expression in 

embryonic nerve cord and larval fat body. Duplicate sets of DNA gel blots of PCR 

amplified eDNA inserts were hybridized to high specific activity eDNA synthesized from 

poly(A)+ RNA from each tissue. After washing the filters, hybridization signals were 

detected by autoradiography for up to one week with an intensifying screen. Sample data 

are shown in Figure 1. 

Of the 250 head eDNA clones, 141 were detected by hybridization of at least one of 

the probes: 74 clones were detected only by the nerve cord probe, 32 only by the fat body 

probe, and 35 by bith probes. The remaining 109 clones were not detected by either probe. 

Discussion 
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The adult head of Drosophila is predominantly composed of three tissue types: 

nervous system, fat body and muscle. Heads are easily isolated in bulk and therefore are 

an easily obtained source for neurally-enriched tissue. In addition, molecules that are 

important in neural development often continue to be expressed in the adult head. For 

example, fasciclin I, which plays an important role in construction of the embryonic CNS 

axon scaffold (Elkins et al. 1990) is represented in thi s collection of cDNAs. Thus, a 

collection of eDNA sequences expressed in both the adult head and the late embryo but not 

in the very early embryo might be enriched for molecules that act in the development or 

functioning of the nervous system. 

I have presented hybridization data for a set of 250 cON As that represent messages 

in the head and late embryo. More than half of these clones (56%) were detected by at least 

one of the probes. Of 109 clones detected by the nerve cord probe, 74 were not detected 

by the fat body probe. This suggests that -70% of the polyadenylated RNAs expressed in 

both the adult head and embryonic nerve cord are expressed with at least some tissue 

specificity. 

The rapidity and ease with which large numbers of clones can be sorted make this 

method of analysis a useful step in spite of its limited sensitivity. A lthough some additional 

percentage of the clones should also correspond to tissue-specific messages from cell types 

not represented in the probes, such as muscle, epidermis, and PNS, a significant fraction 

of the clones probably represent messages too low in abundance in any readily prepared 

tissue to be detected by this method. This is the chief limitation of this strategy. On the 

other hand, this procedure has several valuable features to recommend it. The principle 

advantage is scale . RNA from a very small amount of tissue is sufficient to screen even 

much larger arrays of clones than I have described here. One corollary of increasing scale 

is decreasing labor per cloned gene. While a thousand clones can easily be analyzed in a 
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single experiment of the kind described here, performing and analyzing a thousand RNA 

gel blots or in situ hybridization experiments is far less tenable. 

The information generated by this strategy allows a quick and rational triage of 

clones for more intensive analyses. For experiments aimed at neural development, the data 

here would be taken to give highest priority to the 74 clones expressed specifically in neural 

tissue. Lower priority might be given to the 109 clones for which no information was 

generated and 35 clones that were detected by both probes. The 32 clones detected only by 

the fat body probe would be excluded from further analysis. Rapid coding sequence 

analysis (Hamilton, Palazzolo and Meyerowitz 1991 ; Strathmann et al. 1991) on clones of 

high potential interest is a rational and methodical alternative to the expressed sequence tag 

approach to identifying and classifying sequences expressed in the brain (Adams et al. 

1992). 
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Figure Legends 

Figure 1: Sample data. A. Photograph of one gel of the PCR amplified clones. B. 

Autoradiogram of the corresponding filter hybridized to the nerve cord eDNA probe. 

Figure 2: Summary of data from all fi lters in this experiment. 
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