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Abstract
A molecular understanding of synaptogenesis is a critical step toward the goal of understanding how
brains “wire themselves up,” and then “rewire” during development and experience. Recent genomic
and molecular advances have made it possible to study synaptogenesis on a genomic scale. Here, we
describe the results of a screen for genes involved in formation and development of the glutamatergic
Drosophila neuromuscular junction (NMJ). We screened 2185 P-element transposon mutants
representing insertions in ≈16% of the entire Drosophila genome. We first identified recessive lethal
mutants, based on the hypothesis that mutations causing severe disruptions in synaptogenesis are
likely to be lethal. Two hundred twenty (10%) of all insertions were homozygous lethal. Two hundred
five (93%) of these lethal mutants developed at least through late embryogenesis and formed
neuromusculature. We examined embryonic/larval NMJs in 202 of these homozygous mutants using
immunocytochemistry and confocal microscopy. We identified and classified 88 mutants with altered
NMJ morphology. Insertion loci in these mutants encode several different types of proteins, including
ATP- and GTPases, cytoskeletal regulators, cell adhesion molecules, kinases, phosphatases, RNA
regulators, regulators of protein formation, transcription factors, and transporters. Thirteen percent
of insertions are in genes that encode proteins of novel or unknown function. Complementation tests
and RT-PCR assays suggest that approximately 51% of the insertion lines carry background
mutations. Our results reveal that synaptogenesis requires the coordinated action of many different
types of proteins—perhaps as much as 44% of the entire genome—and that transposon mutageneses
carry important caveats that must be respected when interpreting results generated using this method.
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INTRODUCTION
Neuronal communication depends critically upon the formation of synaptic connections. The
human brain has been estimated to contain 1011 neurons, each of which may make and receive
hundreds of synaptic contacts. For efficient brain function, it is imperative that each neuron
find its cognate partners and form synapses at the appropriate location. Once these initial
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connections between neurons are made, the structure and functional properties of synapses can
be remodeled during development and throughout the lifespan of the organism. Furthermore,
many forms of synaptic plasticity, such as use-dependent synaptic strengthening underlying
learning and memory, are thought to involve the same mechanisms employed during synapse
development (Goda and Davis, 2003; Nordeen and Nordeen, 2004). Not unexpectedly,
therefore, the mechanisms controlling synaptogenesis are of intense interest. For over a
century, a large amount of neuroscientific effort has been directed toward an understanding of
how neurons form and remodel connections. Through this work, a great many insights have
been gained, but a clear molecular understanding of synaptogenesis remains elusive.

Of all the techniques developed for the identification and study of individual proteins involved
in a biological process such as synaptogenesis, genetics is arguably one of the most powerful.
Genetic screens and directed mutation of candidate genes have revealed many important
aspects of synapse development (Hortsch and Goodman, 1991; Broadie, 1998; Sanes et al.,
1998; Ackley and Jin, 2004). In general, these analyses have focused on specific proteins and
the role of each protein in a particular aspect of synapse formation. However, recent genomic
and molecular advances now make it possible to address equally important large-scale
questions, such as: What percentage of the genome is required for synaptogenesis? Does
synaptogenesis rely on any particular types of proteins and how many different types of protein
are required? At the molecular level, how similar might axon outgrowth and synapse formation
be to other forms of plasma membrane protrusion, cell-cell adhesion, and cell junction
maintenance? Answers to these questions are critical for understanding whether
synaptogenesis is a unique cellular process or comparable to other cell growth processes and
cell-cell interactions.

Here, we describe the results of a genome-wide screen for transposon insertion mutants
affecting formation of Drosophila neuromuscular junctions (NMJs). The Drosophila NMJ is
a relatively well-described and experimentally accessible model glutamatergic synapse that
has been widely used for the study of synapse development and function. A large part of this
model synapse’s attraction is the fact that many molecular and genetic tools are available for
use in Drosophila. One important tool, that we rely on here, is provided by the BDGP Gene
Disruption Project. The Gene Disruption Project has so far has generated P-element insertions
in approximately half of all Drosophila genes (Bellen et al., 2004). The mutants generated by
this project, in combination with those developed by others, will most likely eventually result
in transposon insertions in almost all Drosophila genes within the next few years. Transposon
mutants are particularly inviting mutants because a transposon insertion effectively “tags” the
insertion locus, making identification of the mutant gene relatively straightforward. Previous
forward genetic screens for fly NMJ mutants have successfully identified important
synaptogenesis proteins (Kraut et al., 2001; Parnas et al., 2001; Aberle et al., 2002; McCabe
et al., 2004; Yeh et al., 2005), but these screens typically used chemical mutagens, which are
effective but require subsequent laborious mapping to identify the mutant gene. This limits the
ability to perform genome-scale analyses. Ours is not the first screen of transposon insertions
for fly NMJ mutants. Previous P-element transposon insertions have successfully identified
dozens of genes important for regulation of Drosophila NMJ formation (Kraut et al., 2001;
Laviolette et al., 2005). However, the “EP”elements used in these studies were engineered to
cause gene overexpression, such that the screen identified only gain-of-function mutants. An
equivalent loss-of-function screen (such as we describe here) has not been reported. Analysis
of the BDGDP transposon mutants also allows us to address important methodological
questions. Transposon mutagenesis and “gene-tagging” are increasing lauded, particularly in
mammals, as important breakthroughs for genetic modification (Bestor, 2005; Collier et al.,
2005; Dupuy et al., 2005). But how reliable is transposon-mediated mutagenesis and gene-
tagging for identification of specific proteins involved in a process? Our results highlight
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important genetic caveats that need to be respected as use of this technology becomes more
widespread.

MATERIALS AND METHODS
Lethal GT1 and SuPor-P P-element insertions were identified using the FlyBase Insertions
Query Form (http://flybase.bio.indiana.edu/). Stocks containing lethal P-inserts were then
obtained from the Bloomington Stock Center (http://flystocks.bio.indiana.edu/). To examine
and/or collect embryos and larvae for experiments, GFP-balanced P-element stocks were
allowed to lay eggs on agar plates for 3 h at 258C. Plates were then incubated at 258C and
periodically examined to determine the latest lethal mutant stage (the age at which no non-GFP
animals survived). Once this stage was determined, experiments were performed on animals
at the latest viable stage. P-element inserts were rebalanced using appropriate GFP balancers
and homozygous mutants on the plate were identified by lack of fluorescence from a GFP
balancer under an Olympus SZX12 binocular microscope equipped with epifluorescence and
appropriate filters for GFP. Control genotypes used in this study were w1118 or heterozygous
siblings from the same laying plate.

Complementation analysis was performed by crossing GFP-balanced P-element mutant stocks
to a balanced stock containing a deficiency that removes the insertion site, or a lethal mutation
in the gene carrying the insertion. The F1 generation of each cross was examined for the
presence or absence of adult flies carrying neither balancer chromosome. Thus, P-element
insertion chromosomes were tested for their ability to complement, with regard to viability,
lethal mutations in the gene carrying the P-element insertion.

For immunocytochemistry, larvae were manually dissected and fixed for 30-60 min in Bouin’s
fixative. Late stage embryos were dechorionated in bleach and then manually devitellinated
and dissected, as previously described (Featherstone et al., 2000). All dissections were
performed in Roger’s Ringer solution (135 mM NaCl, 5 mM KCl, 4mM MgCl, 1.8 mM CaCl,
5 mM TES, 72 mM sucrose) at room temperature. To visualize NMJs, fluorescently conjugated
anti-HRP (Jackson ImmunoResearch Labs, West Grove, PA) was used at 1:100. Confocal
images were obtained using an Olympus FV500 laser-scanning confocal microscope.

Semiquantitative RT-PCR for evaluating whether insertions affected transcript size and/or
abundance was performed as follows: total RNA was isolated from homozygous mutant
embryos (≈50 embryos/reaction) or heterozygous sibling controls using homogenization and
trizol extraction (Roberts, 1998). RNA was then reverse transcribed (Superscript II reverse
transcriptase; Invitrogen) into cDNA using gene-specific primers and standard methods. Select
cDNAs were then PCR-amplified using transcript-specific primers, separated
electrophoretically, and visualized using ethidium bromide.

Real time RT-PCR of glutamate receptor subunits in pathfinding/target recognition mutants
(Fig. 2) was performed as previously described (Featherstone et al., 2005).

RESULTS
Screen

To identify genes required for the proper formation of synapses, we screened lethal P-element
transposon insertion mutants generated by the BDGP Gene Disruption Project (Bellen et al.,
2004) for defects in the presynaptic morphology of Drosophila embryonic and larval 6/7 NMJs.
This screen involved several steps (Fig. 1).
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We first identified all GT1 and SuPor-P transposon insertion mutants available in March 2003
using the FlyBase Insertions query form
(http://flybase.bio.indiana.edu/transposons/fbinsquery.hform). We focused on GT1 and
SuPor-P insertion lines because these P-elements are designed to maximally disrupt genes
(Roseman et al., 1995; Lukacsovich et al., 2001; Bellen et al., 2004). The severe defects in
NMJ formation that we sought to identify commonly cause lethality. Therefore, we identified,
using the FlyBase insertions query form, all of the lethal GT1 and SuPor-P insertion mutants
that were annotated as “not viable” or requiring a balancer chromosome for stock maintenance.
Of the 2185 total mutants considered (predicted to mutate approximately 16% of the entire
genome), 220 (≈10%) of the GT1 and SuPor-P insertion lines contained lethal P-element
insertions (Table 1).

A prerequisite for identification of NMJ defects is the formation of neuromusculature.
Therefore, we next eliminated from consideration all lethal mutants that were unable to form
“morphologically mature” embryos 22-24 h after egg laying (AEL) at 258C. Morphological
maturity was evaluated by the presence of typical late stage 17 characteristics such as clear
segmentation, mouthhook development, condensation of the CNS, malphigian tubules
formation, and visible trachea. Two hundred five of two hundred twenty (93%) of the
homozygous lethal mutants formed morphologically mature embryos. This surprisingly high
number may reflect a high frequency of genes with maternally contributed RNA and/or protein,
rather than a low frequency of genes required for embryonic development.

The next stage of our screen required the unambiguous identification of homozygous mutant
embryos and larvae. Therefore, all 205 lethal mutants able to form morphologically mature
embryos were rebalanced using an appropriate GFP-tagged balancer chromosome. Absence
of green fluorescence allowed the unambiguous selection of homozygous embryos and/or
larvae. We were unable to rebalance three mutant lines using chromosome-appropriate GFP-
tagged balancers, possibly because the insertion mutant chromosome and balancer
chromosome both contained lethal mutations that failed to complement. All 202 GFP-balanced
stocks were then checked for the absence of GFP-positive adults. No (0%) GFP-positive adults
were found, suggesting that all 202 insertion chromosomes annotated as lethal did indeed carry
recessive lethal mutations, at least initially (but see below). We examined F1 offspring every
24 h to determine the latest stage to which homozygous mutant embryos and larvae were viable
(Table 2). Of the 202 mutant lines, 22 mutants (11%) failed to hatch, dying as embryos (22-24
h AEL). Fifty-six mutants (27%) died as first instar larvae (<≈ 46 h AEL). Fifty-two mutants
(25%) died in either the ≈second (<≈ ≈70 h AEL) or third larval instar (<≈ 120 h AEL). Seventy-
two mutants (35%) died during ≈pupation and were unable to eclose.

After the lethal stage was determined for each mutant, homozygous animals were manually
dissected at the latest viable stage to reveal the NMJs present on ventral longitudinal muscles.
Embryonic lethal mutants were dissected and stained as embryos, first instar viable mutants
were dissected and stained as first instar larvae, and so on with second and third instar viable
mutants. Pupal lethal mutants were dissected and stained as third instar larvae. These
preparations were fixed and stained using anti-HRP antibodies, which recognize all
Drosophila neuronal membranes, including axons and presynaptic NMJ terminals, and
examined for qualitative changes in NMJ development. Specifically, we examined NMJs on
ventral longitudinal muscles 6 and 7, which are morphologically distinct, relatively invariant
in wildtype, and well described throughout embryonic and larval development (Gramates and
Budnik, 1999; Featherstone and Broadie, 2004). NMJs from each of five to ten homozygous
animals of each genotype were examined. In many cases, heterozygous siblings were dissected,
stained, and examined at the same time. Eighty-eight of the two hundred two rebalanced lethal
mutants (44%) displayed qualitative defects in 6/7 NMJ formation and/or development.
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The large number of insertion mutants identified in our study (88) suggests that a significant
fraction of the genome is required for normal synaptogenesis. The exact fraction depends on
whether the exclusion of viable mutants significantly enriched for mutants with synaptogenesis
defects. Assuming no enrichment, then our results suggest that approximately 44% (88/202)
of the genome is required for normal NMJ development. If every synaptogenesis gene is also
lethal when mutated (e.g., perfect enrichment), then approximately 4% (88/2185) of the entire
genome is required for normal NMJ development. However, perfect enrichment is unlikely
because mild defects in NMJ development are not lethal and not all lethal mutations cause
alterations in NMJ development.

Mutant Classification
NMJ development can be broadly separated into two phases: (1) axon pathfinding/target
recognition, and (2) synapse differentiation and growth.

Axon pathfinding and target recognition represent the initial stages of NMJ development.
Beginning at stage 12 in Drosophila embryonic development, motor neuron growth cones exit
the CNS and travel along the developing segmental nerve toward their body wall muscle
targets. Approximately 13 h AEL, development of ventral NMJs begins when motor neuron
growth cone filopodia contact target muscles. Over the next several hours, filopodia-ringed
growth cones in contact with appropriate targets collapse to form nascent presynaptic processes
of indistinct shape, termed prevaricosities.

Differentiation and subsequent growth of the presynaptic NMJ arbor represents the second
phase of NMJ development. Seventeen to twenty-two hours AEL, parts of the prevaricosities
begin to constrict and/or swell such that presynaptic terminals (known as synaptic boutons)
are formed (Johansen et al., 1989; Halpern et al., 1991; Sink and Whitington, 1991; Yoshihara
et al., 1997; Gramates and Budnik, 1999; Rose and Chiba, 1999; Featherstone and Broadie,
2004). At the time of hatching (22-24 h AEL), presynaptic boutons are still relatively indistinct.
During larval development, (24-120 h AEL), the presynaptic arborization grows dramatically
in order to accommodate rapidly growing larval muscles. This growth involves additions in
NMJ length and bouton number (from about 8-10 in at hatching to 50-100 in the third instar
6/7 NMJ). Boutons also become more distinct during NMJ development, such that the third
instar NMJ typically appears as “beads on a string” (Keshishian et al., 1993; Yoshihara et al.,
1997; Gramates and Budnik, 1999; Featherstone and Broadie, 2004).

We separated the NMJ phenotypes identified in our study into two groups: 1) mutants with
defects in axon pathfinding/target recognition, and 2) mutants with defects in synapse
differentiation and growth. The latter group, mutants with defects in synapse differentiation
and growth, were further divided into two subgroups: (a) overgrowth mutants (excess boutons
and/or branches), and (b) undergrowth mutants (reduced numbers of boutons and/or branches).
Thus, all mutants were separated into one of the following three mutually exclusive phenotypic
groups: (1) pathfinding/target recognition, (2) overgrowth, or (3) undergrowth (Table 3).

Pathfinding/Target Recognition Mutants
In Drosophila embryos and larvae, NMJ morphology is highly stereotyped. Figure 2(A)
diagrams NMJs on the ventral longitudinal body wall muscles of a single embryonic
hemisegment. Ventral longitudinal muscles 15, 16, 17, 7, 6, 13, and 12 are innervated by
various branches of the segmental nerve (SN) and intersegmental nerve (ISN). Axons from
ISN branch b/d innervate muscles 6 and 7 along the middle third of the cleft between the two
muscle cells, then continue distally to innervate muscles 13 and 12. Figure 2(B) shows a
confocal Z-projection of the wild-type ventral longitudinal NMJs, as diagrammed in Figure 2
(A). Mutant embryonic NMJs were compared to this highly stereotyped pattern. If embryonic
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mutant ISNs did not appear to form NMJs, but rather failed to enter the body wall muscle field
or bypass the muscles, the mutant was classified as having a defect in pathfinding/target
recognition. Figure 2(C-E) shows several examples of ventral longitudinal body wall muscle
fields stained with anti-HRP to visualize all neuronal membranes from pathfinding/target
recognition mutant embryos. In each case, nerves are present but few, if any, obvious NMJs
are formed. Subsequent real-time RT-PCR experiments (data not shown) verified that
postsynaptic muscles in the three mutants shown in Figure 2 did not show innervation-induced
increases in glutamate receptor transcription, consistent with the conclusion that NMJ
formation in these mutants does not initiate. Fourteen of eighty-eight mutants (16%) were
classified as having pathfinding/target recognition defects (Table 3). All of the mutants in this
category exhibited normal outgrowth of the ISN. In some mutants, the ISN did not branch [as
shown in Fig. 2(D)], while in others the ISN appeared to branch normally but failed to innervate
the underlying musculature [as shown in Fig. 2(E)]. All pathfinding/target recognition mutants
were embryonic or early first instar larval lethal.

Given that leading theories of axon pathfinding and target recognition require multiple
guidance and recognition cues, we were surprised that only a minority of our mutants fell into
the axon pathfinding/target recognition category. Multiple cues encoded by many different
genes should be “hit” with a relatively high frequency in a screen such as ours. Assuming that
axon guidance and target recognition genes are not somehow refractory to transposon
mutageneses, one possibility is that most pathfinding/target recognition mutants are not lethal,
and therefore would not have been identified by our screen (which eliminated from
consideration all viable mutants). But this is argued against by the fact that all (100%) of our
pathfinding/target recognition mutants were embryonic lethal, suggesting a reasonably strong
association between this type of mutant and lethality. Another possibility is that genes required
for pathfinding and target recognition are also required for formation of neuromusculature, and
thus would be eliminated from consideration early in our screen. However, only 7% of lethal
mutants did not form grossly normal embryos with neuromusculature. Therefore, the low
recovery of axon pathfinding and target recognition mutants in our screen probably reflects a
low incidence of axon pathfinding and target recognition genes in the genome.

Overgrowth Mutants
Mutants with NMJs that displayed an abnormally large number of boutons or branches were
classified as “overgrowth mutants.” Figure 3(A-D) shows examples of embryonic/first instar
NMJs on ventral longitudinal muscles. Figure 3(A) shows NMJs from control embryos, as
diagrammed in Figure 2(A) and replicated in Figure 2(B). Figure 3(B-D) shows homologous
NMJs in three different embryonic/L1 lethal overgrowth mutants. Figure 3(E) shows an
example of control NMJs on ventral longitudinal muscles 6 and 7 of third instar larvae. Figure
3(F-H) shows homologous muscle 6/7 NMJs in three different larval/pupal lethal overgrowth
mutants. In most cases [e.g., Fig. 3(B,F-H)], presynaptic terminal arborizations in overgrowth
mutants were abnormally long and/or covered an abnormally large area of postsynaptic muscle.
In some cases, however, NMJs with increased numbers of boutons or branches actually
extended across a smaller region of the postsynaptic muscle [e.g., Fig. 3(C)]; these NMJs were
nonetheless still classified as overgrowth mutants, due to the increased bouton and branch
number. One advantage of this classification scheme (rather than one depending on NMJ
arborization area) is that it is largely independent of muscle size, and thus largely independent
of contamination by myoblast fusion defects or other alterations in muscle growth. Overgrowth
mutants were the largest class of mutants identified in this study; 48 of 88 mutants (55%)
displayed overgrown NMJs (Table 3). Overgrowth mutants died at varying stages of
development, from embryos to pupae. We did not systematically determine whether NMJ
morphology was normal at earlier (embryonic-L2) stages in larval lethal NMJ overgrowth
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mutants; however, this was the case in at least one mutant, P{SuPor-P}CG2095KG02723,
studied in more detail (Liebl et al., 2005).

The surprisingly large number of overgrowth mutants identified in our screen suggests that
NMJ growth is actively limited by multiple molecular mechanisms—normal NMJ morphology
therefore likely results from a steady-state “balance” between opposing forces of presynaptic
growth and limitation.

Unadergrowth Mutants
Homozygous mutants with NMJs that contained fewer branches and/or boutons compared to
controls were categorized as “undergrowth” mutants. Mutants that showed qualitatively
immature NMJ morphology at time of hatching (22-24 h AEL), possibly representing delayed
synaptogenesis, were also classified as undergrowth mutants. For example, the NMJs shown
in Figure 4(B) were classified as undergrown due to the lack of distinct boutons; in this mutant,
NMJs at normal time of hatching (22-24 h AEL) maintained an appearance more typical of the
“prevaricosity” stage (13-17 h AEL). At older stages, undergrowth mutants always displayed
obviously contracted presynaptic arborizations covering a smaller than normal fraction of the
postsynaptic muscle surface [Fig. 4(D-F)]. Twenty-six of eighty-eight mutants (30%) showed
NMJ undergrowth (Table 3). As with overgrowth mutants, undergrowth mutants died at
varying stages of development, from embryos to pupae.

Probable Function of Insertion Loci
The P-element insertion locations in all of the lethal mutants screened in this study have been
determined by inverse PCR, such that each insertion is associated with a specific gene (Bellen
et al., 2004). For each of the mutants identified in our screen, we used the BDGDP P-screen
database (http://flypush.imgen.bcm.tmc.edu/pscreen/) and/or BLAST searches with flanking
genomic sequence from iPCR to identify the genes mutated by the inserted P-element. Putative
functions were assigned to each of these genes based on previous publications, FlyBase
annotations, and/or GENBANK BLAST searches. We classified the genes based on their
putative functions into one of the following categories (Fig. 5): ATP-/GTPases (four),
cytoskeletal (seven), cell adhesion (three), kinases and phosphatases (11), RNA processing
(10), protein processing (nine), transcription regulation (15), transporters (three), novel/
unknown function (13), and other (13). Examples of genes placed in the “other” category
included genes involved in cellular respiration, vesicle transport, and signal transduction. Note
that every category included in Figure 5 was represented by several “hits.” Table 5 contains a
complete list of the insertion loci, categorized by probable gene function.

These results suggest that many different protein types are required for normal NMJ
development; no particular type of protein seems to dominate. Therefore, synaptogenesis is
likely dependent on multiple aspects of cell function.

Mutant Gene Expression Patterns
The expression patterns of many of the insertion loci identified by our study have been analyzed
in previous studies or as part of the BDGP embryonic gene expression project, which has
determined embryonic gene expression patterns of approximately one-fifth of the
Drosophila genome by in situ hybridization (Tomancak et al., 2002). Because all of the mutants
identified in our screen affect motor neuron growth and/or differentiation, we expected that
most of the insertion loci would be expressed primarily in the nervous system and/or the somatic
musculature. Of the 88 mutants identified in our screen, expression patterns for 42 of the
insertion loci have been determined (Table 4). Twenty-two of these genes are expressed in the
nervous system. Three of these genes are expressed in muscle; 8 are expressed ubiquitously;
9 are primarily expressed in other tissues, including germ cells, gut, or the visual system. Of
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the insertion loci with known expression patterns, therefore, 78% are expressed in neurons and/
or muscles (as expected). The other 22% of genes may act noncell autonomously, or the NMJ
phenotypes we observed may be not be due to the transposon insertion (see below).

Complementation Analysis of Synaptic Morphology Mutants
The P-element mobilizations that generated each of the P-element alleles for the Gene
Disruption Project may have created second-site mutations that are not tagged by an insertion.
Spontaneous mutations can also easily be stabilized and propagated in a stock carrying a
balanced lethal mutant chromosome such as those screened here. Background mutations such
as these could contribute to the phenotypes identified in our screen and generate false positives,
shown in Table 5. To estimate the frequency of lethal background mutations in this particular
collection of mutant stocks, we performed complementation tests to determine whether the P-
element insertions failed to complement lethal alleles of the same insertion locus.

Of the 88 mutants identified in our screen, 79 were tested for complementation to either (1)
independently generated lethal alleles of the locus carrying the insertion, or (2) deficiencies
that remove the insertion site (Table 5). Thirty-eight (49%) of the seventy-seven
complementation tests failed, suggesting that the lethality of slightly over half of the mutants
was caused by a mutation other than the P-element insertion. This result is not likely due to
incorrect annotation of available deficiencies; we repeated all tests that complemented, with
different deficiencies (not listed), and achieved identical complementation results.

RT-PCR Validation of a Subset of Morphology Mutants
GT1 and SuPor-P P-element insertions are thought to generate loss-of-function phenotypes
by disrupting expression or structure of the insertion loci transcripts. Therefore, each insertion
mutant should show loss of transcript or alteration in transcript size, as evaluated by RT-PCR.
We tested whether this was true for a subset of mutants, selected from each of the major
categories shown in Table 5. Three insertion loci showed very strong or complete loss of
transcript, as expected: ed, Rpn11, and CG5226. However, four insertion loci showed no
reduction in transcript abundance or difference in transcript size: mael, CG8545, CG8351, and
CG4860. This supports the idea that lethality in many Gene Disruption Project P-element
mutants is due to a background mutation and not due to the transposon insertion. Interestingly,
several of these background lethal mutations appear to have become suppressed over the course
of the study (presumably due to accumulation of mutations suppressing lethality); all adult
flies in all 88 lines isolated by the screen originally carried balancer markers according to
BDGP Gene Disruption Project annotations and independent verification of such by the labs
of D. Featherstone and B. McCabe. At present, however, (≈1.5 years later), at least some adult
flies in five of 88 lines (6%) are missing balancer markers. Although comprehensive validation
has not yet been completed, we have yet to observe apparent suppression of NMJ phenotypes.

Our RT-PCR results also support the idea that NMJ phenotypes in at least some mutants may
not be due to the insertion. There was no apparent correlation between loss of transcript and
lethality complementation failure, suggesting that lethality and NMJ phenotypes were
relatively independent and that there is no way to know which insertions cause NMJ phenotypes
without extensive validation for each gene. As a result, we urge caution when interpreting the
list of genes in Table 5, and instead stress the larger-scale genomic conclusions that can be
safely derived from our experiments.

DISCUSSION
Our goal was to use the growing collection of P-element transposon insertion mutants
generated by the Berkeley Drosophila Gene Disruption Project to identify genes required for
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formation and morphological development of the Drosophila NMJ. The prospect of screening
Gene Disruption Project mutants was attractive for several reasons: the mutagenesis is already
completed, mutant lines exist as stocks, all maintained lines carry unique gene insertions (thus
avoiding the same locus being repeatedly identified), and the insertion site for each mutant has
already been identified via inverse PCR. Unfortunately, our complementation tests and a
limited set of RT-PCR assays suggest that this approach requires caution. Approximately half
of the transposon mutants appear to carry background lethal mutations, and the insertion locus
may not be functionally disrupted in some lines. Perhaps this is not surprising; a P-element
mutagenesis, like any other mutagenesis, is likely to create multiple genomic alterations even
if any particular mutant chromosome ultimately carries a single insertion. The existence of a
“tagged” gene clearly does not imply that ordinary genetic precautions can be discarded. We
do not wish to discount the value of the growing Gene Disruption Project mutant collection;
by definition, all of the BDGDP insertion loci are mutated, and these insertions are excellent
tools for generation of specific gene knock-outs via transposon excision, or markers for
recombination mapping (Roberts, 1998; Zhai et al., 2003). Candidates listed in Table 5 should
be validated by transgene rescue, replication of the phenotype by heteroallelic animals, and/or
precise excision with reversion of the phenotype before undue emphasis is placed on any
particular gene. Nevertheless, we can draw important conclusions from our data, as follows.

The number of genes encoding proteins required for motor axon outgrowth and pathfinding
appears to be small, based on the fact that relatively few of this mutant class were identified.
This apparent low incidence suggests one or more of the following possibilities:

1. The multiple cues required for axon pathfinding and target recognition are encoded
by only a few genetic loci, with diversity generated by (for example) alternate splicing
and/or posttranscriptional modification, as has been proposed for Dscam (Schmucker
and Flanagan, 2004; Wojtowicz et al., 2004; Zhan et al., 2004).

2. Guidance and target recognition choices are not made using multiple recognition cues,
but rather are hierarchical choices—paths and potential targets are chosen via a limited
series of increasingly restrictive binary choices. Hierarchy requires many fewer
recognition molecules for selection among many paths and targets. Hierarchy is
demonstrated by the ability of even-skipped to control whether Drosophila peripheral
axons grow to ventral or dorsal regions of the neuromusculature (Landgraf et al.,
1999; Labrador et al., 2005).

3. Finally, it is a possibility that axon guidance and target recognition genes function
with so much redundancy that mutation of a single gene is unlikely to cause highly
penetrant phenotypes easily recognizable in a screen.

We recovered a surprisingly large number of “overgrowth” mutants in our screen—
approximately half of all mutants with a NMJ phenotype showed a qualitative increase in the
number of NMJ branches and boutons. This suggests that NMJ growth is actively limited by
the action of many different proteins, and therefore normal NMJ morphology is likely a
dynamic balance between processes promoting growth, and processes inhibiting growth.

Overall, the number of mutants identified in our screen was surprisingly large; 88 of 202 (44%)
mutants examined in detail showed NMJ phenotypes. This suggests that as much as 44% of
the genome may be required for normal NMJ formation and development. This assumes, based
on our subsequent complementation, RT-PCR, and suppression data, that the initial selection
for lethality did little to enrich for NMJ phenotypes. Arguing against this are mutants such as
those shown in Figure 2, which lack NMJs and are thus paralyzed and lethal. If we assume that
the initial selection for lethality enriched perfectly for mutants with NMJ phenotypes, then our
estimate changes to 88/2185 = 4% of the genome. But there are also mutants with dramatic
NMJ phenotypes, such as hiw (Wan et al., 2000), which are adult viable. Therefore, the true
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value likely lies between these two extremes: 4-44% of the genome appears to be required for
normal NMJ formation. In any case, this is a surprisingly large number of genes.

Our screen identified many types of genes previously implicated in synapse formation. For
example, our screen identified several cell-adhesion molecules. Cell adhesion molecules such
as cadherins (Shapiro and Colman, 1999; Bruses, 2000), integrins (Einheber et al., 1996; Anton
et al., 1999), and neurexin and neuroligins (Ichtchenko et al., 1996; Missler and Sudhof,
1998; Scheiffele et al., 2000; Chih et al., 2005; Nam and Chen, 2005) are involved in the
identification of target cells by the growth cone. Our screen also identified a number of genes
encoding cytoskeletal proteins. The cytoskeletal molecule, actin, is localized to the growth
cone. Guidance cues bind to receptors to regulate the actin cytoskeleton and control growth
cone trajectory via regulatory signaling from Rho GTPases (Gallo and Letourneau, 2004). In
the Drosophila NMJ, proteins are anchored to synaptic actin and spectrin cytoskeletons
(Featherstone et al., 2001; Chen et al., 2005). One of the largest groups of genes identified by
our screen was comprised of kinases and phosphatases. A number of kinases are known to be
important during synaptogenesis. During synaptogenesis at the mammalian NMJ, the
presynaptic cell releases agrin, which clusters acetylcholine receptors via the muscle specific
kinase MuSK (Willmann and Fuhrer, 2002). The EphB2 receptor tyrosine kinase has been
shown to both phosphorylate syndecan-2, a cell adhesion molecule (Ethell et al., 2001) and
cluster NMDA receptors (Dalva et al., 2000). Most of the rest of the genes that we identified
appear to be involved in transcription, translation, and protein processing. Transcription,
translation, and protein processing are likely to be involved both upstream and downstream of
ATP- and GTPases, cell adhesion proteins, cytoskeletal molecules, and signaling cascades
mediated by kinases and phosphatases. Furthermore, our screen identified several genes that
were identified in previous Drosophila screens for cell morphology and/or NMJ formation
mutants, including CycE, polo, Ten-m (Kiger et al., 2003), and JIL-1 (Kraut et al., 2001). Thus,
the genes identified by our screen are consistent with previous studies and what might be
expected. Nevertheless, we again urge caution when considering any particular entry in Table
5 without further validation.

We can more reliably consider the types of genes identified in our screen. Each of the protein
categories depicted in Figure 5 is represented by several insertion loci. Therefore, even
assuming a 50% successful “hit rate” (this is a worst-case scenario; the true success rate is
likely to be much higher, based on expression data and ongoing validation), the categories and
relative fraction of genes in each category is likely valid. This “survey of the genomic
landscape” is analogous to flying over new terrain in a plane, sacrificing detail for a broad
perspective that will best enable us to later focus in detail on areas of most interest. This
perspective suggests Drosophila NMJ development involves a relatively small number of cell
adhesion molecules, extensive networks of transcriptional and translational control,
multitudinous intracellular signaling, cytoskeletal rearrangement, and—most importantly—a
large fraction of proteins with unknown function. A focus on these areas will likely best lead
to important advances in our understanding of synaptogenesis.

In summary, we screened approximately 2185 P-element mutants (representing insertions in
16% of the entire Drosophila genome) for lethal mutants with defects in NMJ development.
Embryonic/larval NMJs in 202 lethal mutants (≈1.5% of the genome) were examined in detail
using immunocytochemistry and confocal microscopy. We found 88 mutations that affect NMJ
morphology. Subsequent control experiments revealed that many of the transposon insertion
mutants in the BDGDP carry background mutations, but our data still offer a larger-scale,
genome-scale perspective. This view suggests that successful presynaptic growth and
differentiation of NMJs appears to require a precisely balanced orchestration of most aspects
of cell biology, including many proteins with functions yet to be discovered.
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Figure 1.
Flow chart outlining the process used to isolate P-element insertion mutants with defects in
NMJ development.
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Figure 2.
Pathfinding/target recognition phenotypes observed in the screen. (A) Schematic showing
wild-type neuromuscular junctions on the ventral body wall muscles in one hemisegment of a
Drosophila embryo. Muscles are depicted as numbered rectangles. Intersegmental nerve (ISN)
branch b/d (ISNb/d) branches to form NMJs on muscles 7, 6, 13, and 12. The segmental nerve
(SN) innervates muscles 17, 16, and 15. NMJ presynaptic arborizations are comprised of
several clustered boutons (shaded circles). (B) Confocal image of control embryonic
neuromuscular junctions, as diagrammed in (A), visualized using anti-HRP antibodies that
stain all neuronal membrane. (C-E) Confocal images of pathfinding/target finding mutants,
which do not form neuromuscular junctions on the body wall muscles. (C) w1118; P{GT1}
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SmBBG02775; (D) y1w67c23; P{SuPor-P}KG02164; (E) y1; P{SuPor-P}KG04415. Scale bar =
10 ≈m.
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Figure 3.
Overgrowth phenotypes observed in the screen. (A-D) Embryonic and first instar larval
neuromuscular junctions labeled with the neuronal marker anti-HRP. Scale bar 10 ≈m. (A)
Control first instar larval neuromuscular junctions, as in Figure 2(B). (B) y1w67c23; = P{SuPor-
P}KG00158 mutants display abnormally long presynaptic arborizations. (C) Muscle 6/7 NMJs
in y1; P{SuPor-P}KG01736 mutants exhibit additional branches (arrows) and abnormal
morphology. (D) NMJs in y1; ry506 P{SuPor-P}IP3KIKG02192 mutants exhibit additional
branches (arrows) and boutons. (E-H) Third instar larval 6/7 neuromuscular junctions labeled
with anti-HRP. Scale bar 20 ≈m. (E) Control third instar 6/7 neuromuscular junction. (F-G)
Overgrowth mutant third instar larval = neuromuscular junctions have more branches and
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presynaptic boutons, compared with controls. (F) y1; P{SuPor-P}nufKG02305 ry506;(G) y1; P
{SuPor-P}CG15266KG01622;(H) y1; P{SuPor-P}CG8552KG03914.

Liebl et al. Page 18

J Neurobiol. Author manuscript; available in PMC 2006 October 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Undergrowth phenotypes observed in the screen. (A,B) Embryonic neuromuscular junctions
labeled with anti-HRP. Scale bar = 10 ≈m. (A) Control embryonic neuromuscular junctions,
as in Figures 2(B) and 3(A). (B) NMJs in w1118; P{GT1}ftz-flBG01734 mutants display
immature morphology. (C-F) Third instar larval 6/7 neuromuscular junctions labeled with anti-
HRP. Scale bar = 20 ≈m. (C) Control third instar 6/7 neuromuscular junction, as in Figure 3
(E). (D-F) Undergrowth mutant third instar 6/7 neuromuscular junctions exhibit fewer
presynaptic boutons compared with controls. (D) w1118; P{GT1}BG01610; (E) y1; P{SuPor-
P}KG03611 ry506; (F) y1; P{SuPor-P}RpL3KG05440 ry506.
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Figure 5.
Pie chart showing putative gene functions of insertion loci in mutants identified by the screen.
Several different types of proteins are encoded by the insertion loci: four genes are ATP- or
GTPases, three may regulate cell adhesion, nine are cytoskeletal molecules, nine are kinases
or phosphatases, 10 are involved in RNA processing, nine are involved in protein processing,
15 are transcriptional regulators, three are transporters, nine are involved in other cellular
functions, and 12 are novel genes of unknown function.
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Table 1
Lethal Inserts in P-Element Mutants

Insertion Type GT1 P(Supor-P)

Number of lines 532 1653
Number lethal 53 167
Percent lethal 10.0 10.1
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Table 2
Homozygous Lethal Stages of P-Element Mutants

Do Not Hatch 1stInstar 2nd/3rdInstar Pupal

Number of lines 22 56 52 72
Percentage 10.7 27.3 25.4 35.1
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Table 3
Synaptic Phenotypes of P-Element Mutants

Pathfinding/ Target Recognition Overgrowth: More
Boutons or Branches

Undergrowth: Fewer
Boutons or Branches

Number of lines 13 47 23
Percentage 16% 56% 28%

J Neurobiol. Author manuscript; available in PMC 2006 October 27.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Liebl et al. Page 24
Ta

bl
e 

4
Ex

pr
es

si
on

 P
at

te
rn

s o
f I

ns
er

tio
n 

Lo
ci

N
er

vo
us

 S
ys

te
m

M
us

cl
e

U
bi

qu
ito

us
O

th
er

U
nk

no
w

n

N
um

be
r o

f l
in

es
22

3
5

8
45

Pe
rc

en
ta

ge
 (o

f k
no

w
n)

58
8

13
21

-

J Neurobiol. Author manuscript; available in PMC 2006 October 27.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Liebl et al. Page 25
Ta

bl
e 

5
G

en
es

 A
ff

ec
te

d 
in

 M
or

ph
ol

og
y 

M
ut

an
ts

A
lle

le
Ph

en
ot

yp
e

A
ffe

ct
ed

 G
en

e
C

om
pl

em
en

ta
tio

n 
T

es
t

A
ct

in
/c

yt
os

ke
le

ta
l r

eg
ul

at
or

s:
P{

G
T1

}B
G

00
40

6
O

ve
rg

ro
w

th
jb

ug
D

f(2
R)

59
AD

C
P{

G
T1

}B
G

01
76

6
U

nd
er

gr
ow

th
db

o
D

f(3
L)

th
10

2
C

P{
SU

Po
r-

P}
m

ae
l[

K
G

03
30

9a
]

O
ve

rg
ro

w
th

m
ae

l
m

ae
lr

15
C

P{
SU

Po
r-

P}
nu

f[
K

G
02

30
5]

O
ve

rg
ro

w
th

nu
f

P{
SU

Po
r-

P}
 n

uf
K

G
00

31
4

F
P{

SU
Po

r-
P}

K
G

03
61

1
U

nd
er

gr
ow

th
C

G
33

18
8

D
f(3

R)
by

62
C

P{
SU

Po
r-

P}
cr

b[
K

G
05

09
8]

PF
/T

R
cr

b
D

f(3
R)

Ex
el

61
99

F
P{

SU
Po

r-
P}

K
G

06
32

1
O

ve
rg

ro
w

th
ct

p
N

D
P{

SU
Po

r-
P}

C
G

20
95

[K
G

02
72

3]
O

ve
rg

ro
w

th
se

c8
D

f(3
R)

Tp
l1

0
C

P{
SU

Po
r-

P}
M

ys
45

A[
K

G
00

94
0]

PF
/T

R
M

ys
45

A
D

f(2
R)

w
45

-3
0n

F
A

T
Pa

se
s &

 G
T

Pa
se

s:
P{

G
T1

}R
gl

[B
G

02
02

5]
U

nd
er

gr
ow

th
rg

l
D

f(3
L)

fz
-G

F3
b

F
P{

SU
Po

r-
P}

C
G

83
51

[K
G

01
47

7]
O

ve
rg

ro
w

th
C

G
83

51
P{

SU
Po

rP
}C

G
83

51
[K

G
09

50
1]

F
P{

SU
Po

r-
P}

di
du

m
[K

G
04

38
4]

U
nd

er
gr

ow
th

di
du

m
D

f(2
R)

D
rl

rv
22

C
P{

SU
Po

r-
P}

bl
w

[K
G

05
89

3]
O

ve
rg

ro
w

th
bl

w
P{

PZ
}b

lw
1

F
C

el
l a

dh
es

io
n 

m
ol

ec
ul

es
:

P{
SU

Po
r-

P}
Te

n-
m

[K
G

00
10

1]
U

nd
er

gr
ow

th
Te

n-
m

D
f(3

L)
Ex

el
61

38
F

P{
SU

Po
r-

P}
K

G
04

27
9

O
ve

rg
ro

w
th

ed
D

f(2
L)

Ex
el

80
10

C
P{

SU
Po

r-
P}

Sd
c[

K
G

06
16

3]
O

ve
rg

ro
w

th
Sd

c
P{

PZ
}S

dc
10

60
8

C
K

in
as

es
 &

 p
ho

sp
ha

ta
se

s:
P{

G
T1

}P
ka

-C
1[

BG
02

14
2]

U
nd

er
gr

ow
th

Pk
a-

C
1

D
f(2

L)
30

A-
C

C
P{

SU
Po

r-
P}

C
yc

E[
K

G
00

23
9]

O
ve

rg
ro

w
th

C
yc

E
C

yc
EA

R
95

F
P{

SU
Po

r-
P}

l(3
)0

03
05

[K
G

01
07

7]
U

nd
er

gr
ow

th
l(3

)0
03

05
P{

PZ
l(3

)0
03

05
00

30
}

F
P{

SU
Po

r-
P}

gi
sh

[K
G

03
89

1]
O

ve
rg

ro
w

th
gi

sh
P{

PZ
}g

is
h04

89
5

F
P{

SU
Po

r-
P}

PN
U

TS
[K

G
00

57
2]

O
ve

rg
ro

w
th

PN
U

TS
D

f(2
L)

Ex
el

60
03

F
P{

SU
Po

r-
P}

JI
L-

1[
K

G
02

84
8]

U
nd

er
gr

ow
th

JI
L-

1
P{

SU
Po

r-
P}

JI
L-

1Sc
im

F
P{

SU
Po

r-
P}

po
lo

[K
G

03
03

3]
U

nd
er

gr
ow

th
Po

lo
P{

la
cW

}l
(3

)S
03

03
02

C
P{

SU
Po

r-
P}

IP
3K

1[
K

G
02

19
2]

O
ve

rg
ro

w
th

IP
3K

1
P{

PZ
} I

P3
K

1U
Y5

30
C

P{
SU

Po
r-

P}
K

G
06

34
1

O
ve

rg
ro

w
th

K
P7

8a
/P

ro
s

D
f(3

R)
M

-K
x1

F
R

N
A

 p
ro

ce
ss

in
g:

P{
G

T1
}c

po
[B

G
02

81
0]

O
ve

rg
ro

w
th

cp
o

D
f(3

R)
sr

16
F

P{
G

T1
}S

m
B[

BG
02

77
5]

PF
/T

R
Sm

B
D

f(2
L)

J2
F

P{
SU

Po
r-

P}
Pa

bp
2[

K
G

02
35

9]
PF

/T
R

Pa
bp

2
D

f(2
R)

Ex
el

17
09

5
F

P{
SU

Po
r-

P}
K

G
01

42
7

U
nd

er
gr

ow
th

C
G

82
68

D
f(3

L)
ZP

1
F

P{
SU

Po
r-

P}
K

G
03

37
2

O
ve

rg
ro

w
th

C
G

59
33

D
f(3

R)
cr

b-
F8

9-
4

C
P{

SU
Po

r-
P}

ar
m

i[
K

G
04

66
4]

U
nd

er
gr

ow
th

ar
m

i
D

f(3
L)

12
27

C
P{

SU
Po

r-
P}

K
G

07
04

9
O

ve
rg

ro
w

th
RE

F2
D

f(2
L)

Pr
l

F
P{

SU
Po

r-
P}

K
G

04
41

5
PF

/T
R

ts
u

D
f(2

R)
G

53
F

P{
SU

Po
r-

P}
K

G
00

08
0

O
ve

rg
ro

w
th

AR
C

32
D

f(2
R)

Ex
el

71
62

C
P{

SU
Po

r-
P}

C
G

85
45

[K
G

08
63

1]
O

ve
rg

ro
w

th
C

G
85

45
D

f(2
R)

BS
C

3
F

Pr
ot

ei
n 

pr
oc

es
si

ng
:

P{
G

T1
}t

ar
a[

BG
01

67
3]

PF
/T

R
ta

ra
D

f(3
R)

sb
d4

5
F

P{
G

T1
}R

pn
11

[B
G

01
69

4]
O

ve
rg

ro
w

th
Rp

n1
1

D
f(2

L)
sc

19
-7

C
P{

SU
Po

r-
P}

K
G

02
92

0
U

nd
er

gr
ow

th
hs

ro
m

eg
a

N
D

P{
SU

Po
r-

P}
K

G
03

29
1

U
nd

er
gr

ow
th

pg
an

t5
D

f(2
L)

sc
19

-6
C

P{
SU

Po
r-

P}
C

G
10

88
2[

K
G

02
90

6]
O

ve
rg

ro
w

th
C

G
10

88
2

EP
(2

)2
05

8
F

P{
SU

Po
r-

P}
Ti

m
10

[K
G

04
10

5]
U

nd
er

gr
ow

th
Ti

m
10

P{
SU

Po
rP

}Ti
m

10
K

G
04

11
7b

C
P{

SU
Po

r-
P}

C
G

15
26

6[
K

G
01

62
2]

O
ve

rg
ro

w
th

C
G

15
26

6
D

f(2
L)

os
p1

8
C

P{
SU

Po
r-

P}
K

G
03

07
1

O
ve

rg
ro

w
th

N
ed

d8
P{

EP
}E

P2
06

3
F

P{
SU

Po
r-

P}
K

G
05

64
9a

O
ve

rg
ro

w
th

rt
rt

2
C

G
en

e 
re

gu
la

tio
n:

P{
G

T1
}s

im
j[

BG
00

40
3]

O
ve

rg
ro

w
th

C
G

32
06

7
D

f(3
L)

BS
C

14
C

P{
G

T1
}T

ra
p1

00
[B

G
01

67
0]

U
nd

er
gr

ow
th

Tr
ap

10
0

D
f(3

L)
Ex

el
61

12
F

P{
G

T1
}p

sq
[B

G
02

31
5]

U
nd

er
gr

ow
th

ps
q

ps
qX1

-3
6

C

J Neurobiol. Author manuscript; available in PMC 2006 October 27.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Liebl et al. Page 26
A

lle
le

Ph
en

ot
yp

e
A

ffe
ct

ed
 G

en
e

C
om

pl
em

en
ta

tio
n 

T
es

t

P{
SU

Po
r-

P}
Ss

dp
[K

G
03

60
0]

O
ve

rg
ro

w
th

Ss
dp

Ss
dp

L5
F

P{
SU

Po
r-

P}
C

tB
P[

K
G

00
30

9]
O

ve
rg

ro
w

th
C

tB
P

C
tB

P0
34

63
F

P{
SU

Po
r-

P}
K

r-
h1

[K
G

00
35

4]
O

ve
rg

ro
w

th
K

r-
h1

N
D

P{
G

T1
}f

tz
-f1

[B
G

01
73

4]
O

ve
rg

ro
w

th
ftz

-f1
D

f(3
R)

C
P1

C
P{

G
T1

}c
hi

f[
BG

02
82

0]
O

ve
rg

ro
w

th
ch

if
D

f(2
L)

Ex
el

70
65

C
P{

SU
Po

r-
P}

C
C

R4
[K

G
00

87
7]

a
PF

/T
R

C
C

R4
D

f(3
R)

Ex
el

61
98

F
P{

SU
Po

r-
P}

gc
m

[K
G

01
11

7]
U

nd
er

gr
ow

th
gc

m
D

f(2
L)

Ex
el

70
42

,
F

P{
SU

Po
r-

P}
K

G
02

63
8

O
ve

rg
ro

w
th

H
r4

6
P{

SU
Po

r-
P}

H
r4

6K
G

00
85

0
C

P{
SU

Po
r-

P}
di

m
m

[K
G

02
59

8]
O

ve
rg

ro
w

th
di

m
m

di
m

m
92

9
C

P{
SU

Po
r-

P}
K

G
02

16
4

PF
/T

R
sc

rt
D

f(3
L)

C
H

39
C

P{
SU

Po
r-

P}
K

G
06

15
7

O
ve

rg
ro

w
th

tn
a

P{
la

cW
}t

na
L6

73
1

F
P{

SU
Po

r-
P}

K
G

01
54

9
U

nd
er

gr
ow

th
jin

g
P{

la
cW

}j
in

gk0
34

04
F

T
ra

ns
po

rt
er

s:
P{

SU
Po

r-
P}

C
G

10
36

5[
K

G
00

10
7]

PF
/T

R
C

G
10

36
5

D
f(3

R)
Ex

el
90

13
C

P{
SU

Po
r-

P}
C

G
52

26
[K

G
03

34
7]

O
ve

rg
ro

w
th

C
G

52
26

D
f(2

R)
PC

4
C

P{
SU

Po
r-

P}
Sc

im
13

[1
]

U
nd

er
gr

ow
th

Sc
im

13
D

f(2
L)

N
6

C
O

th
er

:
P{

G
T1

}B
G

00
47

6
U

nd
er

gr
ow

th
C

G
48

60
D

f(3
R)

E7
9

F
P{

G
T1

}s
g1

[B
G

02
66

6]
U

nd
er

gr
ow

th
sg

l
D

f(3
L)

XD
I9

8
F

P{
G

T1
}l

(2
)3

5D
i[

BG
02

00
8]

O
ve

rg
ro

w
th

l(2
)3

5D
i

D
f(2

L)
os

p2
9

C
P{

SU
Po

r-
P}

K
G

01
42

9
O

ve
rg

ro
w

th
M

rp
s6

D
f(3

L)
Ex

el
80

98
F

P{
SU

Po
r-

P}
K

G
02

50
0

O
ve

rg
ro

w
th

G
yc

76
C

D
f(3

L)
Ex

el
61

35
C

P{
SU

Po
r-

P}
C

G
85

52
[K

G
03

91
4]

O
ve

rg
ro

w
th

C
G

85
52

In
(1

)w
m

4h
C

P{
SU

Po
r-

P 
C

op
[K

G
06

38
3]

O
th

er
γC

op
P{

la
cW

}γ
C

op
S0

57
30

2a
F

P{
SU

Po
r-

P}
Sc

im
15

[1
]

O
ve

rg
ro

w
th

Sc
im

15
D

f(2
L)

M
dh

,
C

P{
SU

Po
r-

P}
H

r3
9[

Sc
im

]
O

ve
rg

ro
w

th
H

r3
9

P{
G

T1
}H

r3
9BG

02
39

6
C

U
nk

no
w

n:
P{

G
T1

}B
G

00
53

1
PF

/T
R

un
kn

ow
n

D
f(3

R)
Ex

el
61

41
C

P{
G

T1
}B

G
01

61
0

U
nd

er
gr

ow
th

un
kn

ow
n

N
D

P{
SU

Po
r-

P}
K

G
00

67
0

PF
/T

R
un

kn
ow

n
N

D
P{

SU
Po

r-
P}

K
G

03
14

6
U

nd
er

gr
ow

th
un

kn
ow

n
D

f(3
R)

Ex
el

62
20

F
P{

SU
Po

r-
P}

K
G

03
18

8
PF

/T
R

C
G

13
84

2
D

f(2
R)

BS
C

3
C

P{
SU

Po
r-

P}
K

G
01

73
6

O
ve

rg
ro

w
th

C
G

14
36

3
D

f(3
R)

re
d3

l
C

P{
SU

Po
r-

P}
K

G
00

15
8

O
ve

rg
ro

w
th

C
G

37
93

N
D

P{
SU

Po
r-

P}
l(1

)G
00

03
[K

G
02

48
5]

O
ve

rg
ro

w
th

C
G

66
06

D
f(1

)E
12

8
C

P{
SU

Po
r-

P}
C

G
77

28
[K

G
00

30
0]

PF
/T

R
C

G
77

28
D

f(3
L)

Ex
el

72
53

F
P{

SU
Po

r-
P}

l(3
)6

1D
a[

28
6-

4]
O

ve
rg

ro
w

th
l(3

)6
1D

a
D

f(3
L)

Ar
14

-8
F

P{
SU

Po
r-

P}
oa

f[
Sc

im
-a

]
O

ve
rg

ro
w

th
oa

f
P{

SU
Po

r-
P}

oa
fK

G
00

81
4

C
P{

SU
Po

r-
P}

Sc
im

12
[2

]
O

ve
rg

ro
w

th
Sc

im
12

D
f(2

L)
Ex

el
62

77
C

J Neurobiol. Author manuscript; available in PMC 2006 October 27.


