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We have investigated (i) the role of pdm1, a Drosophila POU gene, during the elaboration of the GMC-
13RP2/sib lineage and (ii) the functional relationship between pdm1 and the closely linked second POU gene,
miti-mere, in this lineage. We show that deletion of pdm1 causes a partially penetrant GMC-1 defect, while
deletion of both miti and pdm1 results in a fully penetrant defect. This GMC-1 defect in miti2 and pdm12

embryos can be rescued by the pdm1 or miti transgene. Rescue is observed only when these genes are expressed
at the time of GMC-1 formation. Overexpression of pdm1 or miti well after GMC-1 is formed results in the
duplication of RP2 and/or sib cells. Our results indicate that both genes are required for the normal
development of this lineage and that the two collaborate during the specification of GMC-1 identity.

The central nervous system (CNS) of the Drosophila embryo
is generated by a specialized group of progenitor cells called
the neuroblast stem cells (NBs). The NBs are initially selected
from among the cells of the neuroepithelium through the ac-
tion of the proneural genes. Once an NB is formed, its neigh-
boring ectodermal cells are prevented from becoming NBs by
neurogenic genes involving cell-cell interactions (5, 6, 11, 16).
Most of the NBs function much like stem cells, undergoing a
series of asymmetric cell divisions producing a chain of gan-
glion mother cells (GMCs). These GMCs divide once, giving
rise to cells that subsequently differentiate into neurons. When
the differentiation of embryonic CNS is complete, each he-
misegment is thought to consist of about 250 highly specific
and distinct neurons.
To understand how a small number of NBs generate a di-

verse array of highly specialized neurons, it is necessary to
dissect the mechanisms involved in cell fate specification at
each step in the elaboration of neuronal lineages. We have
begun to explore this problem of sequential cell fate specifi-
cation by examining the development of one particular mo-
toneuron lineage, NB4-23GMC-13RP2/sib. This lineage has
been well characterized, and a number of genes such as wing-
less, gooseberry, patched, prospero, fushi tarazu (ftz), and even-
skipped (eve) are known to be required for its proper elabora-
tion (7, 12, 14, 18, 22). wingless, for instance, is thought to
function in the initial specification of NB4-2 identity, while
some of these other genes are required in GMC-1 (e.g., pros-
pero) or later (eve and ftz). Another gene which appears to
function in the RP2 lineage is the POU gene miti-mere (miti)
(2), previously known as pdm2 or dPOU28 (3, 10). Two lines of
evidence implicate miti in the development of the RP2/sib
lineage. First, when a truncated miti protein, Dmiti, containing
the DNA-binding POU domain but lacking the N-terminal
activation domain, was expressed during neurogenesis, it be-
haved in a dominant negative manner, mimicking a loss-of-
function mutation at miti, and interfered with the specification
of the RP2 lineage (2). Second, when a full-length miti protein
was misexpressed or overexpressed, it resulted in the duplica-
tion of the RP2/sib lineage (21).

Located distally about 50 kb from miti toward the telomere
is another POU gene, pdm1 (3, 8, 10). The two genes pdm1 and
miti show 87% identity in the DNA-binding POU-specific and
POU homeodomains. Within the POU-specific domain there
is a single amino acid difference, while there are five amino
acids differences in helices 1 and 2 of the POU homeodomain
(3, 10). Hence, it is possible that the miti and pdm1 proteins
bind to the same DNA sequences, perhaps with somewhat
different specificities, or preferentially bind to related but
slightly different DNA sequences. While the two have exten-
sive similarities in the C terminus, the N-terminal activation
domains ofmiti and pdm1 are quite different, and consequently
the two proteins might be expected to interact with a different
set of cofactors.
The close linkage of miti and pdm1 and the high degree of

similarity in the DNA-binding domains raise questions about
the functional relationship between these two POU genes;
however, nothing is known about the role of the pdm1 gene,
particularly during neurogenesis. To address these problems,
we have examined whether pdm1 has any role in the elabora-
tion of the GMC-13RP2/sib lineage. In this report, we show
that pdm1 is expressed in a pattern identical to that of miti
during the development of this lineage and, like miti, is re-
quired for the specification of the GMC-1 identity. However,
loss of function for pdm1 results only in a partially penetrant
GMC-1 defect (absence of eve-positive GMC-13RP2/sib
cells); we observe a fully penetrant lineage defect only when
both miti and pdm1 are deleted. This fully penetrant lineage
defect can be rescued by hsp70 transgenes expressing either the
miti or the pdm1 protein just at the time of GMC-1 formation.
Finally, overexpression of pdm1 (and miti; see also reference
21) in a wild-type background has a different effect: it induces
the duplication of RP2 and/or sib cells. Significantly, the opti-
mal timings for rescue and duplication are different; duplica-
tion events are observed well after the GMC-1 cell has been
formed. Taken together, our results indicate that these two
POU genes have an unusual relationship; though they appear
to have similar functions, they must collaborate in order to
properly specify GMC-1 identity.

MATERIALS AND METHODS
Fly stocks. The transgenic lines carrying either pdm1 or miti and pdm2 have

been previously described and shown to express the encoded proteins ubiqui-
* Corresponding author. Phone: (609) 258-5003. Fax: (609) 258-

5323.
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tously (8). The deficiencies Proxless (Prl) and paired (prd) 1.7 were obtained from
the Indiana Stock Center. The breakpoints of these deletions have been de-
scribed previously (2, 8, 17). These deficiency chromosomes were balanced with
a LacZ-marked ‘‘blue’’ CyO balancer.
Staging of embryos. The embryos were staged as described by Wieschaus and

Nusslein-Volhard (20) at room temperature (;228C). We also used the devel-
opment of two other lineages, the GMCs for U neurons and aCC/pCC neurons
in relation to the development of the GMC-13RP2/sib cells, for determining the
developmental stage.
Immunostaining. Immunostaining with antibodies was performed as described

previously (2). A polyclonal eve antibody was from Manfred Frasch. The pdm1
antibody used is directed against the N-terminus portion of the protein and is
pdm1 specific (8). To detect differentiated RP2 motoneuron in embryos older
than 13 h, a monoclonal antibody (MAb) against a membrane protein, 22C10 (a
gift from the laboratory of C. Goodman), was used. For double staining with eve
and pdm1 antibodies, an eve MAb (from Nipam Patel) was used. For double
labeling with eve and ftz, the polyclonal eve antibody and a MAb against ftz (gift
from Ian Duncan) were used. In all double labeling experiments, the detection
was done by confocal microscopy.
Heat shock and rescue experiments. For the overexpression of pdm1 and miti

transgenes, embryos were heat shocked as described previously (2). Briefly,
embryos were hand picked during the cleavage stage, aged at 228C for various
lengths of time, and heat shocked at 378C for specified durations by immersion
in halocarbon oil preheated to 378C. Embryos were allowed to develop for
various lengths of time before fixing and staining with various antibodies. For
rescuing, the RP2 lineage defect in prd 1.7, either the pdm1 transgene or the miti
transgene under the control of the hsp70 promoter was introduced into the prd
1.7 background. Early cleavage-stage embryos were hand picked and aged for
different durations before the heat shock. The heat shock was performed for 25
min at 378C as described above. Following heat shock, embryos were aged for 2
h, fixed, and stained with eve or double stained with eve and ftz. Control embryos
in these heat shock experiments did not show any duplication of the RP2 lineage.

RESULTS

Expression of pdm1 in the NB4-23GMC-13RP2/sib lin-
eage. The parental NB for the RP2/sib lineage is NB4-2; this
row 4 NB delaminates from the neuroepithelium during stage
9 of embryogenesis as an S2 NB (;5 h of development at
228C). Shortly thereafter, NB4-2 begins a series of asymmetric
divisions producing several distinct GMCs. The first of these is
GMC-1 (Fig. 1A). This GMC becomes eve positive during
early stage 11 (;7 h); about 1 h later (;8 h at 228C), it divides
to give one cell which subsequently differentiates into the RP2
motoneuron and innervates muscle 2 and a second, sib cell
whose ultimate fate is not known. In a previous study, we found
that expression of the miti POU gene can first be detected in
this lineage at about 6.5 h, or very soon after the GMC-1 cell
is formed (2). The level of miti protein peaks at ;7 h and then
begins to drop. By contrast, over this same time period the
level of eve protein, which is very low when the GMC-1 cell is
first formed, increases. When the GMC-1 cell divides, the
remaining miti protein appears to be asymmetrically distrib-
uted into the newly formed RP2 and sib cells, with higher levels
in RP2 cell and lower levels in the sib cell (2). eve protein also
shows a similar asymmetric distribution in RP2 and sib cells
(Fig. 1A). Eventually miti protein disappears from both RP2
and sib cells, while eve disappears only from the sib cell.
To ascertain whether the sister ofmiti, pdm1, might also play

a role in elaboration of the RP2/sib lineage, we first used a
pdm1 antibody (8) to determine whether pdm1 is expressed in
the GMC-13RP2/sib lineage. To help identify cells in this
lineage, we used an antibody directed against eve. Figure 2
shows a confocal analysis of the CNS, double stained with eve
and pdm1 antibodies, at two different time points, approxi-
mately 6.5 and 8 h of development (at 228C). At the earlier
stage, the newly formed GMC-1 cell should be located just
above the cluster of eve-positive aCC/pCC and U GMCs. Al-
though an eve-positive cell at the position of GMC-1 is not
detected in either the left or right hemisegment (Fig. 2a; the
approximate position is marked by an arrow), a pdm1-positive
cell is found in the right hemisegment at the position expected

for GMC-1 (Fig. 2b, arrow). That this pdm1-positive cell is
likely to correspond to GMC-1 is suggested by the finding that
the pdm1-positive cell at this position (relative to the aCC/pCC
and U GMCs; large arrow) becomes eve positive at a slightly
later point in development. These results suggest that pdm1,
like miti, is probably activated in the RP2/sib lineage shortly
after GMC-1 is formed.
As the GMC-1 cells age, the level of pdm1 protein appears

to drop, while the level of eve protein increases. Figures 2d to
f show eve and pdm1 proteins in the CNS of an ;8-h embryo,
just around the time when the GMC-1 cells begin to divide.
Typically, the newly formed RP2 cell appears to be larger
(hemisegment on the left in Fig. 2d) and have higher levels of
eve and miti proteins than the sib cell, which is smaller and
usually appears to have lower levels of these two proteins. A
similar pattern is also observed for pdm1 protein (hemiseg-
ment on the left in Fig. 2e and f): the RP2 cell is larger and
appears to contain more protein (arrow) than the smaller sib

FIG. 1. (A) The NB4-23GMC-13RP2/sib lineage. The first GMC pro-
duced from NB4-2 gives rise to the RP2 motoneuron and its sibling cell. At or
very soon after the GMC-1 cell is first formed, it begins to express the miti (2)
and pdm1 (this report) genes. Shortly thereafter, eve and ftz expression is acti-
vated, while the level of miti and pdm1 begins to drop. All four proteins are still
present in GMC-1 when it divides to form the RP2 and sib cells; however, the
four proteins appear to be asymmetrically distributed into the two daughters,
with higher levels in the RP2 cell than in the sib cell. While eve and ftz continue
to be expressed in RP2 as it differentiates into the motoneuron, pdm1 and miti
are no longer detected. The fully differentiated motoneuron expresses an addi-
tional marker, a membrane protein recognized by MAb 22C10. The ultimate fate
of the sib cell is not known; however, if it survives, it does not appear to express
any of these marker proteins. (B) Chromosomal map of the 33F region on the
left arm of the second chromosome. Both miti and pdm1 genes map to the
cytological interval of 33F1/2 and are transcribed in the same direction toward
the centromere. The distance between miti and pdm1 is about 50 kb. Also shown
are the approximate positions of breakpoints for the deficiencies prd 1.7 and Prl.
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cell (thin arrow). eve protein then persists in the RP2 cell
during its subsequent differentiation into a neuron (Fig. 1a),
while it gradually disappears from the sib cell. However, pdm1
protein disappears from both cells soon after they are formed
(data not shown).
Overexpression of pdm1 causes duplication of the RP2/sib

lineage. In a previous study, Yang et al. (21) showed that
overexpression of miti protein from a heat shock miti cDNA
results in the formation of two RP2 and two sib cells instead of
just one of each. If pdm1 also functions in the elaboration of
the RP2/sib lineage, then overexpression of the pdm1 protein
might produce similar duplications. To test this possibility, we
briefly heat shocked animals carrying either an hsp70:pdm1
transgene or, as a control, an hsp70:miti transgene around 7 h
of development (at 228C). The heat-shocked embryos were
then allowed to develop for an additional 2 to 3 or 6 h and
stained with eve antibody. As illustrated in Fig. 3B (thick ar-
row), we observed a duplication of the eve-positive RP2 neu-
rons in the CNS of 13-h embryos. The duplicated RP2 neurons
could be detected in 1 to 12 hemisegments in about 72% of the
hsp70:pdm1 embryos (Table 1). A similar percentage (71%) of
embryos having duplicated RP2 neurons in two to six hemiseg-
ments (Fig. 3C; Table 1) was observed with the miti transgene.
To confirm that the RP2 neuron is duplicated by ectopic

pdm1 (or miti) expression, we stained the 13-h heat-shocked
embryos with MAb 22C10, which is direct against a membrane
protein. RP2 is one of the neurons which expresses this antigen
on its cell body and axonal tract membranes (Fig. 3D). MAb
22C10 also stains other RP neurons, such as RP1, RP3, and
RP4 (Fig. 3D). As was found with eve staining, we observe
hemisegments in the heat-shocked pdm1 or miti embryos
which have two 22C10-positive RP2 neurons instead of one.

This duplication is shown for pdm1 in Fig. 3E. In addition to
the duplication of the RP2 neurons, we occasionally observed
hemisegments in the heat-shocked pdm1 embryos which are
missing RP1, RP3, or RP4 neurons, as judged by 22C10 stain-
ing (Fig. 3E). However, it should be noted that the duplication
of RP2 does not appear to depend on the loss of one or more
of the other RP neurons; most hemisegments that have dupli-
cated RP2 neurons also have the other three RP neurons,
while hemisegments which lack RP1, RP3, or RP4 typically
have only a single RP2 neuron. Similar results were also ob-
served for heat shocked miti transgenic embryos as well (data
not shown). These results indicate that the ectopic expression
of pdm1 or miti can cause CNS defects other than the dupli-
cation of RP2.

FIG. 2. Expression of pdm1 in wild-type GMC-13RP2/sib cells. Wild-type embryos were doubly stained with eve and pdm1 antibodies, and the staining pattern was
analyzed by confocal microscopy. The photographs shown represent the sum of several images sectioned across the CNS. Anterior end is up. The thick lines on the
top and bottom indicate the midline. (a) eve staining pattern in a;6.5-h embryo. At this stage, eve is barely detectable in GMC-1 (position is marked by an arrow above
the GMCs for U neurons [open arrow] and aCC/pCC neurons [thick arrow]) in this hemisegment. (b) The same field visualized for pdm1 protein. A cell at the position
expected for GMC-1 shows strong expression of pdm1 (arrow). (c) Merging of images from panels a and b. (d to f) eve and pdm1 staining patterns in a slightly older
embryo (;8 h). In the hemisegment on the left (d), the GMC-1 cell has already divided to form RP2 (arrow) and sib (thin arrow) above the U neurons (open arrow)
and aCC/pCC cells (thick arrow). As is typically observed, the RP2 cell is larger and shows stronger eve staining than the sib cell. (e) Partitioning of pdm1 into RP2
and sib cells. Typically the larger RP2 cell appears to have somewhat more pdm1 protein than the smaller sib cell. The merged image (f) demonstrates that pdm1 protein
is present in both the RP2 and sib cells. In the hemisegment on the right (d to f), the GMC-1 cell appears to be in the process of dividing into RP2 and sib cells.

TABLE 1. Effects of a brief heat shock of miti and pdm1 transgenic
embryos on GMC-13RP2/sib lineagea

Characteristic

pdm1 miti

No. of
hemi-
segments
with

% of
embryos
with

Total
no. of
embryos
counted

No. of
hemi-
segments
with

No. of
embryos
with

Total
no. of
embryos
counted

3 cells 1–3 12 42 1–2 11 37
4 cells 1–10 69 42 1–7 65 37
Duplicated RP2
neurons

1–12 72 32 2–6 71 30

a The hemisegments with three cells and four cells are counted from the same
set of embryos. The number of hemisegments with three cells include (i) two
weakly staining (for eve) and/or smaller cells and one strongly staining and/or
larger cell and (ii) two larger and/or strongly staining cells and one smaller and/or
weakly staining cell (see Fig. 3).
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FIG. 3. Overexpression of pdm1 ormiti causes duplication of the RP2 neuron. Hand-picked embryos aged for;7 h were heat shocked at 378C for 25 min. Following heat
shock, embryos were allowed to develop for 6 h at 228C before staining with eve and MAb 22C10. Anterior end is up. In panels A to C, the embryos were stained with eve
antibody. (A) Control embryo. (B and C) Heat-shockedhsp70:pdm1 and hsp70:miti transgenic embryos. In the control embryo, eve antibody stains the RP2 (thick arrow), aCC
(large caret), pCC (small caret), U (thin arrow), CQ (small arrow), and EL (arrowhead) neurons. In the heat-shockedhsp70:pdm1 embryo (B), the two hemisegments on the
right each have two eve-positive RP2 neurons instead of one (marked by thick arrow). In each of the hemisegments on the left, only one RP2 neuron is present; the RP2 cell
in the lower hemisegment is not in the focal plane. In the heat-shocked hsp70:miti embryo (C), both the upper left and right hemisegments contain two eve-positive RP2
neurons, while only one RP2 motoneuron is present in the lower left and right hemisegments, and these are slightly out of the focal plane. Othereve-positive lineages do not
appear to be affected in these transgenic embryos. (D and E) Control and heat-shockedhsp70:pdm1 embryos stained with MAb 22C10. MAb 22C10 (D) stains the RP2 cell
body (thick arrow) as well as RP1 (empty arrow), RP4 (thin arrow), RP3 (out of focus in this photomicrograph; panel F), aCC (caret), and several other neurons. A duplicated
RP2 neuron can be seen in the upper right hemisegment in the hsp70:pdm1 embryo in panel E, and the cell bodies of these two neurons are indicated by the thick arrows.
The lower right hemisegment has only a single RP2 neuron. Also indicated by carets in this panel are two aCC neurons. Several other abnormalities are evident in this embryo,
including a disruption in the organization of the commissures and longitudinal connectives and apparently missing RP1, RP3, and RP4 neurons. Very similar results were also
observed for heat-shockedmiti transgenic embryos (not shown). (F) Organization of some of the neurons in the CNS as revealed by MAb 22C10 in the control (left) and heat
shocked hsp70:pdm1 (right) embryos. ISN, intersegmental or ipsilateral nerve bundle (RP2, aCC, and other neurons contribute to this bundle); SN, segmental nerve bundle;
AC, anterior commissure; PC, posterior commissure.
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We next determined whether the elaboration of the RP2/sib
lineage is sensitive to elevated levels of pdm1 at the same time
in development as it is to miti. Yang et al. (21) showed that the
hsp70:miti embryos had to be heat shocked after the GMC-1
cell is formed in order to for a lineage duplication to be ob-
served. By contrast, earlier heat shocks, before the parental
NB4-2 cell divides, or later, after the GMC-1 cell has divided
to produce RP2 and sib cells, do not induce lineage duplica-
tions. To determine when pdm1 induces lineage duplications,
staged transgenic embryo collections were heat shocked at
different time points in the interval between 1 and 9 h after egg
lay and then allowed to develop until 13 h. Duplication of the
eve-positive RP2 cells was observed only when the hsp70:pdm1
transgenic embryos were heat shocked around 7 h of develop-
ment (at 228C). We found that a similar timing was required to
induce duplications with the miti transgene (21). These results
are consistent with the idea that the GMC-1 cell is sensitive to
elevated levels of pdm1 and miti, while RP2 and sib cells are
not.
To provide additional evidence that the extra eve-positive

RP2 neuron observed in the 13-h CNS is likely due to an
earlier duplication of GMC-1, we examined the development
of the RP2/sib lineage in embryos heat shocked at ;7 h of
development. As would be expected for a GMC-1 duplication,
we found that a subset of the pdm1 or miti transgenic embryos
at 1 h after heat shock had two instead of one eve-positive cell
in the location of GMC-1 (data not shown). When slightly
older (8- to 8.5-h) embryos were examined, nearly 70% (Table
1) had between 1 and 10 hemisegments with four cells (two
RP2 and two sib cells) for hsp70:pdm1 transgenic embryos and
1 to 7 hemisegments for miti embryos (Fig. 4c [pdm1 embryo]
and f [miti embryo]).
Duplication of the sib or RP2 cell but not both could also be

observed after overexpression of pdm1 or miti. To explain the
duplication of the RP2 and sib cells, Yang et al. (21) proposed
that elevated levels of miti cause the GMC-1 cell to produced
daughter cells which reiterate the GMC-1 fate instead of dif-
ferentiating directly into RP2 and sib cells. Consistent with this
idea, we found that four copies of the endogenous miti gene
could also produce extra RP2 and sib cells (2). However, our
result differed in one important respect from those of Yang et
al. (21) (and the results described above for pdm1): we ob-
served duplication of either the sib or the RP2 cell but not both
(2). To explain this finding, we suggested that a twofold ele-
vation in the level of miti is not sufficient to induce both
daughters to reiterate the GMC-1 fate; instead, only one
daughter reiterates the GMC-1 fate (ultimately producing an
RP2 and a sib cell), while the other daughter assumes either an
RP2 or a sib identity.
An obvious question is whether this partial reiteration of the

GMC-1 lineage also occurs after heat shock induction of the
hsp70:pdm1 transgene or, for that matter, the hsp70:miti trans-
gene. That it might occur is suggested by the fact that many of
the hemisegments in heat-shocked hsp70:pdm1 transgenic em-
bryos show no apparent GMC-1 defect. It would appear that
the level of pdm1 is not sufficient and/or the timing of the heat
shock is not appropriate to alter lineage development in these
hemisegments. Hence, it is conceivable that in heat-shocked
embryos, there may be hemisegments in which the GMC-1 cell
has levels of pdm1 sufficient to induce a partial but not a
complete reiteration of the GMC-1 lineage. Consistent with
this possibility, we observed hemisegments in heat-shocked
hsp70:pdm1 transgenic embryos with three, not four, eve-pos-
itive cells (Fig. 4; Table 1). Shown in Fig. 4a is the CNS of an
8- to 9-h embryo (that had been heat shocked ;7 h of devel-
opment) in which one hemisegment has three eve-positive

cells; one of these is larger and/or stains strongly for eve (ar-
row) and presumably corresponds to RP2, while the other two
are smaller and or weakly staining (thin arrows) and presum-
ably correspond to sib cells. The embryo in Fig. 4b also has
hemisegments with three eve-positive cells; however, in this
case two cells are larger and stain strongly for eve (presumed
RP2 cells) and one cell is smaller and/or stains weakly for eve
(presumed sib cell). These two types of lineage duplications
were observed in about 12% of the embryos and are usually
restricted to one to three hemisegments (Table 1).
The three-cell phenotype observed after overexpression of

pdm1 suggested that it would be of interest to determine
whether this partial lineage reiteration is also observed when
miti is expressed from the hsp70 transgene. As illustrated in
Fig. 4d and e and Table 1, hemisegments containing three
instead of four eve-positive cells are observed after induction of
a hsp70:miti transgene. As was the case for pdm1, this three-
cell phenotype is infrequent (Table 1), and in most instances
we observe four eve-positive cells in heat-shocked embryos
(Fig. 4f; Table 1). While the percentage of hsp70:miti embryos
showing RP2 duplications in this experiment is similar to that
observed for hsp70:pdm1, the penetrance of the phenotype is
lower, and typically fewer hemisegments show the lineage du-
plication. This probably reflects differences in the level of
pdm1 and miti proteins expressed by these particular trans-
genes rather than differences in the properties of the two
proteins. This possibility is suggested by the fact that in a
second hsp70:miti transgenic line, we found RP2 duplications
in as many as 13 hemisegments (data not shown) (see also
below).
Both pdm1 and miti are required for the normal specifica-

tion of the GMC-13RP2/sib lineage. The fact that pdm1 and
miti display very similar expression patterns and induce similar
types of duplications in the RP2/sib lineage when overex-
pressed raises the possibility that these two POU genes are
redundant. Alternatively, the two genes may perform collabo-
rative or overlapping functions in the elaboration of the GMC-
13RP2/sib lineage. Our previous studies using a synthetic
dominant negative Dmiti transgene suggested that miti was
required to establish GMC-1 identity and that in the absence
of a wild-type level ofmiti function, this cell and/or its progeny,
RP2 and sib cells, are not formed or fail to develop properly.
Hence, it was of interest to determine whether the loss of pdm1
function also blocks the specification of the GMC-13RP2/sib
lineage. To test this, we examined the GMC-13RP2/sib lin-
eage in a deficiency, Prl, whose centromere-proximal break-
point lies within the pdm1 gene (Fig. 1B) and whose homozy-
gotes have no pdm1 protein (8). While the Prl deficiency does
not delete miti, it does remove the centromere-distal pair-rule
gene prd. As a consequence of the prd lesion, alternate seg-
ments are missing in embryos homozygous for the Prl deletion,
and development of the RP2/sib lineage can be examined only
in those 14 hemisegments which are still present. In a previous
study (2), we found that eve-positive cells from RP2/sib lineage
could be detected in those segments which are unaffected by
the prd lesion. However, as indicated in Fig. 5B (uppermost
hemisegment, arrow), a more detailed analysis of the RP2/sib
lineage in these remaining segments reveals that Prl has a
partial defect in the elaboration of this lineage. While approx-
imately 70% of the Prl homozygotes are missing the eve-posi-
tive cells from the RP2/sib lineage, the expressivity of this
defect is quite low, and in most cases the lineage is missing in
only one to two hemisegments (Table 2). A similar partially
penetrant phenotype was also obtained with the dominant
negative Dmiti transgene (2). A quite different result is ob-
served for the deficiency prd 1.7, which removes both miti and
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pdm1 as well as the prd gene (Fig. 1B). As shown in Fig. 5C, the
RP2/sib lineage defect is completely penetrant (with full ex-
pressivity) in this deletion mutant—eve-positive cells from the
RP2/sib lineage are absent in all remaining hemisegments (Ta-
ble 2; Fig. 3F). These findings are consistent with the idea that
loss-of-function mutations in both pdm1 and miti may be re-
quired to disrupt the development in all hemisegments.
The results obtained for prd 1.7 embryos that are transhet-

erozygous for either the Prl deletion or a wild-type chromo-
some also suggest that both genes are required for the wild-
type development of this lineage (Table 2). For instance, in
contrast to the Prl homozygotes, all embryos which are tran-
sheterozygous for prd 1.7 and Prl had hemisegments that ex-
hibited RP2/sib lineage defects (Table 2). Thus, hemizygosity
for miti appears to enhance the effects of loss of both copies of
pdm1 in the RP2 lineage. However, unlike the case for prd 1.7
homozygotes, the RP2/sib lineage defect was not fully expres-
sive in terms of the number of hemisegments affected in these
transheterozygotes, and there were always hemisegments in
which eve-positive RP2/sib cells could be observed (Fig. 5C;
Table 2). Finally, as shown in Table 2, prd 1.7 has a weak haplo
insufficiency. When prd 1.7 was outcrossed to a wild-type chro-
mosome, we observed about 6.5% of prd 1.7/1 embryos with a
missing eve-positive RP2 lineage. Since Prl does not show
haplo insufficiency, this finding provides further evidence for

the involvement of both pdm1 and miti in the RP2/sib lineage
specification.
The prd 1.7 RP2/sib lineage phenotype is rescued by the

hsp70:pdm1 and hsp70:miti transgenes. Prl and prd 1.7 are
rather large deletions and hence might include genes other
than miti and pdm1 that are required for the proper elabora-
tion of the RP2/sib lineage. If this were the case, the RP2/sib
lineage defects evident in embryos carrying these deficiencies
could be due to the deletion of these other genes rather than
to the loss of pdm1 or miti. Hence, it was important to deter-
mine whether the RP2/sib lineage defects evident in the dele-
tion mutants could be rescued by the pdm1 or miti transgene.
For this purpose, we took advantage of the inducible trans-
genes in which pdm1 or miti cDNAs are expressed under the
control of the hsp70 promoter.
In the first experiment, we tested whether the hsp70:pdm1

transgene was able to rescue the fully penetrant defect in the
RP2/sib lineage observed in homozygous prd 1.7 embryos. Ho-
mozygous deficiency embryos carrying either one or two copies
of the hsp70:pdm1 transgene were heat shocked around the
time of GMC-1 formation (see below), and the RP2/sib lineage
was then examined by staining with eve antibody. The rescue of
eve-positive cells in homozygous prd 1.7 embryos after expres-
sion of pdm1 is shown in Fig. 5D. As indicated in Table 3, over
40% of the prd 1.7 homozygous embryos carrying a single copy

FIG. 4. Overexpression of pdm1 and miti duplicates GMC-1. Hand-picked embryos aged for ;7 h were heat shocked at 378C for 25 min. Following heat shock,
embryos were allowed to develop for 2 to 3 h at 228C before staining for eve. These embryos were examined with a confocal microscope. (a to c) pdm1 transgenic
embryos; (d to f) miti transgenic embryos. Anterior end is up; panels are dorsal views. (a and d) Instead of one RP2 cell and one sib cell, three cells are observed, two
smaller and/or weakly staining cells (thin arrows) and one larger and/or strongly staining cell (arrow). (b and e) Three cells are also observed, but in this case two are
larger and stain strongly for eve (arrows), while one is smaller and stains weakly for eve (thin arrow). (c and f) Four cells, two smaller cells with weaker eve expression
(thin arrows) and two large cells with stronger eve expression (arrows), are observed. In panels a to c and d to f, the cluster of U and CQ cells are shown by a long
arrow. aCC or pCC cells are not visible in these confocal sections. The images in these sections are slightly overcollected in order to visualize the weakly staining cells.
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FIG. 5. The eve-positive RP2/sib lineage in prd 1.7 homozygotes (miti2; pdm12) can be rescued by either a pdm1 or a miti transgene. Anterior end is up; panels
are dorsal views. (A) A 7.5- to 8-h wild-type embryo. In all panels, cells are marked as follows: GMC-1, thick arrow; newly formed RP2, thin arrow; sib, short arrow;
aCC and pCC, large and small carets, respectively; Us, open arrow. Note that the development of these lineages is not always synchronous even in adjacent
hemisegments, and thus in some hemisegments only one cell (e.g., a GMC) instead of two (e.g., postmitotic neurons) are observed. (B) CNS of an embryo homozygous
for the deficiency Prl, which deletes prd and pdm1 but leaves miti intact. In this embryo, only one hemisegment has missing eve-positive RP2/sib cells (marked by an
arrowhead, top hemisegment on the right). The absence of the RP2/sib and U neurons in alternate hemisegments is due to the prdmutation uncovered by this deficiency
(Fig. 1). That the other eve-positive lineage cells deleted in this deficiency (and in prd 1.7) in alternate segments are the U neurons and not the aCC/pCC neurons is
indicated by double staining for eve and ftz (shown in Fig. 6). U neurons are negative for ftz, while aCC and pCC cells and the GMC-13RP2/sib cells are ftz positive.
By contrast, the aCC and pCC neurons appear to be unaffected by the removal of the prd gene (in either Prl or prd 1.7 deficiency embryos), and these neurons can
be seen both just above and just below the cells from the RP2/sib lineage. (C) A 7.5 to 8-h homozygous prd 1.7 deficiency embryo. This deficiency deletes miti, pdm1,
and prd. No eve-positive GMC-1 or RP2/sib cells are observed in the hemisegments which are unaffected by prd deletion (expected positions of cells in this lineage;
GMC-1, RP2 and sib are marked by arrowheads). However, the U neurons (open arrow) in the hemisegments unaffected by prd, and aCC and pCC neurons (carets)
are still present in the prd 1.7 embryos (just as is the case in Prl embryos). The eve staining pattern in the CNS of older deficiency embryos is often difficult to interpret
because of the severe segmentation defects. (D to F) The rescue effects of pdm1 (D) and miti (E and F) transgenes. Both pdm1 and miti transgenes rescue the RP2
lineage in some hemisegments of prd 1.7 deletion embryos. Duplication of the lineage in the prd 1.7 background was also observed with the overexpression ofmiti (heavy
arrow in panel F) or pdm1 (not shown); however, the frequency of such duplication is very low.
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of the hsp70:pdm1 transgene had at least one and in some cases
as many as five hemisegments (those that are unaffected by the
prd lesion of prd 1.7) with eve-positive RP2/sib cells. Moreover,
rescue was observed in nearly twice the number of embryos
(80%) when the homozygous mutants had two copies of the
hsp70:pdm1 transgene.
The hsp70:miti transgene also rescues the RP2/sib lineage

defect in homozygous prd 1.7 mutants to a Prl-like phenotype
(Fig. 5E); however, as indicated in Table 3, eve-positive RP2/
sib cells are observed only with two copies of the transgene.
Even in this case, the percentage of rescued prd 1.7 embryos is
not much greater than that obtained with a single copy of the
hsp70:pdm1 transgene. As noted above, this difference be-
tween the rescue effects of pdm1 and miti may reflect differ-
ences in the levels of two proteins produced by heat induction.
In this regard, it may be significant that we rarely observe the
duplication of the RP2 and sib cells in the prd 1.7 background
(solid arrow in Fig. 5F). We next determined whether the
rescue of the RP2/sib defect in prd 1.7 can be enhanced by the
induction of both miti and pdm1 transgenes. As indicated in
Table 3, one copy of each POU gene is marginally more ef-
fective than two copies of miti but is less effective than two
copies of pdm1.
To provide further evidence that the RP2 lineage defect in

prd 1.7 could be rescued by induction of either the hsp70:pdm1
or hsp70:miti transgene, we double stained the heat-shocked
transgenic prd 1.7 embryos with ftz and eve antibodies. In the
wild-type RP2 lineage, the ftz expression pattern is similar to
eve pattern; it is first turned on in GMC-1, and when this cell
divides, it appears to partition preferentially into the RP2 cell,
while lower levels are found in the sib cell (Fig. 6a to c). ftz is
also expressed in many other neuronal lineages (Fig. 6a to c);
however, only some of these (e.g., aCC and pCC) are also eve
positive (see also reference 13). Conversely, not all eve-positive
neuronal lineages (e.g., U) express ftz (Fig. 6a to c). By double
staining with eve and ftz antibodies, the RP2 lineage can be
identified and distinguished from other nearby eve-positive
neurons. We first examined the lineage in prd 1.7 and Prl
embryos. As shown for prd 1.7 in Fig. 6d to f, cells from the
RP2 lineage cannot be detected with either the ftz antibody or
the eve antibody in these deficiency embryos. This finding pro-
vides further evidence that the GMC-13RP2/sib lineage is not
properly specified in embryos lacking both the miti and pdm1
genes. By contrast, in Prl embryos which have the same defects
in segmentation as prd 1.7, the RP2 lineage is present in most
of the hemisegments unaffected by the removal of the pair-rule
gene prd, and the cells from this lineage express both eve and
ftz (Fig. 6g to i). There are, however, usually one or two he-
misegments in Prl embryos which lack an eve-positive cell from
the RP2 lineage (Table 2), and in these instances no ftz ex-
pression could be detected as well (data not shown). We next
examined eve and ftz expression in prd 1.7 embryos rescued by
heat induction of either the hsp70:miti or pdm1 transgene. As
illustrated for hsp70:miti in Fig. 6j to l, the eve-positive cells
induced by the transgene at the position expected for the RP2
lineage also express ftz. Similar results were obtained for hsp70:
pdm1. The fact that the eve-positive cells formed after induc-
tion of the transgenes also express a second marker for the
RP2/sib lineage provides additional evidence that miti and/or
pdm1 can rescue the lineage in prd 1.7 embryos.
The pdm1 and miti proteins are required during the time of

GMC-1 formation. The experiments described above sug-
gested that it might be possible to use these inducible trans-
genes to determine when in development the pdm1 and miti
proteins are required for the proper elaboration of the GMC-
13RP2/sib lineage. Staged prd 1.7 embryos carrying either the
hsp70:pdm1 or hsp70:miti transgene were heat shocked for 25
min at hourly intervals during development, and the rescue of
the RP2/sib lineage was examined by eve antibody staining. As
can be seen in Fig. 7, no rescue was observed when the two
POU genes are induced during the first 4 h of development. A
small percentage of the embryos show rescue when the trans-
genes are induced at 5 h of development, which is around the
time when NB4 is formed. The percentage of rescued embryos
for both transgenes shows a sharp peak at around 6 h, which is
close to the time when NB4-2 divides to form GMC-1, and
then drops dramatically at 7 h. This timing suggests that both
POU proteins are required in the GMC-13RP2/sib lineage at
or just before the time when the GMC-1 cell is formed. Inter-
estingly, this result is consistent with our analysis of the time
when a dominant negative hsp70:Dmiti transgene exerts its
maximum effect on the RP2/sib lineage (2). In this case, the
disruption of the RP2/sib lineage by the inducible Dmiti trans-
gene peaked at 6 h, dropping off sharply either earlier or later.

DISCUSSION

During evolution, gene duplication events provide in the
short term a mechanism for boosting the level of critical pro-
teins and in the long term the possibility that each of the

TABLE 2. Frequency of penetrance of the RP2 lineage defect in
deficiencies which removes pdm1 or pdm1 and mitia

Genotype
GMC-13RP2/sib lineage defect

% of embryos No. of hemisegments

Prl/Prl 70 1–6 (2)
prd 1.7/prd 1.7 100 14
Prl/prd 1.7 100 1–8 (3)
Prl/1 0 0
prd 1.7/1 6.5b 1–5 (2)

a Both Prl and prd 1.7, the two deficiencies which remove either pdm1 or both
pdm1 and miti, also remove the prd gene (Fig. 1). The prd lesion enabled us to
identify homozygous deletion mutants, since these embryos lack alternate seg-
ments. However, because of the prd segmentation defect in these deletion mu-
tants, only a total of 14 hemisegments can be assayed for disruptions in the
RP2/sib lineage. The average number of hemisegments affected is shown in
parentheses.
b The strength of the prd 1.7 haplo insufficiency shows some dependence on

background. When prd l.7 is outcrossed to other second chromosomes, we have
observed both an enhancement and a suppression of this haplo insufficiency.

TABLE 3. Rescue of miti and pdm1 deletion mutants with miti and
pdm1 transgenesa

Genotype
GMC-13RP2/sib lineage rescue

% of embryos No. of hemisegments

prd 1.7; hsp70 pdm1 45 1–5
prd 1.7
prd 1.7; hsp70 pdm1 80 3–6
prd 1.7 hsp70 pdm1
prd 1.7; hsp70 miti 0 0
prd 1.7
prd 1.7; hsp70 miti 49 1–4
prd 1.7 hsp70 miti
prd 1.7; hsp70 pdm1 57 1–5
prd 1.7 hsp70 miti

a In prd 1.7 embryos, both pdm1 and miti are deleted, and the RP2 lineage
defect is observed in all hemisegments (not affected by the prd lesion) in all
deletion mutant embryos. The ability of pdm1 and miti transgenes to rescue this
RP2/sib lineage defect (in the 14 hemisegments) was determined by scoring the
appearance of eve-positive GMC-1 and/or RP2/sib cells.

VOL. 15, 1995 miti AND pdm1 GENES IN RP2 LINEAGE SPECIFICATION 4059



FIG. 6. The eve-positive cells rescued in prd 1.7 embryos also express ftz. Shown are embryos double stained with eve (a, d, g, and j) and ftz (b, e, h, and k) antibodies.
The eve and ftz images are merged in panels c, f, i, and l. The anterior end is up, and the midline is indicated by a line. (a to c) A wild-type embryo. In the left
hemisegment, the RP2 and sib cells are indicated by thin long and thin short arrows, respectively. As evident from the merged image in panel c, these cells are eve
positive and ftz positive. In the right hemisegment is a large GMC-1 cell (open arrow) which is eve positive (a). This cell is also ftz positive (b and c). The aCC and pCC
cells which are located below the GMC-1 cell in the right hemisegment are indicated in panel a by a thick arrow and a small arrow. Both of these cells are also ftz positive
(b and c). Finally, the U neurons are indicated by the curved arrow in panel a. These cells are ftz negative (b and c). (d to f) A prd 1.7 homozygous embryo. In the
top left and right hemisegments, the only visible eve-positive cells are aCC and pCC. These are also ftz positive (e and f). In the right hemisegment on the bottom, the
eve-positive aCC, pCC, and U neurons can be seen in panel a (thick arrow, small arrow, and curved arrow, respectively). Of these, only the aCC and pCC neurons are
also ftz positive (e and f). In the hemisegment on the bottom left, the U neurons are out of the focal plane, while the GMC for aCC and pCC neurons has not yet divided.
Note that the eve-positive, ftz-positive RP2/sib lineage is not missing. (g to i) A Prl homozygous embryo. In the top left and right hemisegments, the RP2 and sib cells
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duplicated genes will acquire distinct and specialized functions.
In Drosophila melanogaster, several developmental loci which
contain two closely linked genes that encode highly homolo-
gous proteins and often exhibit somewhat similar or overlap-
ping expression patterns have been identified. Some of the
examples include engrailed (9), zen (19), and gooseberry (1, 4).
While studies on the zen (zen1 and zen2) and engrailed (en-
grailed and invected) loci have not yet elucidated the functional
relationship between members in each of these loci, there is
some evidence that the genes from the gooseberry locus, gsb-
distal and gsb-proximal, may have distinct roles in the CNS
development (15, 22). In the work described here, we have
investigated the functional relationship between two closely
linked POU genes, pdm1 and miti, which may have originated
by just such a gene duplication event.
We have focused on the roles of these two genes in the

development of a specific neuronal lineage, NB4-23GMC-
13RP2/sib. While previously published studies indicate that
miti is required for the proper elaboration of this lineage,
nothing was known about pdm1. In the studies reported here,
we have first shown that pdm1 displays a pattern of expression
in the GMC-13RP2/sib lineage that is quite similar to the miti
pattern. Both genes are initially expressed just or very soon
after NB4-2 undergoes its first asymmetric division to produce
GMC-1. Both are present at very high levels in GMC-1 at the
time when this cell first becomes eve positive. While the level of
eve protein increases in GMC-1 during the interval before it
divides, the levels of two POU proteins are down regulated.
During the division of GMC-1, both proteins are asymmetri-
cally segregated into the daughter cells, with higher levels in
the presumptive RP2 cell and lower levels in the presumptive
sib cell (see also reference 2).

Our results argue that similarities in function underlie these
similarities in expression pattern. The first are the effects of
overexpression. For both pdm1 and miti, overexpression leads
to the duplication of RP2 and/or sib cells. Time course studies
indicate that the lineage is sensitive to elevated levels of both
miti and pdm1 proteins in the seventh hour of development
and that the two genes exert their effects on GMC-1 and not on
NB4-2 or RP2 and sib cells (see also reference 21). The second
line of evidence comes from the effects of deletions on the
specification of GMC-1. For instance, in Prl, which removes
pdm1 but leaves miti intact, the GMC-13RP2/sib lineage de-
fect is partially penetrant. Thus, only about 70% of the mutant
embryos have detectable RP2/sib lineage defects, and these are
typically restricted to only a subset of the hemisegments. A
similar, partially penetrant phenotype was evident in experi-
ments in which we used the dominant negative Dmiti transgene
to mimic a miti loss-of-function mutation (2). In contrast, in
prd 1.7, a deletion which lacks both pdm1 and miti, the eve-
positive GMC-13RP2/sib lineage is completely absent. Taken
together, these results argue that both genes are required and
play a role in GMC-13RP2/sib lineage. The third line of
evidence for functional similarity comes from our rescue ex-
periments. We have found that the RP2/sib lineage defect in
embryos homozygous for the deletion lacking both miti and
pdm1 genes can be rescued by expression, from an hsp70 pro-
moter, of cDNAs corresponding to either gene. Moreover,
time course experiments indicate that both genes are required
in the lineage at the same point in development, namely, just as
GMC-1 is formed from NB4-2.
Function of miti and pdm1 in the RP2/sib lineage. What is

the function of pdm1 and miti in the GMC-13RP2/sib lin-
eage? A number of lines of evidence suggest that pdm1 and
miti play a crucial role in the initial specification of GMC-1. In
previous studies, we found that the dominant negative protein
expressed by an hsp83:Dmiti transgene interfered with the for-
mation of GMC-1, and this eve-positive cell was either missing
or behaved anomalously (2). Moreover, experiments with an
inducible hsp70:Dmiti transgene indicated that the dominant
negative protein had to be expressed at about the time when
NB4-2 was dividing to produce GMC-1. Consistent with a
requirement for miti and also pdm1 at the time of GMC-1
formation are the results of the rescue experiments described
here. Both the hsp70:miti and hsp70:pdm1 transgenes must be
induced just as the GMC-1 cell is being formed.
While the two POU genes appear to play an important role

in the initial specification of the GMC-1 cell, both are down
regulated as the cell progresses through the cell cycle and gets
ready to divide to form RP2 and sib cells. That this down
regulation may be important for the proper elaboration of the
lineage is suggested by the results of overexpression. As we
have shown here for pdm1 and as Yang et al. (21) have shown
previously for miti, overexpression of the proteins from hsp70
transgenes in a wild-type background leads to the duplication
of the RP2 and/or sib cells. Moreover, while rescue requires
induction of the transgenes during GMC-1 formation, the op-
timal induction time for duplication events occurs after the

FIG. 7. The heat shock miti and pdm1 transgenes rescue the RP2/sib lineage
only during the formation of GMC-1. Embryos hand selected during the early
cleavage stage were allowed to develop for various lengths of time at 228C as
shown by the vertical lines and heat shocked at 378C for 25 min. After the
embryos had aged for an appropriate period of time after egg lay, they were fixed
and stained with eve antibody, and the percentage of prd 1.7 homozygous em-
bryos which have the GMC-13RP2/sib cells was determined.

are indicated by thin long and thin short arrows, respectively.These are eve and ftz positive (i). In the hemisegment on the bottom right are the cluster of aCC, pCC,
and U neurons (indicated by thick arrow, short arrow, and curved arrow, respectively). (j to l) A prd 1.7 embryo rescued by ectopic expression of an hsp70:miti transgene.
In the hemisegment on the left is a GMC-1 cell (open arrow). This cell is eve positive (j) and ftz positive (k and l). It is located just above a cluster of aCC, pCC, and
U neurons indicated by a thick arrow, a small arrow, and a curved arrow, respectively. In the hemisegment on the right (j) are eve-positive RP2 and sib cells (thin long
and thin short arrows, respectively). Both cells are also ftz positive (k and l). In the hemisegment on the top right are aCC and pCC neurons (thick arrow and small
arrow), while U neurons are missing because of the prd deletion (see also panels d to f for prd 1.7 or panels g to i for Prl). On the top left is a GMC for aCC and pCC
neurons that has not yet divided. It should also be noted that ftz is also expressed in the eve-positive cells that are rescued by ectopic expression of pdm1 in prd 1.7
deficiency embryos.
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GMC-1 cell has already formed (approximately midway be-
tween GMC-1 formation and its subsequent division to give
the RP2 and sib cells). These results suggest a model in which
the levels of the two POU proteins must drop below a critical
threshold at some point during the GMC-1 cell cycle (e.g.,
after replication) in order to initiate a developmental program
that ultimately enables the GMC-1 daughter cells to assume
new identities. When the level of one or the other POU protein
is very high, this program is not initiated, and both daughters
reiterate the GMC-1 fate. When the level of the POU proteins
is elevated only a few fold, the program is triggered incorrect-
ly—one daughter retains GMC-1 identity, while the other is
able to assume a new identity.
Functional relationship between pdm1 and miti.What is the

functional relationship between pdm1 or miti in the elabora-
tion of the RP2/sib lineage? Our results indicate that both
genes are required for the wild-type development of the RP2
lineage. A deletion which removes both genes completely elim-
inates the RP2 lineage, while a deletion which affects only one
gene has a partially penetrant phenotype. Given these results
and the results from the rescue experiments, the functional
relationship between pdm1 and miti can best be explained by
two different models. In the first, the miti and pdm1 genes
would be functionally redundant; they would bind to the same
target genes and interact with many of the same protein co-
factors. The fact that both proteins are needed for wild-type
development would simply reflect a quantitative requirement.
In this scenario, the specification of the GMC-1 cell can pro-
ceed only when there is a certain threshold level of POU
protein, and this level is very close to that produced by two
copies of either one of the two genes. Hence, two different
genes are required to ensure that the level of the POU proteins
is well above this threshold. In the second model, there would
be qualitative differences in the functional properties of the
two proteins, and they would collaborate in the specification of
GMC-1 (Fig. 8). This view is supported by the fact that only the
DNA-binding POU domains show a high degree of sequence
similarity, while there is little or no similarity elsewhere in the
two proteins. Thus, though pdm1 and miti could potentially

recognize the same or an overlapping set of DNA sequence
motifs, they could very well differ in the ability to interact with
other proteins, and each may have domains that favor contacts
with a different set of cofactors. A difference in cofactor spec-
ificity could be exploited when both POU proteins are bound
to sites in a downstream target genes. Because each POU
protein would contribute qualitatively different interaction do-
mains, a transcriptional complex containing both might be
more stable than a complex formed with only one (Fig. 8).
It seems likely that there may be some truth in both of these

models. Arguing in favor of the additive model is the haplo
insufficiency of prd 1.7. However, arguing in favor of the col-
laborative model is the fact that the prd 1.7 deletion is only
weakly haplo insufficient and the frequency of RP2/sib lineage
defects is much less than that observed in Prl homozygotes.
Moreover, hemizygosity for miti only marginally enhances the
effect of Prl on the RP2/sib lineage. Hence, though gene dose
may be important, there must also be significant qualitative
difference between the two POU proteins that enable them to
collaborate during GMC-1 specification (Fig. 8). In this con-
text, it is interesting that while miti and pdm1 appear to func-
tion together in the development of the RP2/sib lineage, a
similar relationship is unlikely to exist in other CNS lineages.
This conclusion is based on our finding that several neuronal
lineages express pdm1 or miti but not both. This observation
raises the possibility that these two genes have assumed func-
tionally distinct roles in the elaboration of these other CNS
lineages.

ACKNOWLEDGMENTS

We thank Yash Hiromi for critical reading of the manuscript.
Thanks are due to Prema Bhat for help in work with flies. We thank
Kathy Mathews of the Indiana Stock Center for sending various fly
strains.
This work was supported by a grant from the NIH.

REFERENCES

1. Baumgartner, S., D. Bopp, M. Burri, and M. Noll. 1987. Structure of two
genes at the gooseberry locus related to the paired gene and their spatial
expression during Drosophila embryogenesis. Genes Dev. 1:1247–1267.

2. Bhat, K. M., and P. Schedl. 1994. The Drosophila miti-mere gene a member
of the POU family is required for the specification of the RP2/sibling lineage
during neurogenesis. Development 120:1501–1519.

3. Billin, A. N., K. A. Cockerill, and S. J. Poole. 1991. Isolation of a family of
Drosophila POU domain genes expressed in early development. Mech. Dev.
34:75–84.

4. Bopp, D., M. Burri, S. Baumgartner, G. Frigerio, and M. Noll. 1986. Con-
servation of a large protein domain in the segmentation gene paired and
functionally related genes of Drosophila. Cell 47:1033–1040.

5. Cabrera, C. V. 1992. The generation of cell diversity during early neurogen-
esis in Drosophila. Development 115:893–901.

6. Campos-Ortega, J. A., and Y. N. Jan. 1991. Genetic and molecular basis of
neurogenesis in Drosophila melanogaster. Annu. Rev. Neurosci. 14:399–420.

7. Chu-LaGraf, Q., and C. Q. Doe. 1993. Neuroblast specification and forma-
tion regulated by wingless in the Drosophila CNS. Science 261:1594–1597.

8. Cockerill, K. A., A. N. Billin, and S. J. Poole. 1993. Regulation of expression
domains and effects of ectopic expression reveal a gap-like properties of the
linked pdm genes of Drosophila. Mech. Dev. 41:139–153.

9. Coleman, K. G., S. J. Poole, M. P. Weir, W. C. Soeller, and T. Kornberg.
1987. The invected gene of Drosophila: sequence analysis and expression
studies reveal a close kinship to the engrailed gene. Genes Dev. 1:19–28.

10. Dick, T., X. Yang, S. Yeo, and B. Chia. 1991. Two closely linked Drosophila
POU domain genes are expressed in neuroblasts and sensory elements. Proc.
Natl. Acad. Sci. USA 88:7645–7649.

11. Doe, C. Q. 1992. Molecular markers for identified neuroblasts and ganglion
mother cells in the Drosophila central nervous system. Development 116:
855–863.

12. Doe, C. Q., Q. Chu-LeGraf, D. M. Wright, and M. P. Scott. 1991. The
prospero gene specifies cell fates in the Drosophila central nervous system.
Cell 65:451–464.

13. Doe, C. Q., Y. Hiromi, W. J. Gehring, and C. S. Goodman. 1988. Expression
and function of the segmentation gene fushi tarazu during Drosophila neu-
rogenesis. Science 239:170–175.

FIG. 8. A model to show how miti and pdm1 genes might control GMC-
13RP2/sib lineage specification. In the wild type (A), miti and pdm1 proteins
bind to similar upstream octamer sequences of target genes. The two make
contact with a third protein, ‘‘X,’’ and establish a stable transcription initiation
complex, which regulates the target gene expression. In miti (B) or pdm1 (C)
loss-of-function conditions, the initiation complex formed is less stable, leading
to variable levels of target gene activation.

4062 BHAT ET AL. MOL. CELL. BIOL.



14. Doe, C. Q., D. Smouse, and C. S. Goodman. 1988. Control of neuronal fate
by the Drosophila segmentation gene even-skipped. Nature (London) 333:
376–378.

15. Gutjahr, T., N. Patel, X. Li, C. S. Goodman, and M. Noll. 1993. Analysis of
the gooseberry locus in Drosophila embryos: gooseberry determines the
cuticular pattern and activates gooseberry neuro. Development 118:21–31.

16. Jimenez, F., and J. A. Campos-Ortega. 1990. Defective neuroblast commit-
ment in mutants of the achaete-scute complex and adjacent genes of D.
melanogaster. Neuron 5:81–89.

17. Lindsley, D. L., and G. G. Zimm. 1992. The genome of Drosophila melano-
gaster. Academic Press, San Diego, Calif.

18. Patel, N. H., B. Schafer, C. S. Goodman, and R. Holmgren. 1989. The role
of segment polarity genes during Drosophila neurogenesis. Genes Dev.
3:890–904.

19. Rushlow, C., H. Doyle, T. Hoey, and M. Levine. 1987. Molecular character-
ization of the zerknullt region of the Antennapedia gene complex in Dro-
sophila. Genes Dev. 1:1268–1279.

20. Wieschaus, E., and C. Nusslein-Volhard. 1986. Looking at embryos, p. 199–
207. In D. B. Roberts (ed.), Drosophila, a practical approach. IRL Press,
Oxford.

21. Yang, X., S. Yeo, T. Dick, and W. Chia. 1993. The role of a Drosophila POU
homeo domain gene in the specification of neural precursor cell identity in
the developing embryonic central nervous system. Genes Dev. 7:504–516.

22. Zhang, Y., A. Ungar, C. Fresquez, and R. Holmgren. 1994. Ectopic expres-
sion of either the Drosophila gooseberry-distal or proximal gene causes
alterations of cell fate in the epidermis and central nervous system. Devel-
opment 120:1151–1161.

VOL. 15, 1995 miti AND pdm1 GENES IN RP2 LINEAGE SPECIFICATION 4063






