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The Drosophila gene pnmilio is expressed maternally, and its function is essential during early embryogenesis 

for the formation of abdominal segments. Our molecular analysis reveals that pumilio is a large gene that 
encodes a protein of 160 kD whose RNA is enriched at the posterior pole of the egg. As with pumilio, the 

maternal effect gene nanos is specifically required for abdomen formation. The Nanos protein is expressed in a 
posterior-to-anterior concentration gradient in the developing embryo. Previous experiments demonstrated a 
genetic interaction between pumilio and nanos, and led to the suggestion that pumilio is required for the 
proper spatial distribution of the Nanos protein. Here, we show that the expression and distribution of nanos 
RNA and protein in embryos derived from pumilio mutant females are indistinguishable from wild type. We 

conclude that abdomen formation depends both on Nanos activity, spreading from the localized posterior 

source, and on Pumilio activity, present throughout the embryo. 
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Specification of cell fate along the anterior-posterior axis 
of the DrosophiIa embryo is initiated.by the products of 
at least 30 maternal genes (Perrimon et al. 1986, 1989; 
Schfipbach and Wieschaus 1989; C. Niisslein-Volhard, K. 
Anderson, G. lfirgens, and R. Lehmann, unpubl.). These 
maternal genes establish three independently acting sig- 
naling systems that subdivide the early embryo into an- 
terior, posterior, and terminal regions (Nfisslein-Volhard 
et al. 1987; Nfisslein-Volhard 1991; St. Johnston and 
Nfisslein-Volhard 1992}. The anterior and posterior sys- 
tems act through gradients of morphogenetic proteins 
emanating from RNA molecules localized to the anterior 
and posterior poles of the oocyte {Frigerio et al. 1986; 
Berleth et al. 1988; St. Johnston et al. 1989; Wang and 
Lehmann 1991 ). Soon after fertilization, these morpho- 
genetic proteins provide the initial spatial coordinates of 
the embryo by regulating the expression of the zygotic 
genome. 

The posterior system is responsible for the formation 
of the segmented abdomen of the embryo {Boswell and 
Mahowald 1985; Lehmarm and Nfisslein-Volhard 1986, 
1987, 1991; Schiipbach and Wieschaus 1986; Manseau 
and Schfipbach 1989; Boswell et al. 1991}. Of the 10 
genes that constitute the posterior system, the gene 
nanos plays a central role (Lehmann and Nfisslein-Vol- 
hard 1991}. The Nanos protein, the posterior determi- 
nant, is encoded by a maternal mRNA that is localized to 
the posterior pole of the oocyte (0% egg length} (Wang 
and Lehmann 1991J. However, the function of the Nanos 

protein is required in the presumptive abdomen of the 
embryo [20-50% egg length}. Nanos specifies abdominal 
development by repressing translation of maternally de- 
rived hunchback mRNA [Tautz et al. 1987; Tautz 1988; 
Schr6der et al. 1988; Hfilskamp et al. 1989, 1990; Irish et 
al. 1989; Struhl 1989). The other known genes of the 
posterior system share the nanos phenotype as embryos 
derived from females mutant for any of these genes fail 
to form abdominal segments. Eight of these genes func- 
tion before nanos and are required for the posterior lo- 
calization of n anos RNA (Ephrussi et al. 1991; Lehmann 
and Niisslein-Volhard 1991; Wang and Lehmann 1991; 

L.K. Dickinson, C. Wang, and R. Lehmann, unpubl.}. 
These eight genes also share a second phenotype; em- 
bryos derived from mutant females lack the specialized 
posterior pole plasm that is required for the formation of 
the pole cells, the germ-line precursors {Boswell and Ma- 
howald 1985; Lehmann and N/isslein-Volhard 1986; 
Schiipbach and Wieschaus 1986; Manseau and Sch/ip- 
bach 1989; Boswell et al. 1991}. In contrast, the remain- 
ing member of the posterior group, pumilio, has no pole 
plasm or germ cell defect and is specifically required for 
abdominal segmentation {this paper, Lehmann and Nfiss- 
lein-Volhard 1987}. 

Previous experiments suggested that pumilio is re- 
quired to achieve the proper distribution of the Nanos 
protein within the embryo (Lehmann and Nfisslein-Vol- 
hard 1987}. Three independent lines of evidence sup- 
ported this suggestion. First, cytoplasmic transplanta- 
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tion experiments implied that the posterior localization 
of nanos RNA is unaffected by pumilio mutations. The 

abdominal segmentation defect of most posterior group 
mutants can be fully rescued by the injection of nanos 

RNA or the transplantation of wild-type posterior pole 

plasm, which contains nanos RNA (Lehmann and Nfiss- 

lein-Volhard 1991; Wang and Lehmann 1991}. Posterior 

pole plasm from a pumilio mutant  embryo contains 
wild-type levels of this rescuing activity, whereas the 

posterior pole plasm of nanos mutant  embryos, as with 
all other posterior group mutants, contains no rescuing 

activity (Lehmann and Nfisslein-Volhard 1987, 1991). 

This suggests that nanos RNA is properly localized in 
pumilio mutant  embryos and indicates that pumilio 

must function after the localization of nanos RNA. Sec- 
ond, the abdominal defect of a pumilio mutant  embryo 
can be rescued simply by repositioning pumilio mutant  

pole plasm to the site of Nanos action, the presumptive 
abdomen (Lehmann and Nfisslein-Volhard 1987). This 

means that the functional Nanos protein can be ex- 

pressed in a pumilio mutant  embryo and led to the sug- 
gestion that Pumilio affects the transport of the Nanos 

protein from the pole plasm to the presumptive abdo- 
men. Finally, when a purnilio mutant  embryo is injected 
with pumilio pole plasm, wild-type pole plasm, or in 
vitro-synthesized nanos RNA, only partial rescue is ob- 

served, and this rescue is restricted to the site of injec- 
tion (Lehmann and Nfisslein-Volhard 1987, 1991; Wang 
and Lehmann 1991). This observation supported a trans- 
port role for Pumilio, as the Nanos protein could not 
become widely distributed throughout the pumilio mu- 
tant embryo. 

To understand the role of Pumilio in abdominal devel- 
opment, we have analyzed pumilio mutants and found 

that pumilio is absolutely required for abdomen forma- 
tion. To investigate the relationship between pumilio 

and Nanos, we analyzed the expression of nanos mRNA 

and protein in pumilio mutant  embryos, and demon- 
strated that pumilio has no effect on the posterior local- 
ization of nanos RNA or on the expression or distribu- 
tion of the Nanos protein. These findings make a trans- 
port function for pumilio very unlikely and suggest that 
Pumilio and Nanos act in conjunction. To address the 

mechanism of Pumilio function we performed a molec- 

ular analysis of the pumilio gene. pumilio is a large gene 
that encodes an mRNA present in ovaries and early em- 

bryos. This RNA is preferentially enriched at the poste- 
rior pole of embryos and encodes a 160-kD protein. Near 
its carboxyl terminus the Pumilio protein contains eight 
tandemly repeated sequence motifs. A similar sequence 
of repeated motifs is found in the yeast gene YGL023. 

R e s u l t s  

pumilio is essential for abdomen formation 

Previous studies of pumilio suggested that its function 

was not absolutely required for abdomen formation. Ab- 

dominal segmentation could be restored by transplanta- 

tion of nanos RNA into pumilio mutant  embryos or by 
allowing pumilio mutant  embryos to develop at high 

temperature. This cold-sensitive pumilio phenotype, 
common to 16 ethylmethanesulfonate {EMS)induced al- 
leles, has been described previously {Lehmann and Niiss- 

lein-Volhard 1987, 1991): Embryos derived from mutant  

females kept at the restrictive temperature (18~ de- 

velop very few or no abdominal segments, whereas those 

kept at the permissive temperature (29~ can develop up 
to the normal number of abdominal segments. Because 
our molecular analysis (see below) indicated that two 

chromosomal rearrangements [In(3R)Msc and T(3;1)FC8; 

see Materials and methods] disrupt pumilio, embryos 
from females carrying these chromosomes would be un- 
likely to express any intact Pumilio protein. Therefore, 

we tested the cold sensitivity of these embryos and 
found them unable to develop abdominal segments at 
either temperature (see Materials and methods). Thus, 
the phenotype of this strong pumilio mutant  is indistin- 

guishable from that of nanos. In addition, we found that 

the injection of nanos RNA into embryos derived from 

In(3R)Msc/T(3;1)FC8 females was unable to restore ab- 
dominal segmentation ITable 1). This indicates that pu- 

milio function is absolutely required for abdomen forma- 
tion. Furthermore, it suggests that the EMS-induced pu- 

milio alleles retain partial function and that nanos can 

only bypass a reduction but not the complete loss of 
pumilio function. 

PumiEo and Nanos affect hunchback protein 

distribution 

Because nanos and pumilio share the same phenotype, 

we wondered whether they exert the same effect on 
hunchback, the target of Nanos function. Nanos func- 

tions by repressing the translation of matemally derived 
hunchback mRNA in the presumptive abdomen (Tautz 
et al. 1987; Tautz 1988; Schr6der et al. 1988; Hfilskamp 
et al. 1989; Irish et al. 1989; Struhl 1989). In doing so, 
Nanos indirectly regulates the expression of the zygotic 

gap genes required for abdomen formation, Krfippel, 

knirps, and giant, which are under the direct control of 
the Hunchback protein (Hfilskamp et al. 1990; Struhl et 

al. 1992). To determine the effect of pumilio on Hunch- 

Table 1. Rescue of abdominal phenotype of nanos and 
pumilio mutant embryos by nanos transcript 

Maternal Embryos Embryos 
genotype of injected developed 
recipient a {number) {number) 

Number of abdominal 
segments formed 

{% total) 

0-1 2-4 5-8 

In(3R)MSC/ 
Tp(3;1)FC8 220 60 100 --  

nos tz 122 60 3 --  97 

aIn vitro-synthesized nanos RNA was injected into the prospec- 
tive abdominal region of embryos from females of the indicated 
genotype. 
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back, we compared the expression of the Hunchback pro- 

tein in wild-type and pumilio mutant embryos. In cleav- 

age-stage embryos, expression of the Hunchback protein 
is derived from a uniformly distributed maternal hunch- 

back mRNA (Tautz et al. 1987; Tautz and Pfeifle 1989). 

In wild-type embryos (Fig. 1) translation of the maternal 

Hunchback protein from this RNA is restricted to the 

anterior half of the embryo (Tautz 1988; Tautz and 

Pfeifle 1989). In embryos from females mutant for EMS- 

induced pumilio alleles, the domain of Hunchback pro- 

tein expression expands in the posterior direction (Fig. 1; 

see also Tautz 1988); whereas in strong pumilio mutant 

embryos, the Hunchback protein is expressed at high 

levels throughout the embryo (Fig. 1). Thus, Pumilio af- 

fects hunchback translation to the same extent as Nanos 

does (Tautz 1988; Wharton and Struhl 1991). 

Distribution of the Nanos protein is unaffected 

by pumilio 

The similarity between the nanos and pumilio pheno- 

types precludes the ordering of these two genes in age- 

Figure 1. pumilio affects hunchback translation. Maternal 
genotypes of the embryos shown are indicated at left. (Top) The 
shallow gradient of the Hunchback protein expressed from the 
maternal mRNA in a wild-type embryo. The Hunchback pro- 
tein gradient is expanded posteriorly in an embryo derived from 
a female mutant for pumilio alleles of intermediate strength 
(pum68~ kept at the restrictive temperature, 20~ 
middle). The expansion of Hunchback is indicated by arrow- 
heads. In embryos from females transheterozygous for break- 
point mutations in the pumilio gene [strongest phenotype, 
In(3R)Msc and T(3;1)FC8], hunchback is translated uniformly 
throughout the embryo (bottom). This expression of the Hunch- 
back protein is identical to the distribution found in embryos 
from nanos mutant females (Tautz 1988). In some experiments 
we noticed a high staining intensity throughout pumilio mu- 
tant embryos that exceeded that observed in wild-type embryos 
at the anterior pole. The embryos shown are in nuclear cycle 
eight or nine (Foe and Alberts 1983). For all embryos, anterior is 
left and dorsal is up. Nomarski optics were used. 

Table  2. Rescue of abdominal phenotype of nanos  mutant 
embryos by posterior pole plasm 

Maternal Embryos  Embryos 
genotype in jec ted  developed 
of donoff  (number) (number) 

Number of abdominal 
segments formed 

(% total) 

0-1 2-4 5-8 

In(3R)MSC/ 
Tp(3;1)FC8 35 17 58 18 24 

Wild type 58 20 50 35 15 

aPosterior pole plasm of embryos derived from females of the 
indicated genotype was injected into the prospective abdominal 
region of embryos from nos L7 females. 

netic pathway. To identify interactions between these 

two genes, we determined whether pumilio mutations 

interfere with the synthesis, distribution, or stability of 

nanos RNA and protein. In wild-type embryos nanos 

mRNA is localized to the posterior pole plasm (Wang 

and Lehmann 1991). Transplantation of this cytoplasm 

into the presumptive abdomen of a nanos mutant em- 

bryo is sufficient to restore abdominal segmentation. 

Similarly, pole plasm derived from a pumilio mutant 

embryo is equally able to induce abdominal segmenta- 

tion, suggesting that the localization of nanos mRNA is 

unaffected by the pumilio mutation (Table 2; Lehmann 

and Nfisslein-Volhard 1987, 1991). To investigate this at 

the molecular level, we performed in situ hybridization 

to whole-mount embryos and confirmed that the local- 

ization of nanos RNA in pumilio mutant embryos ap- 

pears normal {Fig. 2A, B). Thus, Pumilio function is not 

required for nanos RNA synthesis or localization. This 

suggests that Pumilio interacts with the Nanos protein. 

Pumilio might control Nanos protein activity in the 

presumptive abdomen and could do so by a number of 

different mechanisms. Because the abdomen is derived 

from a region of the embryo that is anterior of the pole 

plasm, Pumilio could be required to transport the Nanos 

protein from the posterior pole toward the prospective 

abdomen as suggested initially (Lehmann and Nfisslein- 

Volhard 1987). Alternatively, Pumilio might control 

nanos translation or Nanos protein stability. Further- 

more, Pumilio could be required for Nanos protein func- 
tion without changing its concentration or distribution. 

To distinguish among these possibilities, we compared 

the expression and distribution of the Nanos protein in 

wild-type and pumilio mutant embryos using an anti- 

Nanos antiserum. The Nanos protein forms a concentra- 

tion gradient emanating from the posterior pole and ex- 
tending into the presumptive abdomen. Our initial ob- 

servations on large numbers of whole-mount embryos 

indicated that the expression of the Nanos protein is 

very similar in wild-type and pumilio embryos (Fig. 

2C, D). This indicates that Pumilio is not necessary for 
the synthesis or stability of the Nanos protein. To deter- 
mine the relative distribution of the Nanos protein more 
objectively, we used a modification of the filtered fluo- 

rescence-imaging technique (Karr and Kornberg 1989), 
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Figure 2. pumilio has no effect on the expression of nanos RNA and the Nanos protein. The localization of nanos RNA in embryos 
derived from wild-type (A) and pumilio (B) females is indistinguishable. Similarly, the distribution of the Nanos protein in wild-type 
(C) and purnilio {D} embryos appears identical. Antibody staining was performed with a rabbit polyclonal anti-Nanos serum. Identical 
results were observed with embryos from females mutant for purnilio 68~ (at the restrictive temperature 20~ and embryos from 
females transheterozygous for In(3R)Msc and T(3;1)FC8 {data not shown). The embryos shown are in nuclear cycle seven or eight (Foe 
and Alberts 1983). For all embryos, anterior is left and dorsal is up. Nomarski optics were used. 

which combines the enhanced sensitivity of enzyme- 

linked immunohistochemistry with the high contrast of 

fluorescence microscopy. The data obtained using this 

technique demonstrate that the relative distribution of 

the Nanos protein in wild-type and pumilio embryos 
{Fig. 3A)is indistinguishable. 

To confirm that this technique is capable of measuring 

differences in the relative distribution of the Nanos pro- 

tein sufficient to account for the pumilio phenotype, we 

compared the distribution of the Nanos protein in em- 

bryos derived from females carrying either one copy or 

four copies of the nanos gene (Fig. 3B). This difference in 

nanos gene dosage has no detectable effect in an other- 

wise wild-type background. However, in embryos from 

females mutant for an EMS-induced pumilio allele, 

which express partial pumilio function, this difference in 

nanos gene dosage is sufficient to induce the formation 

of three abdominal segments (Fig. 3C). Embryos derived 

from females carrying one copy of nanos + form -0.6 

abdominal segments, whereas embryos derived from fe- 

males carrying two or four copies of nanos form -1.7 and 

3.4 abdominal segments, respectively. When the distri- 

bution of the Nanos protein was measured in these em- 

bryos, a small but significant difference was observed 
(Fig. 3B). Thus, we are able to detect a difference in the 

relative distribution of the Nanos protein that is suffi- 
cient to produce a three-segment difference in pheno- 

type. Therefore, our failure to detect a difference be- 

tween wild-type and pumilio embryos, which differ by 

eight abdominal segments, means that the pumilio phe- 

notype cannot be the result of an altered distribution of 

the Nanos protein. This result indicates that pumilio is 

not required for either the expression of the Nanos pro- 

tein or its transport to the presumptive abdomen. 

Molecular identification of pumilio 

To address further the mechanism of Pumilio function 

we have isolated the pumilio gene and performed a mo- 

lecular analysis. The cytological position of pumilio has 

been determined by deficiency mapping to position 

85CD of the polytene chromosome (Lehmann 1985; Leh- 

mann and N~sslein-Volhard 1987). To isolate pumilio 

sequences we took advantage of the observation that the 

inversion, In(3R)Msc, fails to complement pumilio (Leh- 

mann 1985) and that the proximal breakpoint of 

In(3R)Msc at 84A lies within the Antennapedia complex 

(Scott et al. 1983; T. Kaufman, pers. comm.). A bacterio- 

phage clone from the Antp region (gift of M. Scott) was 

used to isolate fragments spanning the In(3R)Msc break- 

points. Sequences from the distal breakpoint at 85CD 
were used to begin a genomic walk in a wild-type cosmid 

library (Fig. 4A). 

An embryonic cDNA library (gift of N. Brown; Brown 
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Figure 3. The distribution of the Nanos protein is not affected by purnilio. 
The relative distribution of the Nanos protein was measured in early em- 
bryos of the indicated genotypes using a modification of the filtered fluores- 
cence imaging technique (Karr and Kornberg 1983). Embryos between nu- 
clear cycles seven and nine (Foe and Alberts 1983) were photographed. These 
video images were then converted into digital form, and fluorescence inten- 
sity profiles were generated by computer. The profiles of eight embryos were 
averaged together and inverted to represent the level of the Nanos protein. A 
variable reduction of fluorescence was observed along the edge of the em- 
bryos independent of the Nanos antibody. (A) There is no significant differ- 
ence in the distribution of the Nanos protein between wild-type (solid line) 
and pumilio (broken line) mutant embryos, whereas a statistically signifi- 
cant difference can be observed between embryos carrying one copy 
(Df(3R);DIFX1/TM3; broken line) or four copies (P[gnos]/P[gnos]; solid line) 
of the nanos gene (B). (C) The effect of varying the nanos gene dosage on the 
phenotype of pumilio embryos mutant for EMS-induced alleles. The data 
were obtained by preparing cuticles and determining the average number of 
abdominal segments formed after embryogenesis at 20~ (restrictive temper- 

ature). These embryos were produced by females of the following genotypes: 1 x nanos +, pumaT3/pum68~ nosLZ; 2x nanos, pumET3/ 
pure68~ 4 x nanos +, pumEr3/purn68~ P[gnos]/P[gnos]. The mean numbers of abdominal segments, 1 x nos, 0.6; 2 x nos, 1.7; 4x nos, 
3.4, were calculated from sample sizes of 308, 160, and 235 embryos, respectively. The error bars indicate the standard deviation of 
these samples. 

and Kafatos 1988) was screened wi th  two genomic frag- 

ments  from the distal breakpoint of the Msc inversion, 

and a group of related cDNAs was identified by hybrid- 

ization to both probes. The largest of these, clone R7-1, 

was used to probe a blot containing m R N A  isolated from 

different developmental  stages (Fig. 4B). This  clone hy- 

bridizes to an RNA molecule  6.5-7 kb in length that is 

present in ovaries and early embryos, a pa t tem consis- 

tent wi th  the m a t e m a l  requirement  for pumilio func- 

tion. In addition, a larger m R N A  producing a weaker 

signal was also detected during the same stages. We de- 

termined that this cDNA clone was derived from pu- 

milio by analyzing wild-type and mutan t  polytene chro- 

mosomes by in situ hybridization, cDNA R7-1 hybrid- 

izes to the position of pumilio (85CD), and this 

hybridization signal is interrupted by the two break- 

points known to disrupt pumilio function, In(3R)Msc 

and T(3;1)FC8 (data not shown; Lehmann 1985). 
When fragments of this pumilio cDNA were hybrid- 

ized to the cloned genomic DNA, it became apparent 

that the 3' end of the pumilio transcription uni t  extends 

beyond the l imits  of the ini t ial  genomic walk (Fig. 4). 

Using R7-1 eDNA sequences as probes, cosmid clones 

spanning the entire pumilio gene were isolated, except 

for one region that is apparently not represented in the 

libraries we screened. 

Structure of pumil io  and its products 

The nucleotide sequence of pumilio was determined by 

sequencing both strands of the cDNA R7-1 and portions 

of other cDNAs and has been confirmed by sequencing 

the corresponding genomic regions {Fig. 5). pumilio en- 

codes two mRNAs that contain different 5' exons and 

are both present in early embryos. Each m R N A  contains 

13 exons spanning 3160 kb of the genome, including a 

single intron covering i>120 kb (see Fig. 4A). We have 

obtained 6835 nucleotides of cDNA sequence corre- 

sponding to one RNA and 6674 nucleotides for the other; 

both encode an identical open reading frame. The 5' un- 

translated regions contain mul t ip le  stop codons, indicat- 

ing that this sequence contains the entire protein-coding 
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Figure 4. Structure and expression of pumilio. (A) The intron-exon structure of the pu- 
milio gene is indicated above an EcoRI restriction map of the region. Transcription pro- 
ceeds from the right in a distal-to-proximal direction on chromosome 3. The exons are 
positioned above the restriction fragments from which they are derived but are not drawn 
to the same scale. The position of the In(3R)Msc breakpoint used to clone this region is 
indicated. The location of this breakpoint indicates that this mutant could express no more 
than a severely truncated protein. In addition, a breakpoint of the translocation T(3;1)FC8 
falls within the pumilio gene; however, its location has not been identified. Also contained 
within these sequences is the gene for the chromosomal protein D1, which had been 
mapped previously to this region of the third chromosome (Ashley et al. 1989). Chromo- 
somal protein D1 sequences have been identified in the distal (right} region of cosmid cB1. 
Below the EcoRI restriction map, the position of genomic cosmid and bacteriophage )t 
clones are indicated. (B) The developmental expression of pumilio RNA was analyzed with 
an RNA blot. Polyadenylated RNA (2 ~g) isolated from the developmental stages indicated 
were fractionated on a formaldehyde-agarose gel and transferred to a nylon membrane. 
This blot was then hybridized with a probe derived from the R7-1 eDNA that had been 
uniformly labeled with 32p. Hybridization with other probes, including bicoid and genomic 
clones that reveal chromosomal protein D1 transcripts, indicates that the apparent in- 
crease in pumilio expression at 5-8 hr is the result of overloading relative to other lanes. 

region. Downst ream of the open reading frame is a rela- 

tively large 3 '-untranslated region of 1193 nucleotides. A 

portion of the pumilio sequence has also been reported 

by Macdonald (1992). The pumilio open reading frame 

encodes a protein wi th  a predicted molecular  mass of 160 

kD. Its amino acid sequence indicates that it is a novel 

protein. One region of this protein, however, near the 

carboxyl terminus  (amino acids 1111-1401) contains a 

repeated sequence motif  (Macdonald 1992). This  se- 

quence can be aligned to reveal the presence of eight 

repeated units  (Fig. 5B). Specific amino acids are con- 

served at a few positions; however, a more extensive 

conservation of the chemical  nature of amino acids is 

observed throughout this region (Fig. 5B). 

This  region of the Pumil io  protein is strikingly similar  

to a portion of the open reading f lame encoded by the 

Saccharomyces cerevisiae gene YGL023 (Chen et al. 

1991 ). This  888-amino-acid protein of unknown function 

contains a sequence near its carboxyl terminus that can 

also be aligned into eight repeated units  that are similar  

to those of pumilio (Fig. 5B). Comparison of specific Pu- 

mil io repeats to the corresponding Yg1023 repeats re- 

veals additional similari t ies that indicate the presence of 

a further pattern appearing every two repeats. In addi- 

tion, the positions of a number  of other amino acids are 

conserved in specific repeats, which  indicates that the 

different repeats may  be funct ional ly dist inct  and that 

the order of the repeats is conserved. 

A pumil io  minigene complements the pumil io  

mutant phenotype 

The large size of pumilio makes it impossible to use 

P-element-mediated transformation to identify all of the 

genomic sequences required for pumilio function. There- 

fore, to demonstrate that the R7-1 cDNA encodes the 

functional Pumil io  protein, we introduced a pumilio 
minigene containing the R7-1 open reading frame into 

the germ line of pumilio mutan t  flies and tested its abil- 

ity to complement  the pumilio mutan t  phenotype. To 

direct transcription of the cDNA, we used the oogenesis- 

specific nanos promoter (Gavis and Lehmann  1992), be- 

cause we expected the temporal  regulation of its expres- 

sion to be appropriate for pumilio. The resulting nanos- 

GENES & DEVELOPMENT 2317 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


A 
CTCTCCTCTC TCTCTAGCTCTT~GTTGTAGTTGTA~CAGTGTGTCTTTGCATTTCGCTTTTATTATCG~TC~GAC~AC~CGGCGACG~G~C~CGA~ 120 

exon 1 

AC ACTAAATGTTCGCGCGTAAGAAGAAGCAGAC CTAGAACGGC GTGCTTGTAATATGTAAA'FIq'FI~AAATAAGCTAAG 

TTCTTCATCATCCTGTGTAAATAATTGTAATTTAAATAATCTAAATTTCGTATTTAACGAAAGCACACACACCATCAAATCAA~C~CGAG~GGC.~uq~F~G~A~T 240 
�9 exon 2 

GT 

GTTTTGTGTATATq.qwI~ATCATTAAAACGTCGTGTAAATTAAAATTCATCCTAATTATAATTAATAAACTACAq~AATAAACGGAAATTCCACAATTCTCAACAAGAAATCTGT~T 360 

TCAAGTTTTAAC C AATTCTCATAC GTAATTAAATAAATAAAGTTCAGTTTTGTTAAGTCCCAAAAACAACAGCTGTGCAACTGTGTAAAATATTATTCATAA~1~F~1GTGTAAATTTATGT 480 

A ~  CAAACCAACCAC GACAACCAAAC CAAACGAAGCAAATTCAA'lqTpI-IqGATC~GTGTGTGAAAAATCTCAGCAAAGC CTGTAAAAT~TA~TAT 600 

ATTAAGCAAAAAGTGTGGT'VPC'F F FrACAACAAAATAAATAAAAGCAAAAAACAAGTGTAAATCTGAAGCGAAAATTAAAAAAAAA~ATA~T~CA~TA~CGA~G~ 720 

TAGTGTTGCAAAACGC GCGTGTGGTTCTTTGTGCTGCAAGTTAAAATACAATTCAAGTTGGCAATACGCGCAAAATTGTCAGCTGCGATAGCTAGGAAAAGCCTCCAAAATTGAGCTCCT 840 

AACCGCGCCCAcAATTGCCATATCGACGCCCTCGCCGCAGCAGCAACACCAACAGCAGCAGCAGCAGCAGCAGCAGCAACTCTATCAGCAACATCAACAC,CAGCAGCAGCAACATTACGG 960 

TCCACCACCGCCCTACTTTCAACAGCTACACCAGCAACACCAACAGCAGCAGCAACAACAGCAGCAGCAGCAACACCAGCAACACATGAAG.F~q~FDGGGTGGTAACGATGATcGCAATGG 1080 

1 MetLysPheLeuGlyGlyAsrLAspAspArgAsnGly> 

CC GCGGAGGCGTCGC-4~GTTGGCAC GGATGC CATTGTAGGATC TCGAGGTGGC GTCTCTCAGGATC4~CGCCGATGCA~G~C ~ C GCA~C ~ C G C C G ~ T A ~ C A ~ A  1200 

13 ArgGlyGlyValGlyValGlyThrAspAla I1eva1G1y•erArgG•yG•yva1SerG1nASpA1aA1aAspA1aA1aG1yA1aA1aA1aA•aA•aA1ava•G•yTyrva•PheG•nG•n> 

GCGTCCATCGCCTGGTGGGGTTGGCGTCGGCGTGGGCGGAGTGC~TGGCGGTGTGCCAGGGGTCGGAGCCGTAGGC~CC~AcGAGGCC~C~C~CGAGTACGCC~CCAC~ 1320 
53 ArgPr•SerPr•G•yG•yVa•GlyValGlyVa•G•yG•yValG•yG•yGlyVa•pr•GlyValG1yAlaVa1GlySerThrLeuHiSGluAlaAlaA•aA•aGluTyrAlaAlaHisPhe> 

exon 2 �9 exon 3 
TGCCCAGAAGCAACAGCAGAC CCGATCX;GC G~GGCGACGACGGC C ATGGGATCGATAACCCGGACAAA~AAGTACAATCCGCCGATGAATCCGGCCAATCq~CGCTCC~GGTCC 1440 

93 AlaGlnLysGlnGlnGlnThrArgTrpAlaCysGlyAspAspGlyHisGlyll eAspAsnProAspLysTrpLysTyrAsnProProMetAsnProAlaAsnAlaAlaProGlyGlyPro> 

ACCGGGAAATGGCAGTAATGGTGGGCCCGGCGCCATTGGAACCATTGGC ATGGGCAGCGGATTGGGTGGTGGTGGCGGCGGCGGAGCTGGCGGCGGAAATAATGGCGGCTCTGGTACGAA 1560 
133 ProGlyAsnGlySerAsnGlyGlyProGlyA1 all eGlyThrI1 eGlyMetGlySerGlyLeuGlyGlyGlyGlyGlyG1yGlyAl aGlyGlyGlyAsnAsnGlyGlySerGlyThrAsn> 

TGGC GGTCTGCATCATCAATC GATGGCCGCTGCAGCTGCGAATATGGCAGCCATGCAACA~GGCGGCGTTGGCCAAGCACAATCACATGATATCACAGC4~AGCAGCCGCAGTTC~.CAGC 1680 

173 G1yG•yLeuHisHisG1nSerMe•A1aA•aA1aA•aA•aAsnMe•A•aA1aMe•G1nG1nA1aA•aA1aLeuA1aLysHisAsnHisMe•I1eSerG1nA1aA1aA1aA1ava1A•aA•a> 

CCAGCAAC AACATC AGCATCCACAC C AGCAGCATC CC CAGCAGCAGCAGC AAC AGCAGCA~GCAGAACCAGGGGCATCCACATC AC CTTATGGGC G G ~  AATC43ACTGGGCAACGG 1800 

213 G~nG1nG1nHi~G~nHisPr~HisG1nG~nHiSPr~G1nG1nG1nG1nG~nG1nG~nG1nA1aG1nASnG~nG1yHisPr~HiSHiSLeuMe~G1yG1yG~yA8nG~yLeuG~yA~nG~y> 

CAATGGATTGGGCATACAACATCCCGGCCAGCAACAGCAGCAGCAGCAGCAACAACAGCAGCAGCAACATCCCGGCCAGTACAACGCGAATCTGCTTAACCATGCGGCTGCC~TCA 1920 

253 AsnG1yLeuG•yI1eG•nHisPr•G1yG•nG•nG1nG•nG•nG•nG•nG•nG•nG•nG•nG•nG•nHisPr•G•yG•nTyrAsnA1aAsnLeuLeuAsnHisA1aA•aA•aLeuG1yHis> 

CATGTCATCTTATGCCCAATCGGGTGC~AGCATGTAcGACCATCATGGTGGAGCCATGCACCCGGGAATGAACGGCGGCATGCCCAAGCAACAGCCATTGGGTCCAcCCGGAGCCGGAGG 2040 
293 MetSerSerTyrA1aG1nSerG1yG•ySerMe•TyrAspHi8HisG•yG1yA•aMetHisPr•G•yMetAsnG•yG1yMe•Pr•Ly•G•nG•nPr•LeuG•yPr•Pr•G•yA•aG1yG•y> 

exon 3 

AC CC CAGGACTATGTCTACATGGGTGGCCAGACCACTGTGC CCATGGGAGCCGCAATGATGCCGCCACAGAATCAATATATGAACAGCTC~TGTTGCAGCTGCC~GG~CA~ 2160 

333 Pr•G1nAspTyrva1TyrMetG1yG1yG•nThrThrva1Pr•Me•G1yA1aA•aMetMetPr•Pr•G•nAsnG1nTyrMetAsnSerSerA1ava1A•aA•aA•aAsnArgAsnA1aA1a> 

�9 exon 4 
GATTACCAcATCCACTGCCAAGAAATTGTGGGAGAAATCcGATGGcAAGGGCGTATCcTCGAGCACTCCCGGTGGAcCGTTGCATCcCCTGCAGATCCCCGGCATCGGGGATCCCTCCTC 2280 

373 I•eThrThrSerThrA1aLysLysLeuTrpG1uLysSerAspG1yLysG•yva1SerSerSerThrPr•G•yG1yPr•LeuHisPr•LeuG•nI•ePr•G1yI•eG•yAspPr•SerSer> 
exon 4 

CGTGTGGAAGGATCACACCTGGTCCACACAGGGCGAGAATATATTGGTGCCGCCCCCCTCGCGAGCCTACGCCCA~AGGCGCCTCCGATACTTCAAACAGCGGCAATGCGGGCATACT 2400 

413 Val TrpLy8AspHisThrTrp•erThrG1nG1yG1uAsnI1eLeuVa1Pr•Pr•Pr•SerArgA1aTyrA1aHiSG1yG•yA1aSerAsPThrSerAsnSerG•yAsnA•aG•yI•eLeu> 

�9 exon 5 
GAGTCCCCGCGATTCGACTTGCGCCAAAGTGGTTGAATATC,TTTTCAGTGGCTCGCCCACCAACAAAGATAGCTCGCTTTCCGGATTGGAACCGCATTTGCGGAATCTAAAGTTTGACGA 2520 

453 SerProArgAspSerThrCysAlaLysVal va•G1uTyrva1PheSerG•ySer•r•ThrAsnLy$AspSerSerLeuSerG1yLeuG1uPr•HisLeuArgAsnLeuLysPheAspAsp> 

exon 5 �9 exon 6 
CAACGATAAGTCAC GCGAC GATAAGGAGAAAGCAAACTCTCCGTTTGACACAAACGGTTTGAAGAAAGACGATC AGGTCACAAACTCAAATGGTGTTGTCAACGGCATTGACGATGACAA 2640 

493 AsnAspLysSerArgAspAspLysGluLysAlaAsnSerProPheAspThrAsnGlyLeuLysLysAspAspGlnVal ThrAsnSerAsnGlyValValAsnGlyIleAspAspAspLys> 

exon 6 �9 exon 7 
GGGCTTCAATC GCACTC CTGGTTCACGTCAACCATCACC~AGAGGAGTCCCAGC CACGTCCC CCCAATCTACTCTTTCC TC CACTGCCCTTCAATCACATGCTCA~ATCATGGCCA 2760 

533 GlyPheAsnArgThrProGlySerArgGlnProSerProAlaGl uGl uSerGlnProArgProProAsnLeuLeuPheProProLeuProPheAsnHisMetLeuMetAspHisGlyGln> 

AGGCATGGGAGGCGGCTTGGGCGGAGTTGq~FC~ATC~AACGGAGTCGGCGGTGGCAGCGGCGGAGGC~AGGCGGC~A~GGCCCACCA~AGA~C~CCAGA~AG 2880 
573 GlyMetGlyGlyGlyLeuGlyGlyVal va1G•ySerG•yAsnG•yva1G•yG1yG•ySerG•yG•yG•yG•yA1aG1yG•yA•aTyrA•aA•aHisG1nG1nMetA1aA1aG1nMecSer> 

exon 7 �9 exon 8 
TCAATTGCAACCGCCGATGATGAAcGGcGTTGGCGGCGGAATGCCAATGGCAGCACAGTCAcCAATGTTGAATCACCAGGCAGC~GACCC~ATA~G~CCGG~~ 3000 

613 G•nLeuG1nPr•Pr•MetMes 

exon 8 �9 exon 9 
GCAG~AGCAAAAq.~F1~ATGTTCAGCAACTGTTTCG~TCGCAGAATCCGGG~TAGCAGCAGTTGCCACAAATGCAGCGG~G~AGCAGCAGCC~AGCAGC~CACA~A~GAG 3120 

653 G1nG•nG1nAsnPheAspva1G1nG•nLeuPheArgSerG•nA8nPr•G•yLeuA•aA•ava1A•aThrAsnA•aA•aA•aA1aA1aA1aA•aA•aA•aA•aA1aThrSerA•aA1aser> 

TGCTGCGGCAGCGGTGGGCGCACCACCCGTTCCCAACGGATCGCTGCAGCAGTCGCAGCAGCAAcAGCAGCAGCAGCAACAAcAGCAGCAGCAACAAcAGATGCAcATGC~GGCCGCGTC 3240 
693 A1aA1aA~aA~ava1G~yA1aPr~Pr~va~Pr~AsnG1ySerLeuG1nG1nSerG1nG1nG1nG~nG1nG1nG~nG1nG1nG1nG1nG~nG1nG1nG1nMetHisMecA~aA1aA~a~er> 

GCAACAATTTTTGGCCGCCCAGCAGCAGGCGCAAAATGCGGCCTATGCCGCCCAACAGGCCACGTCCTACGTCATCAATC~GGGCCAGGAGGCTGCCCCGTATATGGGCATGATTGCC~ 3360 
733 G~nG1nPheLeuA1aA~aG~nG~nG~nA~aG1nAsnA1aA~aTyrA1aA1aG1nG~nA~aThrSerTyrva~eAsnPr~G1yG1nG1uA~aA1aPr~TyrMe~G1yMetI~eA~aA1a> 

C GCCCAGATGCCGTACTATGGCGTAGCACCATGGGGCATGTATCCGGGCAATCTGATTCCGCAACAGGGAACGCAGCCGCGCCGCCCCCTCACCCCCTCGCAGCAGGGTGCCGAGAATCA 3480 

773 A1aG1nMetPr~TyrTyrG~yva1A1aPr~TrpG~yMe~TyrPr~G~yAsnLeuI~ePr~G~nG1nG~yThrG~nPr~ArgArgPr~LeuThrPr~SerG1nG1nG~yA1aG1uAsnG1n> 

exon 9 �9 exon i0 
GC~GTATCAGGTCATCCCGGCAq~CTCGATCACA~GGGCTCCTTGCTGA~AGGA~CTCGCACCGGGACGCCGATGCGTCTGGTTAGCCCCGCCCCCGTTCTGGTC~CCCCC~ 3600 

813 ProTyrGlnVal I1 ePr~A1aPheLeuAspHisThrG1ySerLeuLeu24e~G1yG1yPr~ArgThrG1yThrPr~MetArgLeuva~SerPr~A~aPr~va1Leuva~Pr~Pr~G1yA1a> 
exon I0 �9 exon ii 

TACcCGTGCCGGCCCCCCGCCCCCGCA~CACAGCTGTATCAGCCGCAGCCGCAGAC~CCAACAGAATCTCTACTCGCAGCAGAATGGATCCAGTGTCGGAGC4~CTCGCCTTGAA 3720 

853 ThrArgA1aG1yPr•Pr•Pr•Pr•G1nG1yPr•G1nLeuTyrG1nPr•G1nPr•G1nThrA1aG1nG1nAsnLeuTyrSerG1nG1nAsnG•ySerServa1G•yG•yLeuA•aLeuAsn> 

CACGAGCTCGTTGACGGGTCGCCGCGACTCCTTCGACCGCAGCACCTCCGCCq*PCAGTCCCTCGACCATGGACTACACCAGCAGCGGTGTGGCAGCGGCCGCCAATGCGG~CA~AC 3840 

893 ThrSerSerLeuThrGlyArgArgAspSerPheAspArgSerThrSerAl aPheSerProSerThrMe~AspTyrThrSerSerGlyValAlaAlaAlaAlaAsnAlaValAsnSerThr> 

AGTGGCCCAGGCAGCAGCAGCTGCCGCAGCAGCCGCCGCAGCGCGTGGCAAGTGC,CCGGGAGCGATGTCGGGAGCGGCCAGTGGAGCCTACGGAGCCCTGGGAGC~~~ 3960 
933 va•A1aG1nA•aA•aA•aA1aA•aA•aA•aA1aA•aA•aA1aArgG1yLysTrpPr•G•yA1aMetSerG1yA•aA•aserG1yA1aTyrG1yA1aLeuG1yA•aG1yAsnA1a•erA1a> 

CAGTCCCCTGGGCGCACCAATCACGCCGCCGCCATCGGCGCAATCCTGTCTCCTGGGCAGTCGGGCACCTGGAGCCGAGTCCCGCCAGCGC~A~A~C~CA~A~C~CGT 4080 
973 SerPr•LeuG1yA1aPr•I1eThrPr•Pr•Pr••erA1aG1n•erCysLeuLeuG•y•erArgA1aPr•G1yA1aG1uSerArgG1nArgG•nG1nG•nG•nG•nG•nLeuA•aA•ava•> 

TGGTC TGC CGGCGACTGCAGCAGCTGCTC AGGCAGCGGTGGCCGCGGCTGCCAACAATATGTTCGGATCCAACAGCTCGATCTTCTCGAATCCCCTC4~CCATTCC~TACCGCAGCTGT 4200 

1013 G•yLeuPr•A1aThrA•aA•aA1aA1aG1nA•aA1ava1A1aA1aA1aA•aA8nAsnMetPheG•y•erAsn•er•erI•ePheSerAsnPr•LeuA1aI•ePr•G•yThrA•aA1ava•> 

GGCAGCTGCAGCGGCAGCAGCAGCGGCCGCCAACTCGCGTCAGGTGGCTGCCACGGCAGCGGCAGCAGCGGCGG~AGCAGCAGCCGGCGGAGTC4~GAGGTGCCCCACAGCCAGGAAG 4320 

1053 A1aA1aA•aA1aA1aA•aA•aA1aA1aA1aAsnSerArgG•nva•A•aA•aThrA•aA•aA•aA•aA•aA1ava•A•aA1aA1aA•aG1yG1yva1G1yG1yA1aPr•G1nPr•G1yArg> 

ATCTCGCCTTCTCGAAGATTTCCGCAACCAGCCGTATCCAAATCTTCAGCTAcGCGATCTCGCTAACCACATTGTGGAGTTCTCACAGGATCAGCACGGCTCGCGGTTTATCCAACAGAA 4440 
1093 SerArgLeuLeuGl uAspPheArgAsnGlnProTyrProAsnLeuGlnLeuArgAspLeuAlaAsnHisIleValG1 uPheSerGlnAspGlnHisGlySerArgPheIl eGlnGlnLys> 

GTTGGAGCGGGCCACCGCCGCCGAGAAGCAAATGGTGTTCAGCGAGATCCTGGCGGCAGCCTATAGCCTGATGACCGATGTCTTTGGCAACTATGTCATcCAGAAGTTCTTTGAGTTCGG 4560 
1133 LeuGluArgAlaThrAlaAlaGluLysGlnMet valPheSerGluIleLeuAlaAlaAlaTyrSerLeuMetThrAspValPheGlyAsnTyrVal IleGlnLysPhePheGluPheGly> 

Figure 5. (See facing page for legend.) 
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1173 

1213 

1253 

1293 

1333 

1373 

1413 

1453 

1493 

1533 

CACTCCCGAGCAGAAGAA•AcGCTGGGCATGCAGGTCAAGGGTCA TGTGCTGCAGCTGGCGCTGCAAATGTATGGCTGCCGAGTGATTCAGAAGGCTCTGGAGAGCATCTCGCCGGAGCA 4680 

ThrProG1 uG i nLysAsnThrLeuGlyMe t Gln Va 1 LysGl yHi $ va 1LeuG1 nLeuA i aLe uG1 nMe t TyrGl yCy sAr g Va i I 1 eG i nLy sA 1 aLe uG 1 u S er I 1 e Set P roG 1 uG in > 

C~CAGCAGGAAATCGTCCAcGAACTGGACGGACATGTGCTGAAATGCGTCAAGGATCAGAATGGCAATcATGTGGTGCAAAAGTGCATTGAGTGCGTGGACCCCG~GC~TGCAG~AT 4800 

GInGInGI u I 1 eValHi sGI uLeuAspGl yHi s Va 1LeuLysCysVa 1LysAspGlnAsnGl yAsnHi sVal Va 1 G lnLysCys 11 eG1 uCy8 Va iAspProVa 1AI aLeuG lnPhe I 1 e> 

CATCAATGCTTTCAAGGGTCAGGTTTAcTCGCTAAGCAcCCATCCGTATGGATGCCGGGTGATCCAGAGAATCCTTGAGCATTGCAcTGCCGAAcAGACCAcGCCCATTTTGGACGAACT 4920 
I'l eAsnAl aPheLysGl yG lnVa 1 TyrSerLeuSerThrHi s ProTyrG l yCysArgVa i I i eGlnArgl l eLeuGl uHi sCysThrAl aGl uG lnThrThr Pro Z1 eLeuAspG l uLeu> 

exon II �9 exon 12 

GCATGAGCACACCGAACAGTTGATTCAGGACCAATATGGCAACTATGTTATTCAGCATGTGCTTGAACACGGCAAGCAGGAGGATAAGTCGATTCTTATCAACAGCGTGCGCGGCAAAGT 5040 
Hi sGl uHi s ThrG 1 uG1 nLeu 11 eG 1 nAspG 1 n TyrG lyAsnTyrVa I 11 eG 1 nHi s Va 1LeuG 1 uHi sG lyLysG 1 nG 1 uAspLys S er I 1 e Leu I 1 eA8 n S e r ValArgG lyLys Va 1 > 

exon 12 �9 
TCTGGTC~CTATCACAGCACAAGTTCGCCTCAAACGTTGTGGAGAAATGTGTTACCCATGCCA~TCGCGGAGAACGCAbTGGTCTCATAGACGAGGTC~ACC~C~CGAC~CGCG~ 5160 

LeuVa i LeuSerGlnHi s LysPheA1 aS e rAsh Val Val G1 uLysCys Va i ThrHi 8A1 a ThrArgGlyG1 uArgThrGlyLeul i eAspGl u Va i CysThrPheAsnAspAsnA i aLeu> 
exon 13 

GCACGTGATGATGAAGGATCAGTATGCCAACTATGTGGTCCAAA~TGATCGATGTATCGGAGCCGACGCAGCTCAAGAAGCTGATGACCAAGATCCGC-C CCCACATGGC CGCCTTGCG 5280 
Hi 8ValMetMe t LysAspGlnTyrAl aAsnTyrVa i Va 1GlnLysMet 11 eAspVa 1 S erG1 u ProThrGlnLeuLysLysLeuMet ThrLys I 1 eAr gProHi 8MetAl aA1 aLe uArg> 

CAAGTACACcTACGGCAAGCAcATCAATGCCAAGTTGGAGAAGTAcTACATGAAGATAACCAATCCCATTACGGTGGGCACAGGAGCTGGAGGAG~CGGCAGCCTCGTCGGCGGCCGC 5400 

LysTyrThrTyrGl yLysHi s 11 eAsnA1 aLysLeuG1 uLysTyrTyrMet Lys 11 eThrAsnPro 11 eThrVa 1GlyThrGlyA1 aG l yGl yVa 1 ProA1 aA i aSerSerAl aA1 aAl a> 

GGTCAGCAGTGGTGCCACCTCGGCATCGGTAACCGCCTGCACCAGTGGCAGCAGCACCACCACGACCAGCACTACCAACAGCCTGGCCTCACCCACCATTTGTTCGGTGCAGGAGAACGG 5520 
Va 1 SerSerGlyAl a ThrSerA1 a SerVa 1 ThrAl a CysThrSerGlySer S erThrThrThrThr SerThrThrAsnSerLeuAl a SerProThr I 1 eCysSerVal G lnGI uAsnGly> 

CAGCGCCATGATTGTGGAGCCCTCCTCCCCGGAcGCCTCCGAGTCCTCGTCCTCGGTGGTGTCAGGCGCTGTCAACAGCGGCTTGGGTCCCATTGGACCCCCGACCAACGGCAACGTTGT 5640 

S erA1 aMet 11 eVa 1 G1 u ProEerSer ProAspA1 a EerGl u SerSerSerSerVa I Va 1 S erGlyA1 a Va 1AsnSerGlyLeuGlyPro 11 eGlyProProThrAsnGlyAsn Va i Va 1 > 

GCTGTAAAGGAAATAACAAATTAAGCCAGGCAGTCAAAGGAAACTTCCTTCTCGAATCGCAGTATAG~iq-P~-1.AGAAGCTGTAGAGCTTAACATAAACAACAAGTACATATAAATGTAATC 5760 
Leu> 

TTATTTATTGGAAAAGCAGCGATAAATGGAGCTGCACTCGAAGATTTGCAAAGAGGATAGTAAAACACACATGCGCCAATCTAGAGAAACAAAGCAAACAAAGAAGCACACTGGCAAGC C 5880 

AAAAAGCAAAAGAGCTTAACAGCTAAAACTAAAAGAAATTTGTAqT1.Y"rACGAACAAAACTAATAACGTTCTCATGAAAAAAGATTTCAAAATATTTGTAAAATGCGATC GCATAATTAA 6000 

~TAA~GGCATGAACCGCAAAGAT(2AAAGAAAACAAAAATGCGTAGTTAATCTCGA~2AAGAAAAAATAATGAATGTAATGTAAAATGTCAATGAAACAGATTTGTCTGCGTA 6120 

CA~F1~2GTTGTAACTTTGTATAAATTAATTATTATATAGCAAGTCTATCTGTAAAGGATTAATGTTTCGACTGTAAATTAATAAGAAGACAACTGAAGAGCCGGCGAGC TGAAAAAAAA 6240 

GAAAGTAAAAAGAGCGGGCTGCATGAATTAGCCTACGATTTATAAGTTCAGACAGAGGAACCATTTcTAATATACAAACATATATAC GAGGGATAACAGCAGAAGC CGCACTTAGTGTAG 6360 

AATGTAGAGTAATAATG••.•.•••.TGGAGCCAGCAGCTACAAAGACACAATGAAAACAGAGACACACGAGACACGCCCACGCCCCCTCACGCACACTCGGTTGCATACACTCACACAATGAAC 6480 

GACTCTTcAGCCCATTCACGTTGC~-~i~*x2~CACTATGTAAAAATTTTGTATAAAA~CCCCAAACAACAAACCATGTAAACCATGTAATTTTCAAATGTTTCAC TGTAAAATGTATAC 6600 

ATACTTTA~i~iTi~3TAAAq-Y~i~iT~l~l'AAGTCC42AAGTAACTCATACATATTCTATTCTAAACCTCACGCATGTATTTATAATTTTATACACATTAGCTGGTGACCA~CGATCGACGATCTG 6720 

CATGGATG'I'I~TCAGCTGGTGGCCAGCTAAAAGAAC C TGTTAGCCAAGTAAGC CAAAAATGATAATAATTGGA.x-z-,-I.AAAACAATAACCATCAAAATAAAC CAA.I-ITIq.TTCAA 6835 

pumilio:1111 D LA NH I VE FS QDQ HGSRF IQ QKLERATA AEKQMVFS 

1147 E IL AAAY S LMTDV FGNYVIQKF FEFGTP E QKNTLGM 

1183 QVK GHV LQ LA LQM YOCRVIQKALE s I s p EQQQ EIVH 

1219 E LD GHV LK C VKDQ NONHVVQKc IECVD pv ALQF I I N 

1255 AFK GQVY S LS THP YOCRVIQRI LEH c TA EQTTP ILD 

1291 E LH E H TE Q L I Q DQ YONYVIQI-Iv LE H O KQ E D K S I L I N 

1327 SVR GKV LV LS QHK FASNVVEKcVT HATR GERTG L I DEV C T 

1367 FN D NA LHV M MKDQ YANYVVQKM IDvs E p T Q LKK LMT 

YGL023" 563 Q Y I G S I H S 

599 ETK DYTVE 

635 ISS PHFVE 

672 sLR PYTVQ 

698 AIs DSCID 

744 KLL ALVDK 

784 LLK PRAIE 

823 GGE TGIQS 

LCKDQ HGCRF LQKQ L DI LGSK AADRIFE 

LMTDS FGNYLIQKLLEEVT TEQRIVLTK 

ISLNP HGTRALQKL I EC IKT DEEAQ IVVD 

LS KDL N GNHVI QKc LQRLK PENFQF IF D 

IATHR HGCCVLQRc L DHGT TEQCDNLCD 

LTLDP FGNYVVQY I ITKEA EKNKYDY THKI VH 

LS IHK FGSNVIEKI LKTAIVS EPMI LEI L NN 

LLNDS YGNYVLQTAL DI SHE QNDY LY MR 

Figure 5. Sequence of pumilio. (A) The com- 

posite cDNA nucleotide sequence was de- 

rived predominately from cDNA R7-1, which 

was isolated from a 4- to 8- hr embryonic li- 

brary. In addition, the 5' sequences were ob- 

tained from clones isolated from a specifically 

primed library. Two different types of 5' 

clones were isolated that differ in their 5' 

exon, and the sequences of the longest clone 

of each type are shown. Primer extension 

analysis (data not shown) indicates that the 

sequences shown correspond approximately 

to the 5' ends of these RNAs. The numbering 

of the nucleotide sequence is to the right of 

the sequence and is shown for the longest 

RNA form only. The position of the 12 in- 

trons that have been identified are indicated 

above the sequence (V). The predicted amino 

acid sequence of the Pumilio protein is indi- 

cated below the nucleotide sequence and is 

numbered to the left. Sixteen nucleotide dif- 

ferences were observed between the cDNA 

sequence, and the genomic sequence, two of 

which resulted in an altered amino acid. Two of these changes are the result of the insertion of a TA between positions 5853 and 5854 

of the cDNA sequence. The remainder are listed as follows: [cDNA nucleotide and number, amino acid --~ genomic nucleotide {amino 

acidl] A 1279--> G~ T 2977--> C~ C 4353, Pro---> G, Arg~ C 5398--> G~ G 5401 --~ A~ A 5531, Ile--> G, Val; G 5600, Gly--~ A, Ser~ C 

5880 --> A~ A 5988 --~ C~ T 6055 --~ A; T 6060 --> G~ G 6177 --~ T~ T 6468 --> C~ G 6728 ---> A. IB} Contiguous portions of the Pumilio 

protein and the YGL023 protein have been aligned to reveal eight similar sequence motifs in each protein. In addition to the conserved 

chemical nature of amino acids distributed throughout the repeats, a number of specific amino acids are conserved in corresponding 

repeats. These include the conserved aspartic acid and histidine residues in the column under Pumilio amino acid 1122, the asparagine 

present in every other repeat under Pumilio amino acid 1126, and the conserved substitution of glutamic acid for glutamine only in 

the seventh repeat at Pumilio residue 1346 and Yg1023 residue 803. 
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pumilio fusion gene (Fig. 6A) was inserted into the 

P-element vector pDM30, which contains the rosy + 

marker gene, (Mismer and Rubin 1987) and was injected 

into embryos. Two of six transformant lines were ana- 

Figure 6. Rescue of the pumilio mutant phenotype. (A) The 
nanos-pumilio fusion gene used to rescue the pumilio pheno- 
type contains 5'-flanking sequences (thin line) and the 5'-un- 
translated region {hatched box) of nanos. Immediately after the 
nanos start codon, a SacI site was introduced and fused to a 
naturally occurring SacI site located 213 nucleotides upstream 
of and in-frame with the pumilio start codon. The resulting 
fusion gene encodes the entire Pumilio protein {solid box) with 
an additional 72 novel amino acids attached to its amino ter- 
minus (stippled box) followed by the pumilio 3'-untranslated 
region (hatched box). (B) Cuticles are shown from a control em- 
bryo derived from pumilio, rosy homozygous females (left) and 
from an embryo derived from pumilio, rosy females that carry 
the nanos-pumilio fusion gene {right). Only the embryo from 
the transgenic females developed abdominal segments. (H) head 
skeleton; {T) thorax; the label marks the first of the three tho- 
racic segments. (A) Abdomen; the label marks the first of the 
eight abdominal segments. (Te) Terminal structures with light- 
refractile Filzk6rper. Anterior is up. Dark-field optics were used. 

lyzed in detail by examining the larval cuticles of the 

progeny of homozygous pumilio females that carry the 

transgene. Transformation with this nanos-pumilio fu- 

sion gene results in complete rescue of the pumilio phe- 

notype (Fig. 6B). Essentially all of the embryos produced 

by these transgenic females developed into viable larvae. 

Thus, we have identified the protein sequences neces- 

sary for pumilio function during oogenesis and early em- 

bryogenesis. 

pumilio RNA is localized to the posterior pole plasm 

The similar phenotype of pumilio and nanos mutants 

suggests an interaction between their gene products. Be- 

cause the nanos mRNA is localized to the posterior pole 

of early embryos (Wang and Lehmann 1991), we analyzed 

the distribution of the pumilio RNA by in situ hybrid- 

ization with the R7-1 cDNA to whole-mount embryos. 

We found that pumilio RNA is enriched at the posterior 

pole of early embryos (Fig. 7). In addition, uniform stain- 

ing was consistently observed, suggesting that unlocal- 

ized pumilio RNA is also present throughout the em- 

bryo. We cannot detect pumilio RNA localization in em- 

bryos from females with rearrangements in the pumilio 
gene, which disrupt the pumilio transcription unit 

{Fig. 7). 
To determine the genetic requirements for pumilio 

RNA localization, we analyzed a number of posterior 

group mutants. Embryos from females mutant for a 

strong allele of nanos or one of the EMS-induced pumilio 
alleles show normal localization of pumilio RNA (Fig. 7; 

data not shown), whereas embryos from females mutant 

for posterior group genes that affect the formation of the 

pole plasm, such as vasa, oskar, and staufen, fail to lo- 

calize pumilio RNA (Fig. 7, data not shown) (Lehmann 

and N/isslein-Volhard 1986; Sch~pbach and Wieschaus 
1986; Hay et al. 1988a, b; Lasko and Ashburner 1988; 

Ephrussi et al. 1991; Kim'-Ha et al. 1991. i St. Johnston et 
al. 1991 ). Thus, as with nanos RNA localization, puknilio 
RNA localization depends on the formation of the pole 

plasm. 

Discussion 

We have identified the pumilio gene by mapping two 

chromosomal rearrangements that disrupt the gene and 

by complementation of the pumilio mutant phenotype 

using germ-line transformation with a minigene encod- 

ing the Pumilio protein. Analysis of mutations that dis- 

rupt the pumilio transcript demonstrates that pumilio is 

absolutely required for abdomen formation. We have in- 
vestigated Pumilio function by measuring the effect of 

pumilio mutations on the expression of the Nanos pro- 

tein and found that pumilio has no effect on either the 

level of expression or the distribution of nanos RNA or 

protein. We conclude that pumilio is an essential factor 
for abdomen formation and that it acts in conjunction 
with the localized abdominal determinant Nanos. 

pumilio mutations result in the uniform translation of 

the maternal Hunchback protein (Fig. 1; Tautz et al. 
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Figure 7. Posterior localization of pumilio RNA. Whole- 
mount embryos were hybridized in situ to a digoxigenin-la- 
beled pumitio eDNA fragment. Localization of pumilio RNA to 
the posterior pole plasm is observed in embryos derived from 
wild-type females (top panel). Embryos from females transhet- 
erozygous for In(3R)Msc and T(3;1)FC8 show no RNA localiza- 
tion to the posterior pole (second panel), confirming that both 
rearrangements disrupt the pumilio transcript, pumilio RNA is 
localized as in wild type in embryos from homozygous nanos 
females (third panell but not in embryos derived from homozy- 
gous vasa females (bottom panel). In addition, uniform staining 
is observed throughout the embryo with all genotypes tested. 
Because this is not seen without the use of a probe or when 
control probes are used, this suggests that pumilio RNA is also 
present throughout the embryo. The embryos shown are in nu- 
clear cycle five to eight (Foe and Alberts 1983). Anterior is left 
and dorsal is up. Nomarski optics were used. 

1987; Tautz 1988). The translational regulation of 

hunchback is also dependent on the function of nanos. 

Because we have now shown that pumilio has no effect 
on the expression or distribution of the Nanos protein, 

Pumilio is clearly not responsible for the transport of the 

Nanos protein, as had been suggested previously (Leh- 

mann and Nfisslein-Volhard 1987). Rather, we suggest 

that Pumilio cooperates with the Nanos protein to re- 

press hunchback translation in the posterior half of the 

embryo. However, these observations are also consistent 

with a model in which Pumilio represses hunchback 

translation in a manner completely independent of 

Nanos. We consider this latter possibility unlikely for a 

number of reasons. First, Pumilio and Nanos act on the 

same targets. Besides its effect on hunchback, Pumilio is 

also required for the repression of bicoid translation ob- 
served when the Nanos protein is ectopically expressed 

in the anterior of the embryo (Wharton and Struhl 1989; 

Lehmann and N6sslein-Volhard 1991; L. Gavis and R. 

Lehmann, unpubl.). Second, the uniform distribution of 

Pumilio throughout the embryo (Macdonald 1992) is in- 

consistent with a direct role in establishing a concentra- 

tion gradient of hunchback along the anterior-posterior 

axis. Finally, we cannot identify an independent activity 

for Pumilio. Although the localized nanos RNA present 

in pumilio mutant embryos is fully competent to rescue 

abdominal segmentation in posterior group mutants, no 

rescuing activity can be detected on transplantation of 

pumilio RNA present in nanos mutant embryos (Leh- 

mann and Niisslein-Volhard 1991) or in vitro-synthe- 

sized pumilio RNA (D. Barker and R. Lehmann, unpubl.). 

We find our data more consistent with a model in which 

Pumilio acts in conjunction with Nanos. Determining 

the role of Pumilio, therefore, will require an under- 

standing of Nanos function. 

How do Pumilio and Nanos cooperate and eventually 

control the repression of hunchback translation? Recent 

studies have identified a short RNA sequence present in 

the 3'-untranslated region of hunchback mRNA that is 

necessary and sufficient to confer Nanos-dependent 

translational repression (Wharton and Struhl 1991). 

However, it is presently unclear whether Nanos binds 

this sequence directly. A possible role for Pumilio could 

be to interact with hunchback mRNA, making the RNA 

more susceptible to translational repression. By interact- 

ing with hunchback mRNA, Pumilio might affect its 

secondary structure, a well-established mechanism of 

translational regulation (Altuvia et al. 1989). This might 

create an RNA structure or a Pumilio-RNA complex for 

which the Nanos protein has a higher affinity. Alterna- 

tively, the Pumilio protein may interact with the Nanos 

protein, enabling it to repress hunchback. Because we 

cannot order nanos and pumilio genetically, it is also 

formally possible that Nanos enables Pumilio to repress 

hunchback. 

Little is known about mechanisms or molecules that 

control translation of specific mRNAs. Codependence of 

nanos and pumilio for translational repression could be 

achieved by a number of possible mechanisms, such as 

the introduction of a covalent protein modification or 

the formation of a protein-protein complex. Many of the 

pumilio alleles exhibit a cold-sensitive phenotype (Leh- 

mann and Niisslein-Volhard 1987). Cold sensitivity of- 

ten indicates the assembly of large protein complexes, 

such as ribosomes (Guthrie et al. 1969; Tai et al. 1969; 

Moritz et al. 1991), bacteriophage capsids (Cox and 

Strack 1971; Jarvick and Botstein 1975), and microtu- 

bules (Schatz et al. 1988), owing to the inherent cold 

sensitivity of the hydrophobic interactions required for 

some of these associations (Correia and Williams 1983). 

Such a complex might involve an interaction between 

Pumilio and Nanos, between Pumilio and an unidenti- 

fied protein, or among multiple Pumilio proteins. Fi- 

nally, formation of a Nanos-Pumilio complex might be 
required for Nanos activity, possibly by increasing its 

affinity for hunchback mRNA. 

Along with nanos and pumilio, at least eight other 
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genes make up the posterior group. In addition to their 

abdominal  phenotype, these eight genes are also required 

for the posterior localization of nanos and pumil io  

RNAs. These genes specifically affect nanos function, as 

the mutan t  phenotype of these posterior group genes can 

be rescued by t ransplantat ion of nanos RNA alone. 

Therefore, it has been proposed that  the abdominal phe- 

notype of these genes is the result of the lack of localized 

nan os activity (Wang and Lehmann 1991; Gavis and Leh- 

mann  1992). pumiiJo function, on the other hand, seems 

unaffected in these mutants ,  which indicates that  pu- 

mi l io  funct ion does not  require RNA localization, pu- 

mil io  funct ion is not  l imited to the posterior pole, as 

Pumilio acts in conjunct ion wi th  Nanos even when 

Nanos is localized to the anterior pole of the embryo (E. 

Gavis and R. Lehmann,  unpubl.). Thus, pumil io  provides 

a factor required for abdomen formation that  is present 

throughout  the embryo, whereas nanos controls embry- 

onic polarity through its posteriorly localized source. 

Only one pumJIio allele was identified in the init ial  

mutagenesis screen for maternal  effect genes on the third 

chromosome involved in embryonic patterning (Leh- 

mann  and Nfisslein-Volhard 1987). We have isolated 

many additional alleles on the basis of their failure to 

complement  the pumil io  maternal  or zygotic {see below) 

phenotypes (Lehmann and Nfisslein-Volhard 1987, 1991; 

D. Barker, C. Detweiler, and R. Lehmann, unpubl.). 

Some of these alleles show reduced viabili ty and the du- 

plication of thoracic bristles of mutan t  adults. Thus, Pu- 

mil io has addit ional zygotic functions. Because pumil io  

does not  share these phenotypes with nanos (Lehmann 

and NiJsslein-Volhard 19911 C. Wang, L. Dickinson, and 

R. Lehmann, unpubl.), it is l ikely that  Pumilio interacts 

wi th  additional gene products during later stages of de- 

velopment.  Sequence analysis of the existing pumil io  al- 

leles, as well as a functional  analysis of derivatives gen- 

erated from the pumil io  minigene, should help to define 

regions in the Pumilio protein specifically required for 

interact ion wi th  Nanos and other factors. 

M a t e r i a l s  a n d  m e t h o d s  

Nomenclature 

The mutant phenotypes described here depend strictly on the 
maternal genotype. Throughout the text, we refer to embryos 
derived from females mutant for a maternal effect gene, for 
example, pumilio or nanos, as mutant embryos irrespective of 
the genotype of the embryo. 

Mutant alleles and chromosomal rearrangements 

Two chromosomal rearrangements disrupt the pumilio tran- 
scription unit. In(3R)Msc has breakpoints in 84B and 85C/D. 
The right breakpoint of In(3R)Msc has been described to lie in 
84F (Lindsley and Zimm 1992) but more likely maps to 85C, as 
published by Kemphues et al. (1983) and as supported by our 
cytogenetic, genetic, and molecular analysis (this paper, Leh- 
mann 1985). T(3,1)FC8 is a translocation that transposes chro- 
mosomal material from the 84D to 85C/D region to region 20 of 
the X chromosome. Both In(3R)Msc and T(3;1)FC8 fail to com- 
plement the mutant pumilio phenotype when placed in trans to 

a pumilio allele. Flies that carry In(3R)Msc and T(3;1)FC8 in 
trans are subviable (<50% expected) and, in addition to the 
strong maternal phenotype, exhibit various morphological de- 
fects, such as small body size, aberrant wing posture, and addi- 
tional bristles (most pronounced in the scutellar region). Be- 
cause these defects were also observed in flies mutant for EMS- 
induced pumilio alleles, we consider them part of the pumilio 

phenotype (Lehmann and Niisslein-Volhard 1987). The pumilio 

alleles used in this study are pum 68~ and pum at1, the nanos 

allele is nos Lz, and the vasa allele is vas TM (as described in Leh- 

mann and N/isslein-Volhard 1987, 1991). 

Preparation and analysis of nucleic acids 

Plasmid, cosmid, and bacteriophage DNA were prepared by 
standard procedures (Sambrook et al. 1989). To prepare Droso- 

phila genomic DNA, 50-100 adult flies were homogenized in 
0.35 M sucrose, 0.1 M EDTA, and 0.05 M Tris-HC1 (pH 8.0) and 
filtered through a Nitex screen. The nuclei were pelleted by 
centrifugation at 4000 rpm for 10 min at 4~ and resuspended in 
2 ml of 0.1 M NaC1, 0.01 M EDTA, 0.02 M Tris-HC1 (pH8.0) and 
10 ~g/ml of RNase, and incubated at room temperature for 15 
rain. Proteinase K and SDS were added to concentrations of 100 
~tg/ml and 0.5%, respectively, and the solution was incubated 
for 1 hr at 65~ The DNA was extracted twice with phenol- 
chloroform (1 : 1) and precipitated with ethanol. Southern blots 

were performed as described (Sambrook et al. 19891, except the 
DNA was transferred to Biotrans nylon membranes {ICN) with 

a Hoefer TransVac TE80. 
Total Drosophila RNA was prepared by homogenizing 50- 

100 adult flies in 3 ml of 8 M urea, 3 M LiC1, 0.005 M dithio- 
threitol, and 0.005 M EDTA for 1 min in a Brinkman polytron 
homogenizer at full speed. The homogenate was then centri- 
fuged at 3000 rpm for 10 min at 4~ and the clear supernatant 
transferred to a 15-ml Corex tube and incubated at 0~ over- 
night. The RNA was pelleted by centrifugation at 12000 rpm for 
30 min in a Sorvall SS34 rotor at 4~ and resuspended in 0.01 M 
Tris-HC1 (pH 7.0), 0.005 M EDTA, and 0.5% SDS. This solution 
was extracted once with phenol-chloroform (1: 1), and the 
RNA was precipitated with ethanol. Selection of polyadenylat- 
ed RNA and RNA blots was performed as described (Sambrook 

et al. 1989), using formaldehyde agarose gels. 
Sequencing of the pumilio cDNA R7-1 was performed with 

two nested sets of Tng-induced deletions (Peng and Wu 1986), 
using Sequenase version 2.0 (U.S. Biochemical). Additional 
cDNA and genomic DNA were sequenced from double- 
stranded plasmid DNA using Sequenase version 2.0 or from 
cosmid DNA using the fmol sequencing system (Promega). Se- 
quencing primers were synthesized with an Applied Biosystems 
391 DNA synthesizer and deblocked oligonucleotides were pre- 
cipitated with butanol (Sawadogo and Van Dyke 1991). 

Compilation and initial analyses of DNA sequences were per- 
formed using the MacVector program (IBI). A DNA homology 
search was performed with the FASTA program using the Gen- 
Bank, EMBL, and NBRF nucleic acid data bases (Pearson and 
Lipman 1988). Protein homology searches were performed with 
the TFASTA program using the above data bases and also with 
the BLAST network service of the National Center for Biotech- 
nology Information using the PIR, SWISS-PROT, GenPept, and 
GPUpdate data bases (Altschul et al. 1990). The Pumilio, Yg1023 
similarity was detected using a profile analysis (Gribskov et al. 

19871. 

Cloning of genomic and cDNA sequences 

Two libraries were constructed from fractions of BamHI-di- 
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gested In(3R)Msc/+ DNA, purified by preparative agarose gel 

electrophoresis to include the two Msc breakpoint fragments 

(7.8 and 13.8 kb), in the vector KL47.1 and the Escherichia coli 

strain LE392 (Sambrook et al. 1989). Packaging was performed 

using the Packagene k DNA packaging system (Promega). The 

proximal breakpoint of the Msc inversion maps within the An- 

tennapedia complex (Scott et al. 1983). A bacteriophage clone 

spanning this region was obtained (gift of M. Scott), and the 

breakpoint was mapped further to a 5.2-kb BamHI restriction 
fragment within the Scr gene. This 5.2-kb Scr fragment was 

used to screen the Msc libraries. Fourteen positive clones 

(KMsc-S) were identified from a total of 15,000 clones of the 
library containing the smaller Msc breakpoint (7.8 kb), whereas 

four positive clones (kMsc-L} were identified from a total of 

100,000 clones of the library containing the larger Msc break- 

point (13.8 kb). KMsc-S contained highly repetitive sequences in 

addition to the Scr sequences, whereas kMsc-L contained only 

unique sequences that hybridized, as expected, to the position 

of the Antennapedia complex (84A), and pumilio (85CD) of the 

polytene chromosome. Wild-type cosmid and bacteriophage li- 
braries were obtained from J. Tamkun (Tamkun et al. 1992) and 

initially screened with the pumilio sequences contained within 

kMsc-L using standard techniques (Sambrook et al. 1989). Ad- 
ditional screens were performed with cosmid insert end frag- 
ments and pumilio cDNA sequences. 

A 4- to 8-hr Drosophila embryo eDNA library was provided 

by N. Brown (Brown and Kafatos 19881 in the form of purified 
plasmid DNA. This DNA was used to transform the E. coli 

strain DHSa (BRL) both directly as well as after selection of 

clones >5 kb by preparative agarose gel electrophoresis. Both 

platings of this library were screened with two genomic frag- 

ments from the pumilio region, a 7.3-kb EcoRI fragment cover- 

ing the Msc breakpoint and a 6.8-kb PstI-BamHI fragment that 

maps - 2 0  kb distal to the former. The Msc breakpoint probe 
identified 26 positive clones from a total of -400,000 screened. 

Most of these also hybridized to the distal probe. The distal 

probe identified several hundred positive clones. Sequence anal- 
ysis indicates that some of these are derived from the gene en- 

coding the chromosomal protein D1 that had been mapped pre- 
viously to this region (Ashley et al. 1989). 

Construction of a nanos-pumilio fusion gene and germ-line 
transformation 

A SacI restriction site was added to the nanos sequence imme- 

diately 3' of the start codon by performing a polymerase chain 

reaction with a mutagenic oligonucleotide using the nanos ge- 
nomic clone pCW1 as a template (C. Wang, unpubl.). The am- 

plified fragment extended from an EcoRV site 345 nucleotides 
upstream of the nanos transcriptional start through the start 

codon and ended with the introduced SacI site. This fragment 

was subcloned and then fused to upstream nanos sequences 

extending 2.1 kb 5' from the EcoRV site to an EcoRI site. This 
EcoRI-SacI fragment, containing the nanos promoter, 5'-un- 

translated leader region, and start codon, was then fused to the 
pumilio cDNA at a naturally occurring SacI site located 213 

nucleotides 5' of the pumilio start codon. This fusion gene, 

encoding the entire Pumilio protein with an additional 72 

amino acids attached to its amino terminus, was inserted into 

the P-element vector pDM30 (Mismer and Rubin 1987) to gen- 

erate pDM30/nos-pum. Germ-line transformation was per- 
formed as described previously (Spradling 1986) by injecting a 
s-Jlution containing 500 ~g/ml pDM30/nos-pum, 100 ~g/ml 

p~r25.7wczX2-3 (gift of D. Rio), 5 mM KC1, and 0.1 mM NaPO4 
(pH 6.8) into embryos derived from a s tpum 6s~ ry ss/TM3 stock 

(mutations as described in Lindsley and Zimm 1992). Homozy- 

gous p u m  68~ Go females were tested for fertility directly, 

whereas homozygous males and heterozygous animals were 
first backcrossed with the p u m  68~ stock to generate pure 68~ ho- 

mozygous females. Six transformant lines were identified and 

tested for complementation of the pumilio phenotype at 20~ 

the restrictive temperature for the maternal phenotype pro- 
duced by the p u m  68~ allele. 

Injections into embryos 

Injections of cytoplasm and RNA were performed as described 
previously (Lehmann and Ntisslein-Volhard 1986; Wang and Leh- 

mann 1991). Embryos were injected into the prospective ab- 

dominal region, between 20% and 50% egg length (0% = pos- 

terior pole). The developed cuticles were prepared as described 

(Lehmann and Niisslein-Volhard 1991; Wang and Lehmann 

1991) and scored for the number of abdominal segments formed. 

nanos RNA was synthesized in vitro from the full-length nanos 

cDNA clone pN5 as described in Wang and Lehmann (1991). 

Data from two independent experiments are summarized in Ta- 

ble 1. In each experiment, freshly synthesized nanos transcript 

was injected in parallel into nanos and pumilio embryos. For 
transplantation of cytoplasm, posterior pole plasm was taken 

either from wild-type embryos or from embryos derived from 
females transheterozygous for In(3R)Msc and T(3; 1)FC8 and in- 

jected into the prospective abdominal region of embryos from 

females homozygous for nos Lz. 

Analysis of embryonic cuticles 

Cuticle preparations were performed essentially as described 

{Wieschaus and Niisslein-Volhard 1986). To study the effect of 

temperature on mutant phenotypes, females mutant for a spe- 
cific allele combination were kept at either 20~ or 29~ Em- 

bryos were collected for several hours and left to develop into 
larva for 48 hr (20~ or 12 hr (29~ and their cuticles were 

prepared. Embryos from females transheterozygous for 

In(3R)Msc and T(3;1)FC8 were collected at 20~ and at 29~ In 

each sample the cuticle patterns of 50 larvae were examined, 

and all larvae in both samples lacked abdominal segmentation. 
Embryos were dechorionated with 50% bleach, dissected from 

vitelline membranes with a glass pipette, and fixed in 50% Hoy- 

er's mountant and 50% lactic acid overnight at 60~ Cuticles 

were photographed using dark field optics on a Zeiss Axiophot 
microscope with Kodak Technical Pan film. 

In situ hybridization to whole-mount embryos 

In situ hybridizations were performed as described by Tautz and 
Pfeifle (1989). For pumilio, the insert of the eDNA clone R7-1 

was used as a probe, whereas the insert of the cDNA clone pN5 

was used as a nanos probe (Wang and Lehmann 1991). Embryos 

were collected from wild type and pumilio [In(3R)Msc/ 
T(3;1)FC8], nanos (nosLT /nosr7), and vasa (vas D1/vas D1) mutant 

females for 2 hr at 20~ These embryos were fixed and pro- 
cessed for whole-mount in situ hybridization of RNA. 

Antibody staining of whole-mount embryos 

To analyze the distribution of Hunchback and Nanos proteins 

in wild-type and mutant embryos, embryos were collected for 2 
hr at 20~ or at room temperature and fixed immediately. Em- 
bryos were dechorionated, fixed, and devitellinized according to 
the method of Mitchison and Sedat (1983) and stored in meth- 

anol at -20~ Because In(3R)Msc/T(3;1)FC8 flies lay very few 

eggs, embryos were alternatively devitellinized using fine tung- 
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sten needles after fixation. Both devitellinization techniques 

resulted in identical antibody staining patterns. All incubations 
were performed in 1.5-ml polypropylene tubes with TBST [0.05 

M Tris-HC1 (pH 7.0) 0.15 M NaC1, and 0.01% Triton X-100] 

while agitating on an Adams nutator (Clay Adams). Embryos 
were rehydrated for 2 hr at room temperature, and blocked by 

incubation in 1 ml of 5% normal goat serum for 2 hr at room 

temperature. Incubation in primary antibody was performed in 

2% normal goat serum overnight at 4~ Embryos were washed 

with 1 ml, four times for ! 5 min, and incubated with a biotin- 

conjugated secondary antibody (goat) for 4 hr at room tempera- 

ture. Embryos were washed as described above and incubated 

with a horseradish peroxidase{HRP)-biotin/avidin complex 

(ABC Elite, Vector Labs) for 1 hr at room temperature. Embryos 
were again washed as described above and incubated in 500 

~g/ml of diaminobenzidine tetrachloride (DAB), 0.006% H20 2 

to develop color. Embryos were photographed using Nomarski 
optics on a Zeiss Axiophot microscope with Kodak Technical 

Pan film or Kodak Ektachrome 64 film. 

To measure the distribution of the Nanos protein, we used a 
modification of the filtered fluorescence imaging technique 

(Karr and Kornberg 1989). This technique exploits the ability of 
the 3,3'-diaminobenzidine precipitate produced by HRP to re- 

duce the intensity of a fluorescent signal by absorbing the inci- 

dent and/or emitted light. In our modification of this technique, 

cleavage-stage embryos were HRP-labeled with a rabbit poly- 

clonal antiserum directed against the Nanos protein as de- 

scribed above and then incubated with an antiserum directed 

against yeast glucose-6-phosphate dehydrogenase (Sigma Chem- 
ical) for 2 hr at room temperature. The embryos were then 

washed as described above and incubated with a fluorescein 

isothiocyanate-conjugated secondary antibody for 2 hr at room 
temperature, washed again, and mounted in TBST, 70% glyc- 

erol. Embryos were visualized with epifluorescence optics on a 

Zeiss Axiophot microscope. Video images were collected with a 
Hamamatsu C2400 Newvicon camera and an Argus 10 image 

processor {Hamamatsu). These images were then digitized using 
a Bio-Rad MRC 600 confocal microscope workstation and quan- 

titatively analyzed on a Macintosh with NIH Image (version 

1.41). Fluorescence intensity profiles along the length of several 

wild-type and pumilio embryos were averaged and inverted to 

represent the distribution of the Nanos protein in graphic form 
(Fig. 3). Statistical comparisons were performed at several posi- 

tions along the length of the embryos using the Wilcoxon rank 
sum test (Lindgren et al. 1978). No significant difference was 
found between wild-type and pumilio embryos, whereas there is 

>99.5% probability that the distribution of the Nanos protein is 

statistically different in embryos derived from females carrying 

one copy of the nanos gene [Df (3R);D1Fm/TM3] or four copies 
{P[gnos]/P[gnos]). P[gnos] is a rosy +-marked P-element contain- 

ingthe  entire nanos gene (Wang and Lehmann 1991). 

Antibody production 

The anti-Nanos antibody is a rabbit polyclonal serum raised 

against a Nanos fusion protein produced in bacteria. Briefly, a 
PstI-BglII fragment of the nanos eDNA pN5 {Wang and Leh- 
mann 1991)was subcloned into the expression vector pET-3c 
(Rosenberg et al. 1987) to produce a fusion protein encoding 11 

amino acids of T7 gene 10 protein fused in-frame to amino acids 

51-400 of the 400-amino-acid nanos open reading frame. The 

fusion protein was injected into rabbits as inclusion bodies us- 
ing Freund's adjuvant. 

The specificity of the antibody is shown by staining embryos 
derived from females homozygous for the nanos BN allele (data 
not shown); homozygous nanos BN females do not contain de- 

tectable levels of nanos RNA (C. Wang and R. Lehmann, un- 
publ.). Embryos derived from these females show a uniform 

level of staining comparable to the level at the anterior half of 

wild-type embryos stained in parallel. Therefore, we concluded 
that the staining seen in the posterior half of wild-type embryos 

is specific for Nanos. The background, nonspecific staining can 
be reduced, while preserving the specific staining, by repeatedly 

preabsorbing the serum against wild-type, pregastrula embryos 

(data not shown). 
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