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ABSTRACT 

Localization of maternal mRNAs is an important developmental strategy for 

providing spatially restricted synthesis of the encoded proteins. Much of the work done on 

localized RN As in Drosophila development has focused on identification of pattern 

determinants, but not all localized maternal RNAs encode such patterning specifiers. 

Adducin-like, also known as hu-li tai shao, represents the only example to date of a 

transcript which is both localized throughout Drosophila oogenesis and encodes a 

cytoskeletal protein. Adducin-like encodes the Drosophila homologue of mammalian 

adducin, which in humans is a membrane-cytoskeletal protein that contributes to local 

cytoskeletal assembly, particularly at sites of cell-cell contact and communication. We show 

here that Adducin-like generates a family of transcripts through alternative mRNA splicing. 

The splice variants of Adducin-like share sequence in the open reading frame (ORF) but are 

truncated at different points and have unique 3' ORF sequences plus different 3'UTRs. 

One of these transcript classes, Rl, encodes an Adducin-like protein isoform with a 

MARCKS-related element and represents the first Drosophila orthologue of mammalian 

adducin. Rl Adducin-like activity is likely to be regulated by signal transduction pathways 

similar to those affecting human adducins. Another Adducin-like transcript class, N4, is 

localized specifically to and within the developing Drosophila oocyte and early embryo. 

Cis-acting signals for N4 RNA localization are contained within the 3'UTR. We have 

mapped these signals and identified a unique cis-acting element capable of directing early 

transport of mRNA into the oocyte. swallow is required for the localization of Adducin­

like mRNA, and we present evidence that swallow acts through the Adducin-like N4 

3'UTR to promoteAdducin-like N4 mRNA localization in mid- to late oogenesis. We 

consider the possible functions of alternative splicing in development. 

Another non-pattern-specifying maternal RNA localized in early Drosophila 

development is the mitochondrial 16S large ribosomal RNA (16S RNA). The 16S RNA is 



V 

localized to the posterior of the early embryo and appears to be a constituent of polar 

granules, since maternal effect mutations which disrupt the polar granules also abolish 16S 

RNA localization. We show that 16S RNA localization does not appear to be necessary for 

pole cell formation or function. 
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CHAPTER 1 

Mechanisms and Functions of RNA Localization to the 
Anterior Pole of the Drosophila Oocyte and Early Embryo 

This chapter has been published in: 

Localized RNAs (ed. H.D. Lipshitz). R.G. Landes/Springer-Verlag Press, 1995. 
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MECHANISMS AND FUNCTIONS 
OF RNA LOCALIZATION 
TO THE ANTERIOR POLE 

OF THE DROSOPHILA OocYTE 
AND EARLY EMBRYO 
Kellie L. Whittaker, Howard D. Lipshitz 

INTRODUCTION 

The first molecularly cloned localized RNA encoded by a gene with a 
known developmental function was bicoid, which is localized to the 

anterior pole of the Drosophila oocyce and early embryo.1•3 Identification 
of bicoid as an anterior localized RNA represented the first convincing 
evidence in any organism or cell type chat RNA localization serves a key 
functional role: in chis case, specification of cell faces in the anterior of 
the early embryo.3•6 The face that bicoid was identified as an anterior­
localized RNA in a molecular screen for genes chat encode proteins with 
a shared motif (the PRD-domain)1 before this RNA was definitively shown 
co be encoded by the bicoid locus,3 exemplifies the power of combining 
molecular and genetic approaches. Since then, several additional anterior 
localized RNAs have been identified in the Drosophila oocyte and early 
embryo. Four of these are encoded by genetic loci chat were molecularly 
cloned because of their interesting developmental phenotypes (Bicaudal-D, 
js(l )Kl 0, gurken, oskar).7• 11 Ochers were identified in molecular screens 
(Adducin-likelhu-li tai shao, orb, yemanuclein-a.), 12-D and a subset of these 
have subsequently been shown co be encoded by loci with interesting 
mutant phenotypes. 

Since an extensive description has been given in chapter 2 of Droso­
phila oogenesis and early embryogenesis, chose copies will not be reviewed 
again here. Rather, we will proceed directly co a description of the anterior 
RNAs, the mechanisms of their localization, and their functions . 

Localized RNAs, edited by Howard D. Lipshitz. © 1995 R.G. Landes Cor.ipany. 
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DYNAMICS OF ANTERIOR RNA 
LOCALIZATION 

RNAs that exhibit anterior localization 
during Drosophila oogenesis fall into one 
of several categories on the basis of their 
localization dynamics (Figs. 3.1-3.3, Table 
3.1): (1) concentration at the oocyte's an­
terior pole and maintenance at the ante­
rior through early embryogenesis (bicoid, 
Adducin-likelhu-li tai shao); (2) concentra­
tion at the oocyte's anterior pole, followed 
by loss of localization by the end of oo­
genesis (fs( 1 )Kl O, yemanuclein-a., Bi caudal-

Stage 8 

Stage 9 

Stage 10b 

Stage I 
embryo 

Stage 2 
embryo 

0 

0 
0 

0 0 

bicoid 

0 

0 

0 

0 0 
0 

0 
0 0 

0 

0 
0 

0 

0 

3 

Localized RNAs 

D); or (3) initial concentration at the 
oocyte's posterior pole, followed by ante­
rior localization (gurken, orb). 

CLAss I: RNAs LocALIZED 

TO THE ANTERIOR OF THE O0CYTE 

AND EARLY EMBRYO 

bicoid 
bicoid encodes a homeodomain protein 

that plays a key role in establishing the 
anterior-posterior axis of the embryo (see 
below). 2•3 bicoid transcripts first accumulate 

Adducin-like 

0 
0 

0 

0 
0 

0 0 
0 0 

0 0 0 
0 

0 
0 

0 

Fig. 3. 7. Localization dynamics of bicoid and Adducin-like/ hu-li tai shao RNAs. Representative stages during 
which the two RNAs become localized to the anterior are shown. (A) bicoid RNA is localized as a ring at the 
anterior of stage 8 oocytes. In stage 9 oocytes, bicoid RNA is also localized within nurse cells, apical to the 
nuclei. At stage 7 OB, the anterior distribution broadens to cover the entire anterior cortex. In stage 7 and stage 
2 embryos, bicoid RNA is maintained at the anterior. (BJ Adducin-like RNA is restricted to the cortex of the 
oocyte in stage 8. At stage 9, Adducin-like RNA begins to concentrate at the anterior cortex. In stage 7 0 
oocytes Adducin-like RNA is found only in the anterior cortex with the highest concentration antero-dorsal/y. 
Newly fertilized eggs (stage 7 embryos) show an anterior distribution of Adducin-like RNA that is very similar 
to the bicoid RNA distribution. However, Adducin-like _RNA is released from the anterior at stage 2 and 
diffuses posteriorly. It disappears shortly thereafter (not shown}, again unlike bicoid. See the text for additional 
stages at which these RNAs are expressed. 
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in the oocyte at stage 5-6 of oogenesis in 
patches that seem to correspond with the 
locations of the four ring canals that con­
nect the oocyte to the nurse cells (Figs. 3. l 
and 3.2, Table 3.1) (see chap ter 2 for de­
scription of the nurse cell-oocyte complex). 6 

The patches of bicoid RNA merge into a 

B 

ring at the anterior cortex and remain as 
an anterior ring from about stages 7-9 .6•

16 

During stages 9-1 OA, bicoid RN A is also 
localized within nurse cells in distinct 
patches apical to the nuclei. 3•6•

16 During 
stages 1 OB-11, apical localization of bicoid 
RNA in the nurse cells disappears, while 

, ' ·' y 
1 • 

,.._ i, '. " 

~, ·. : . ,c"' 

}< ' 

D 

E 

Fig. 3.2. Visualization of bicoid and Adducin-like/ hu-li tai shao RNA localization by whole mount in situ 
hybridization. (A) In stage 10 oocytes, Adducin-like transcripts are localized to the anterior cortex (large 
arrowheads) with the highest concentration antero-dorsally. Shading of the dorsal edge of the nurse cells 
and the posterior follicle cells is due to DIC optics and does not reflect transcripts. NC, nurse cells; 0, oocyte. 
(BJ Adducin-like RNA is concentrated at the anterior of stage 1 embryos. (C) In stage 2 embryos, Adducin­
like RNA is released from the anterior and diffuses posteriorly. (D) In stage 10 egg chambers, bicoid 
transcripts are confined to the anterior pole of the oocyte (large arrowheads) and apical to the nurse cell 
nuclei (small arrowheads). (E) In stage 1 embryos, bicoid RNA is localized at the anterior. (F) In stage 2 
embryos, bicoid RNA is retained at the anterior in contrast to Adducin-like RNA (cf CJ. In all cases, anterior 
is to the left and dorsal is towards the top of the page. Figures courtesy of D. Ding. 

Stage 8 

Stage 9 

Stage 10b 

Fig. 3.3. Localization oi gurken RNA to the 
antero-dorsal tip of the oocyte. gurken RNA 
is found transiently at both poles in early 
stage 8 oocytes. In late stage 8 to early stage 
9 oocytes, when the oocyte nucleus has 
migrated to just below the anterodorsal 
surface, gurken RNA is tightly restricted 
anterodorsally between the oocyte nucleus 
and the plasma membrane. 
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in che oocyce ic is localized as a cap covering che entire 
anterior corcex. 6•16 In early cleavage stage embryos, mater­
nally synthesized bicoid RNA is present in a spherical6 or 
cone-shaped3 distribution char extends into che interior of 
che embryo from the anterior pole (see chapter 2 for a de­
scription of early embryogenesis). bicoid transcript levels 
begin co drop after nuclear migration co che periphery of 
the embryo is completed and become restricted co che 
anterior cortex before disappearing. 3•6 This restriction co 
che cortex could be accomplished either through an active 
RNA localization process or, alcernacively, as a consequence 
of a uniform race of degradation gradually revealing a 
higher level of bicoid RNA in the cortex than in the inte­
rior of che embryo . bicoid RNA disappears completely dur­
ing che process of blascoderm cellularizacion. 6 

Although bicoid RNA is localized ac che anterior of 
oocyces for three days (stages 5-14 of oogenesis), ic is nor 
translated until after fercilizacion. 4•5 This face excludes che 
possibility char bicoid RNA is localized co-cranslacionally 
(see below). Diffusion of Bicoid protein from the anterior 
source of translation creates an inverse exponential pro­
tein gradient wich a maximum ac che anterior pole and 
extending posteriori y through the anterior half of the 
embryo. 4•5 The functional significance of anterior localiza­
tion of bicoid RNA will be discussed below. 

Adducin-like!hu-li tai shao 
The Adducin-/ikelhu-/i tai shao gene 12 •13 encodes a fam­

ily of proteins most of which exhibit strong similarity to 

mammalian adducin, a membrane cycoskelecal protein that 
promotes the assembly of F-actin at actin-spectrin junc­
tions. 17•20 Southern blots have shown that Adducin-/ike is a 
single-copy gene, 13 but cDNA sequence analysis has indi­
cated that there are at least four different spliced forms of 
ovarian Adducin-/ike RNA with distinct 3'UTRs (see be­
low).21 These alternatively spliced RNAs encode proteins 
that share amino-domains of homology to mammalian 
adducin bur that differ in their carboxy-region. 21 It should 
be noted chat, since the probes used for RNA tissue in 
situ hybridizacion 12•13 detect all known splice variants of 
Adducin-/ike RNA, all readily detectable forms of 
Adducin-/ike RNA in the nurse cell-oocyce complex are 
localized as described below. 

Adducin-/ike!hu-/i tai shao RNA is targeted co the 
oocyce four days before bicoid RNA; it can readily be de­
tected in the presumptive oocyce in region 2 of the 
germarium (Figs. 3 .1 and 3.2, Table 3.1). 12

•
13 From stages 

1-6 of oogenesis the RNA fills the oocyce, and during 
stages 7-9 it begins ro be concentrated in the corcex. 13

•
22 

At stage 10, Adducin-/ike RNA begins co concentrate at 
the anterior pole of the oocyce and it is more highly con-
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centrated antero-dorsally from stages 10 
through 14 (Figs. 3. 1 and 3 .2). 13 At 
stage 10 accumulation can also be detected 
in the nurse cells .12 •13 In very early cleav­
age stage embryos, Adducin-iike transcripts 
are localized at the anterior pole in a pat­
tern similar to that of bicoid transcripts .13 

Ac slightly later cleavage stages the RNA 
is released from the anterior pole and dif­
fuses posteriorly. 13 By the syncycial blas­
coderm stage maternally synthesized 
Adducin-like RNA has disappeared .12

•
13 

One isoform of Adducin-like protein 
(60 kD) has no homology to mammalian 
Adducin and is localized at the ring ca­
nals . 23 Ac least three isoforms (140, 95, 
87 kD) with homology to mammalian 
Adducin are synthesized during oogenesis. 
All of these appear first in germarial region 
1 in the fusome, 22•

24 a speccrin-concaining 
cytoskelecal structure chat is involved in 
germarial cyst formation (see chapter 2) . Ac 
lease two of these isoforms (95 and 87 kD) 
are pres enc in the nurse cell cytoplasm 
through stage 11 and the 87 kD form is 
also localized to che oocyte cortex from 
stages 9 through 1 OB . 22 By stage 12 , chis 
isoform is found at the anterior pole of the 
oocyte . Adducin-like RNA and protein lo­
calization thus roughly parallel each other 
both tern porall y and spatially, the former 
preceding the latter as expected . 

CLASS 2: RNAs WITH ANTERIOR 

LOCALIZATION DURING 

Mm-OoGENESIS FOLLOWED BY 

DE-LOCALIZATION UTE IN O0GENESIS 

fs(l)KJO 
The fs(l )K 10 gene functions in the 

pathway chat specifies the dorso-vencral 
axis of the oocyte. 25 Ic encodes a protein 
containing a helix-cum-helix domain with 
an occapeptide repeat that has been pro­
posed co be DNA-binding. 8

•
26 However, 

recent evidence suggests that the postulated 
DNA-binding domain is dispensable for 
Kl0 protein function (see chapter 7). 
fs( l)KJO transcripts fill all 16 cyscocyces 
in germarial region 1 (Table 3 .1). 27 Accu­
mulation in the nurse cells drops to back-

7 

Localized RNAs 

ground levels in germarial regions 2 and 
3, leaving fs(l )KJO RNA concentrated in 
the oocyte. 2 7 fs(l)KJO RNA is found 
throughout the oocyce from stage 1-7 egg 
chambers . It is localized co the anterior 
cortex of the oocyte from stage 8 at least 
through the end of stage 10. 27 /s(l)KJO 
transcripts accumulate in the nurse cells 
again at stages 9-11; these transcripts are 
transferred into the oocyte as the nurse cell 
contents are dumped beginning at 
stage l0B/11. 27 fs(l)KJO RNA is absent 
from 0-2 hour embryos, implying that the 
transcripts are degraded between stage 1 OB 
and fertilization (chapter 7). 

K 10 protein is present in the oocyte 
nucleus starting at stage 1 and continuing 
through stage 11 of oogenesis .8 The 
/s( 1 )Kl 0 gene is considered in detail in 
chapter 7 

Bicaudal-D 
Bicaudal-D (Bic-D) encodes a protein 

with a region of homology co the coiled­
coil domains of myosin heavy chain, 
kinesin, and intermediate filament proteins 
such as keratin and lamin .7

•
28 Bicaudal-D 

RNA is first detected in germarial region 
1 in all 16 cystocytes bur accumulates at 
higher levels in the oocyce through stage 7 
(Table 3.1) .7 Nurse cell accumulation of 
Bicaudal-D RNA is high during stages 
8-11. From stages 8-10, Bicaudal-D RNA 
is localized as a· cap to the anterior of the 
oocyce. Ac stage 11, the RNA begins co 
delocalize . From stage 13 through the end 
of oogenesis and in early embryos, 
Bicaudal-D RNA is uniformly distribured. 7 

By the syncycial blascoderm stage the level 
of RNA begins to drop and, by the cellu­
lar blascoderm stage, Bicaudal-D RNA 1s 
no longer detectable. 

Translation of Bicaudal-D RNA 1s 
coincident with its transcription. 
Bicaudal-D protein 1s detectable in 
germarial region 1 in all 16 cyscocytes. 29 

In germarial region 2A, the protein begins 
to accumulate preferentially in the pre­
sumptive oocyce, and chis enrichment in 
the cytoplasm of the oocyte relative to the 
nurse cells persists through oogenesis . In 
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early embryos the protein is concentrated 
in the cytoplasm basal to the nuclei but is 
uniformly distributed with respect to the 
anterior-posterior axis. 28 The Bic-D gene 
and its functions are considered in detail 
in chapter 5. 

yemanuclein-a. 
yemanuclein-a encodes a DNA-binding 

protein that is concentrated in the oocyte 
nucleus . 30 The yemanuc/ein-a transcript is 
first detectable by stages 6-7 in the cyto­
plasm of the oocyte, at the periphery of 
the nucleus (Table 3.1). 15 •31 By early 
stage 8, when the nucleus begins co mi­
grate to the anterior dorsal region of the 
oocyte, yemanuclein-a mRNA also begins co 
show anterior localization with the high­
est concentration found around the nucleus. 
During stages 9-1 0A, anterior enrichment 
is maintained and a gradient forms along 
the anterior-posterior axis . In stage l0B, lo­
calization is abolished and yemanuclein-a 
RNA is uniformly distributed in the cyto­
plasm of both the oocyce and nurse cells. 
This uniform distribution persists through 
the remainder of oogenesis and into early 
embryogenesis . Ac the syncycial blastoderm 
stage the transcript begins to disappear and 
is no longer detectable by the completion 
of gastrulacion. 15 

The yemanuc/ein-a RNA is apparently 
translated as soon as it appears in the cy­
toplasm at stages 6-7 . Yemanuclein-a pro­
tein is restricted co the oocyce nucleus 
throughout the rest of oogenesis. 30 

CLAss 3: RNAs INITIALLY LOCALIZED 

TO THE POSTERIOR POLE, FOLLOWED 

BY ANTERIOR LOCALIZATION 

gurken 
The gurken gene encodes a TGF-a­

relaced extracellular signal involved in 
specification of the dorso-ventral axis of the 
oocyce. 9•32 Accumulation of gurken RNA 
can first be detected in region 2B of the 
germarium (Fig . 3 .3, Table 3 . 1) .9 In 
stage 1-7 egg chambers, the RNA is lo­
calized to the oocyce and, at stage 7, gurken 
RNA is found predominantly as a crescent 

at the posterior. At stage 8, when the 
oocyce nucleus begins its migration from 
the center of the oocyce co the 
ancero-dorsal tip, gurken RNA is localized 
at both the anterior and posterior poles . 
By lace stage 8/early stage 9, the oocyce 
nucleus reaches the ancero-dorsal region 
and gurken is restricted antero-dorsally, to 
the cytoplasm between che nucleus and the 
oocyce plasma membrane . This distribution 
is maintained from lace stage 8 through at 
lease stage l0B. 9 Transverse sections 
through stage 9 egg chambers have shown 
chat gurken RNA is concentrated dorsally, 
above the oocyte nucleus . 33 No data have 
yet been reported for gurken transcript dis­
tributions during later oogenesis and early 
embryogenesis; neither have protein distri­
butions been reported . 

orb 
The orb gene encodes an RNP/RRM­

family RNA-binding procein. 14
•34•35 orb 

RNA localization has been discussed in 
chapter 2, since it is localized to the pos­
terior pole of the oocyce; for clarity, the 
dynamics of orb RNA localization are sum­
marized here again (Table 3.1) . orb RNA 
is targeted to the oocyce in region 2A of 
the germarium. 14 From stages 1-6 the 
RN A fills the oocyte but, by stage 7, orb 
RNA is found as a posterior crescent. How­
ever, in stage 8-10 oocyces, orb transcripts 
are localized to the anterior. 14 From stages 
11-14, orb RNA is uniformly distributed 
through the oocyte. orb transcripts are 
concentrated at the posterior of early em­
bryos and they accumulate in the pole cells 
when these cells form. 14 Somatic transcript 
levels drop at the syncytial blascoderm 
stage while the levels remain high in the 
pole cells at lease through gascrulacion . 14 

Orb protein shows a complex 
distribution pattern during oogenesis 
(chapter 6).14•34.3 5 Although Orb protein can 
first be detected in all germline cells of 8-
and 16-cell germarial cysts, the protein 
then becomes preferentially concentrated in 
the cytoplasm of the presumptive oocyce. 
During stage 7, Orb protein is found 
mostly at the posterior cortex of the oocyce. 
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Fig. 3.4. Localization signals and protein binding sites within the bicoid 3'UTR. Within the 817 nucleotide (nt) 
bicoid 3'UTR, several cis-acting signals have been mapped which direct bicoid RNA localization at various 
stages of oogenesis. Top, light diagonal striped box: sequence required for anterior localization at stage 1 O 
and later (Lll, nt 229-281 ).37 Top, dark diagonal striped boxes: deletion of these sequences impairs but does 
not completely prevent anterior localization ofbicoid RNA at stage 10 (Ll 11, nt 383-419; Ll 16, nt 512-565). 37 

Top, stippled box: sequence directing initial bicoid RNA transport to the oocyte and subsequent localization 
ofbicoid to the anterior (Ll 14, nt 455-504, defining BLE 1 sequence, for .b.icoid localization gJement 1 ). 37 Top, 
small gray box: sequence containing a binding site for EXL protein (nt 482-504). 38 Bottom, cross-hatched 
boxes: sequences containing binding sites for Staufen protein (nt 211-360, 421-510, 541-630). See chapter 8. 

During stages 8-9, Orb protein starts to 

accumulate at the anterior of the oocyte al­
though high levels are still present at the 
posterior and throughout the cortex . At 
stage 10, Orb protein is concentrated in the 
anterior oocyte cortex. 35 No Orb protein 
distributions have been reported for later 
stages of oogenesis or for early embryogen­
esis. The orb gene and its functions are 
considered in chapter 6. 

COMPONENTS OF THE 
ANTERIOR RNA LOCALIZATION 
MECHANISM 

CJs-ACTING TAGS IN THE ANTERIOR 
LOCALIZED RNAs 

Methods for mapping cis-acting se­
quences within localized Drosophila RNAs 
have been described in chapter 2. Of the 
seven anterior-localized RNAs discussed 
here, the cis-acting sequences that rag them 
for transport into, and localization to the 
anterior of, the oocyte have been analyzed 
in four (bicoid, Adducin-like, fs( 1 )Kl 0, orb). 
In all four cases the cis-acting signals have 
been found to reside within the 3'UTR of 
the RNA . 

bicoid 
Regulatory elements directing bicoid 

RNA localization were initially mapped to 
a 628 nucleotide (nt) region of the 81 7 nt 
bicoid 3'UTR (from nucleotides 93-720). 36 

Reporter transcripts carrying the 628 nt 
region are localized to the anterior of the 

early embryo, indicating that this region 
is sufficient to direct anterior localization . 
Subsequently, finer-scale mapping was 
achieved using transgenes consisting of in­
tact bicoid 5 'UTR and protein coding se­
quence, fused to a mutated bicoid 3'UTR 
containing sequential small deletions 18 to 
102 nt in size .37 These constructs were in­
troduced into a bicoid mutant background 
and assayed for functional rescue of the 
mutant phenotype, or were additionally 
ragged with a reporter sequence close to 
the polyadenylation sequence, and the re­
sulting transcripts assayed for localization 
(Fig. 3.4). One deletion of 53 nucleotides 
(nt 451-503; 614, defining BLEl for /zicoid 
localization flement 1) disrupts transport 
into, and localization within, the oocyte 
throughout oogenesis. To establish that 
BLEl itself could confer localization, one 
or two copies were fused to a construct 
lacking almost all of the bicoid 3'UTR and 
completely deficient in RNA localization. 
Although a single copy of BLE 1 is 
insufficient to drive transcript localization, 
the construct containing two copies of 
BLEl ('2X BLEl') localizes normally until 
stage l0A: 2X BLEl transcripts are prop­
erly targeted to the oocyte during stages 
5-7, and at stage 8 they are localized to 
the anterior of the oocyte and to apical 
regions of nurse cells. However, these tran­
scripts are de localized at stage 1 0A and 
later stage oocytes and early embryos show 
a uniform distribution of 2X BLE 1 tran­
scripts. Thus BLE 1 is necessary for bicoid 
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transcript localization, bur is sufficient only 
for localization from stages 5 through 9. 
Interestingly, a binding site for EXL pro­
tein-which appears co function in bicoid 
RNA localization at stage 9-has been 
mapped co the 3' pare of BLE 1 (see be­
low). 38 

While BLE 1 is the only element whose 
deletion abolishes localization and mutant 
rescue, several other deletions produce im­
paired localization and/or impaired rescue 
of the bicoid mutant phenotype (Fig. 3.4). 37 

Transgenes carrying these deletions (c,.7, 
Ml, c,.16, M8, M9) show no functional 
rescue when present in a single copy bur 
show full rescue when present in two cop­
ies . The implication of these results is that 
the altered transcript is sufficiently im­
paired in localization (or function) to lower 
the absolute amount of Bicoid protein syn­
thesized at the anterior below that which 
is needed to properly specify head devel­
opment (see below) . Two copies of the 
transgene can, however, provide functional 
levels of Bicoid protein at the anterior. Di­
rect analysis of the localization patterns of 
tagged transcriprs carrying these deletions 
in the 3'UTR showed that c,.7 transcripts 
localize normally until stage 9-1 0A. Sub­
sequently, however, the c,.7 transcripts de­
localize from the anterior margin and 
spread along the cortex through the ante­
rior half of the oocyte . Later, c,.7 transcripts 
are uniformly distributed throughout the 
cortex and yolk in the anterior third of the 
embryo. The c,.7 sequence might therefore 
represent a binding site for a protein that 
mediates tight maintenance of anterior lo­
calization. The c,.7 deletion is encompassed 
by a Scaufen binding site (Fig . 3.4);39 

Staufen mediates anterior retention of bicoid 
RNA in the early embryo (see below). The 
functions of the sequences deleted by c,.11, 
M 6, 618 and Al 9 remain unclear. Al 1 and 
M6 transcript localization resemble wild­
type although levels are lower and some 
degree of de-localization occurs. No data 
have been reported for Al 8 and Al 9. 

Redundancy has been invoked to ex­
plain why a deletion of part of the bicoid 
3'UTR was found to abolish localization 

in one study36 but not in another. 37 In the 
first study, deletion of the firsc 120 nucle­
otides of the 630 nt fragment of the 
3'UTR abolished anterior transcript local­
ization .36 In the second study the full 
length (81 7 nt) 3 'UTR carried the same 
120 nucleotide internal deletion, bur the 
resulting transcript could successfully res­
cue bicoid mutant embryos.37 Possible im­
pairment of localization was, however, not 
tested. 

A nine nucleotide localization element 
has been reported to reside near the 5' end 
of the bicoid 3'UTR (nt 52-60).40 Partial 
mislocalization occurs when in vitro tran­
scribed RNA lacking this sequence is in­
jected into the anterior cortex of the em­
bryo, and it was speculated that this might 
be caused by elimination of a Scaufen-bind­
ing region. However, removal of the en­
tire region has recently been shown to have 
no effect on binding of Scaufen protein co 
bicoid RNA. 39 Further, a subset of the bicoid 
3'UTR that lacks this sequence is sufficient 
to direct normal anterior localization of 
hecerologous RNAs such as oskar and nanos 
(chapter 2).41 .42 Thus, ic seems unlikely chat 
this nonamer functions in bicoid mRNA 
localization. 

There is a significant body of evidence 
chat the secondary structure of the bicoid 
3'UTR may be important for RNA local­
ization. 36 .43 In particular, bicoid 3 'UTRs 
from several Drosophila species 
(D. mefanogaster, D. simufans, D. teissieri, 
D. virilis) have diverged extensively in pri­
mary sequence but have similar predicted 
secondary structures. Furthermore, chimeric 
cransgenes consisting of the D. mefanogaster 
bicoid 5 'UTR and coding region fused co 
the bicoid 3'UTR from any of these species 
are capable of directing proper transcript 
localization in D. mefanogaster. 43 An exami­
nation of the 5 3 nucleotide BLE 1 localiza­
tion element shows that 5 2 of the 5 3 
nucleotides are completely conserved 
among all the four species of Drosophila 
tested for proper bicoid localization, and 22 
of the lase 24 are identical when one in­
cludes bicoid sequences from D. heteroneura, 
D. picticornis, and D. secheffia .43 However, 
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despite this sequence conservation, a single 
copy of BLE 1 is insufficient to direct tran­
script localization and two tandem copies 
must be used (see above). A single copy of 
BLE 1 might be unable to form sufficient 
secondary structure for recognition by the 
appropriate trans-acting factor(s). 37 

Adducin-like 
As described above, there are at least 

four distinct splice-variants of Adducin-likel 
hu-li tai shao RNA, each with a different 
3'UTR. 12

•13•
21 Two of these, the N4 13 and 

the Rl621 forms , have been analyzed for 
their spatial distributions during oogenesis 
and early embryogenesis. The N4 form is 
expressed in the nurse cells , transported 
into the oocyte, localized to the oocyte's 
cortex and then its anterior. 13 In contrast, 
the R 16 form is expressed in the nurse cells 
but is never transported into the oocyte. 21 

Chimeric reporter transgenes consisting of 
an Hsp26 maternal nurse cell enhancer 
fused to the Sgs-3 promoter,44 a lacZ se­
quence tag, and the 351 nt Adducin-like N4 
3'UTR produce transcripts that are prop­
erly transported into and localized within 
the oocyte, indicating that the N4 3'UTR 
is sufficient for these processes. 21 

fi(l)KJO 
Sequences responsible for early target­

ing of the /s( 1 )Kl 0 RNA to the oocyte are 
located in its 1.4 kb 3'UTR. 27 Recent 
analyses have identified a 75 nt region 
within the 3'UTR that is sufficient to di­
rect /s(l)KJO RNA transport into, and 
anterior localization in, the oocyte (see 
chapter 7). 

orb 
Localization of orb RNA to the oocyte 

is controlled by a specific subset of its 1.2 
kb 3'UTR (see Fig. 2.6 and chapter 6).45 

A 280 nt segment of the orb 3'UTR (re­
ferred to as segment CE, containing nt 
330-610) is sufficient to direct the normal , 
dynamic localization pattern observed for 
the endogenous orb transcripts. Targeting 
to the oocyte can be accomplished equally 
well with non-overlapping elements (seg-

11 
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ment HX, contammg nt 1-425; and seg­
ment XN, containing nt 425-815), imply­
ing that redundant oocyte targeting rags 
exist . While XN by itself could direct 
posterior localization through stage 7, HX 
by itself only produces occasional weak 
accumulation at the posterior pole in ear­
lier egg chambers. Neither HX nor XN 
alone direct anterior localization at stages 
8-10, suggesting that the anterior localiza­
tion element spans nucleotide position 425 
or that multiple elements-at least one in 
HX and at least one in XN-are necessary 
for anterior RNA targeting. 

TRANS-ACTING FACTORS THAT 

FUNCTION IN ANTERIOR RNA 
LOCALIZATION 

All cis-acting anterior RNA localiza­
tion signals identified to date reside in the 
3 'UTRs of the transcripts. It remains to 

be shown definitively whether the specific 
information is contained in the primary 
RNA sequence , in its secondary structure 
or in a combination of these . In any case, 
these signals must be recognized by trans­
acting factors that bind and mediate trans­
port and anchoring (Table 3.2 ). Thus , it is 
possible that combinatorial use of localiza­
tion tags and the ir recognition proteins 
might regulate the detailed stepwise spa­
tial and temporal localization events for 
different RNAs . Ultimately it is expected 
that the cytoskeleton and associated 'mo­
tors' must also be involved (see also chap­
ters 2 and 4). 

THE ROLE OF THE 
CYTOSKELETON AND 
ASSOCIATED PROTEINS 

MICROTUBULES, MICROFILAMENTS 
AND THE OoCITE NUCLEUS 

A derailed consideration of the func­
tions of the cytoskeleton in RNA localiza­
tion is given in chapter 4; consequently 
only a summary is presented here. The role 
of cytoskeletal elements in RNA localiza­
tion and anchoring can be inferred from 
the ability of cytoskeleton-disrupting drugs 
to perturb RNA localization processes,46•47 
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and from che association of specific tran­
scripts with che detergent-insoluble frac­
tion of oocyce cycoskelecal excraccs.48 

Studies with microcubule polymeriza­
tion inhibitors, such as colchicine, 
colcemid, nocodazole, or cubulazole, have 
shown chat microcubules are required ac 
four discrete points in oogenesis: (1) oocyce 
determination and growth in stages 1-6;49 

(2) migration of the oocyce nucleus from 
the center co the antero-dorsal corner at 
stages 8-9;50 (3) positioning of bicoid RNA 
and ocher RNAs ac stages 9-12; 46 •47 ,51 

(4) ooplasmic screaming during stages 
lOB-12. 52 

In contrast, microfilamenc polymeriza­
tion inhibitors such as cycochalasin B and 
cycochalasin D apparencly perturb only 
slow specific transport of nurse cell mac­
romolecules through the ring canals53 as 
well as che bulk transfer of nurse cell cyto­
plasm co the oocyte ac stage 11. 54 C ycocha­
lasin treatment does not affect bicoid cran­
scri pc localization ac any stage during 
oogenesis46 and thus microfilaments appear 
not to play a role in specific RNA trans­
port and anchoring during most stages of 
Drosophila oogenesis . 

All of the anterior localized RNAs ex­
amined co date require microcubules for 
their transport into the oocyte, for their 
initial anterior localization in the oocyte, 
and for che maintenance of chis localiza­
cio n (chapter 4) . bicoid, /s( 1 )Kl 0, 
Bicaudal-D and orb RNAs are all sensitive 
co disruption of localization by microcu­
bule inhibitors but are not affected by 
microfilament inhibicors. 46.48 All of these 
RNAs are also found in che detergent­
insoluble fraction of oocyce cycoskeletal ex­
cracts.48 Early targeting of cyclin B and 65F 
transcripts co the oocyte is also disrupted 
by microcubule inhibicors .47 

The effects of cycoskeletal inhibitors on 
bicoid RNA localization are understood in 
the most derail. Injection of colchicine di­
rectly into the abdomens of young adult 
female flies results in failure of bicoid RNA 
targeting to the oocyte ac stage 5, or local­
ization at any scage .46 Incubation of 
stage 10 or older egg chambers directly in 
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colchicine, nocodazole, or tubulazole causes 
bicoid RNA de-localization in both the 
oocyte and the nurse cells .46 When the 
microtubule inhibitor is washed our of the 
egg chamber by incubation in drug-free 
medium, bicoid RNA relocalizes to the an­
terior. Taxol treatment, which inhibits 
microtubule disassembly and results in the 
formation of abnormal microtubule arrays, 
results in aberrant localization of bicoid 
RNA around the oocyte nucleus and in the 
cortex.46.48 In contrast, disruption of acrin 
filaments by cyrochalasin B and D have no 
effect on bicoid localization. 46 Thus, the 
microtubule-based cytoskeleton is required 
for the initial transport and localization of 
bicoid RNA as well as for its subsequent 
anchoring. 

A recent report has shown that 
spindle-C mutants form a mirror-symmet­
ric microtubule cytoskeleton in the oocyte, 
with the minus ends of the microtubules 
now located at each end of the oocyre and 
plus ends in the center of the oocyre .55 This 
contrasts with the normal situation in 
which the minus ends are at the anterior 
and the plus ends at the posterior (see 
chapters 2 and 4). In these mutants, oskar 
mRNA localizes to the center of the oocyre 
while bicoid localizes at both ends . Move­
ment of the oocyte nucleus to the anterior 
dorsal surface is a microtubule-dependent 
process, and in spindle-C mutants the 
nucleus may migrate to either "anterior" 
pole. Regardless of which pole contains the 
nucleus, gurken transcripts still accumulate 
only at that end above the nucleus . Thus, 
gurken RNA localization is dependent on 
the nucleus and microtubules. 55 

cappuccino and spire 
In oocytes from cappucino and spire 

mutant mothers, the fs( 1 )Kl O RNA fails 
to localize to the anterior oocyre pole at 
stage 8 and remains de-localized through 
oogenesis (also see chapter 7). 27 gurken tran­
scripts accumulate in an anterior ring from 
stage 9 onward, rather than being rightly 
restricted to the antero-dorsal tip 
(Table 3.2). 9•33 The premature ooplasmic 
streaming in cappuccino and spire mutant 

13 
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oocyres beginning at stage 8 of oogenesis 51 

has been described in chapter 2 with par­
ticular attention to the microtubule cyro­
skeleron and its role in oskar RNA local­
ization to the posterior pole of the oocyre. 
Defects in the anterior RNA localization 
and/or tethering machinery are likely to be 
the basis for the observed abnormalities in 
fs( ])Kl O and gurken RN A localization. 
Note, however, that Cappuccino and Spire 
play no role in anterior Adducin-like!hu-li 
tai shao RNA localization, 13 and are also 
unlikely to participate in bicoid RNA lo­
calization since cappuccino and spire muta­
tions do not disrupt anterior embryonic 
pattern56 (Table 3.2). Thus their role in the 
assembly of the microtubule cytoskeleton 
and RNA localization is not general bur 
exhibits some specificity . 

f ACTORS THAT MIGHT INTERACT 

DIRECTLY WITH THE RNAs OR 

MEDIATE THEIR INTERACTION WITH 

THE CYTOSKELETON 

Candidates for trans-acting factors that 
might be intermediaries between anterior­
localized RNAs and the cytoskeleral net­
work have been identified for several of the 
RNAs discussed in this review (Table 3.2). 
As described in chapter 2 for factors in­
volved in posterior RNA localization, most 
of these were initially identified in generic 
screens for maternal effect mutations that 
affect embryonic development 57 and only 
later shown to be required for RNA local­
ization. 3•6 More recently, biochemical and 
molecular approaches have begun to yield 
additional candidates. Such intermediary 
factors might interact directly with the 
localized RNAs and serve to bind the 
RNAs or RNA-protein complexes (RNPs) 
to the cyroskeleral-associared transport 
machinery. In addition, they might func­
tion to maintain RNA localization by 
binding the RNAs to the desired cytoplas­
mic destination. 

SWALLOW 

Localization of both bicoid RNA to the 
anterior pole3•6 and Adducin-like RNA to 
the oocyre cortex and then its anterior 
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pole , 13 requires the Swallow protein 
(Table 3.2) , which possesses weak similar­
ity to the RNP/RRM-family of RNA bind­
ing proteins as well as an amphipachic a.­
helical domain chat might be involved in 
protein-protein interaccion .58 In swallow 
mutant ovaries bicoid RNA is targeted to 

the oocyte at the appropriate stage, accu­
m ulaces at its anterior pole through 
stage 1 0A, and exhibits apical localization 
within the nurse cells at stage 9/l0A.6 

However, during stages 1 0B-11, the ante­
rior ring of bicoid RNA becomes much 
more diffuse than normal and, by stage 12, 
bicoid RNA is de-localized .6 In oocyces and 
embryos derived from swallow mutant fe­
males, Adducin-like RNA is also de-local­
ized-first from the cortex and then from 
the anterior pole-beginning at stage 8 of 
oogenesis, some 12 hours earlier than any 
effect on bicoid RN A. 13•59 Whether Swal­
low protein binds directly co the 3'UTRs 
of bicoid or Adducin-like RNAs remains un­
clear. Recent analyses suggest chat mono­
meric Swallow protein is not a component 
of the cytoskeletal fraction of oocyces but 
chat a high molecular weight form of Swal­
low is.48 This may be indicative of the pres­
ence of Swallow protein in a specialized 
structure such as an RNA transport- or 
localization-related RNP particle. 

Exuperantia and Exu-like (EXL) 
bicoid RN A requires functional 

Exuperantia for anterior localization3•6•57 

while Adducin-like does not (Table 3 .2) .13 59 

Initial accumulation of bicoid RNA during 
stages 5-7 is normal in exuperantia mutant 
oocyces. 6 Anterior localization of bicoid dur­
ing stages 8-1 0A is slightly perturbed in 
exuperantia oocytes as bicoid RNA appears 
more diffuse than in wild-type oocyces. Ac 
stage 10 bicoid RNA fails co become local­
ized to the apical regions of the nurse cells, 
instead remaining uniform in the nurse cell 
cytoplasm. Ac chis stage the transcripts also 
delocalize in the oocyte. Localization of the 
2X BLEl RNA (see above) is disrupted in 
exuperantia mutants in a manner resembling 
that of full-length bicoid RNA, consistent 
wich Exuperantia acting through BLE 1 in 

bicoid RNA localization. 37 In lace oogenesis 
and early embryogenesis bicoid RNA is 
uniformly distributed in exuperantia mu­
tants, al though a shallow anterior to pos­
terior gradient can be seen at the syncycial 
blascoderm stage, probably due to degra­
dation of bicoid RNA in the posterior re­
gion of the embryo .3 The exuperantia gene 
encodes a 5 31 amino acid protein with a 
basic domain, which initially led to the 
suggestion chat it might bind to RNA di­
rectly. 60,6 1 However, recent data suggests 
chat Exuperancia protein may not interact 
directly with bicoid RNA since the basic 
domain is dispensable for Exuperantia func­
cion62 and Exuperancia can only bind RNA 
non-specifically. 38 Recently, the transport 
of Exuperancia-concaining particles from 
the nurse cells into the oocyte has been 
observed in living embryos, and these par­
ticles have, in cum, been shown to co-lo­
calize with microcubules in normal and 
drug-treated ovaries. 62 This likely repre­
sents the direct visualization of a class of 
RN A transport particles . 

A 115 kD protein referred co as EXL 
(Exu-like) has been identified in a search 
for proteins in oocyce extracts chat can be 
UV crosslinked specifically co 2X BLE 1 
and not lX BLEl RNA (see above). 38 2X 
BLEl dimers carrying only the 3' 23 nucle­
otides retain EXL binding ability, while 
loss of che 3'-mosc 10 nucleotides elimi­
nates EXL binding, as do several point 
mutations in the 3' region . These mutants 
were tested in vivo using a lacZ reporter 
construct. Point mutations chat eliminate 
EXL binding cause RNA localization de­
fects resembling chose seen for wild-type 
2X BLEl RNA in exuperantia mutants.38 

These data argue chat EXL is responsible 
for bicoid RNA localization at stage 9 . Be­
cause of the striking similarity between the 
defects in 2X BLE 1 localization caused by 
loss of functional Exuperantia and by mu­
tations chat prevent EXL binding, it is pos­
sible chat EXL binds specifically to BLE 1 and 
also interacts with Exuperancia protein 
(which does not, itself, bind specifically co 
RNA) in a bicoid RNA-EXL-Exuperancia 
local ization complex. 38 
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STAUFEN 

The staufen gene encodes a double­
stranded RNA-binding protein63 that func­
tions in localization of RN As to the pos­
terior polar plasm (see chapter 2) as well 
as in maintaining anterior localization of 
bicoid RNA (but not Adducin-like, gurken, 
fs( 1 )Kl 0, orb and Bicaudal-D RN As) 
(Table 3.2). In staufen mutant ovaries, bicoid 
RNA is localized at the anterior of the 
oocyte until stage 12 but, unlike the situ­
ation in wild-type, it is released from the 
anterior either late in oogenesis or early in 
embryogenesis. 6 In contrast, Adducin-like 
RNA is released from the anterior pole of 
wild-type early embryos, and staufen mu­
tations have no effect on Adducin-like RNA 
localization .13 •59 

It has recently been demonstrated that 
Staufen protein co-localizes with bicoid 
RNA at the anterior of early embryos and 
that this localization depends on its asso­
ciation with the mRNA.39 In vitro tran­
scribed bicoid RNA injected into early 
embryos associates specifically with Staufen 
protein, and the sequences within the bicoid 
3'UTR that are required for this interac­
tion correlate well with regions predicted 
to form stem-loop structures. 36•39.4 3 The 
complexes of bicoid RNA and Staufen pro­
tein are particulate and both the formation 
and the transport of these particles is 
microrubule-dependent. 39 The functions 
and mechanisms of RNA localization by 
Staufen are reviewed in detail in chapter 8 . 

ORB 
The Orb RNP/RRM-motif containing 

RNA-binding protein plays several roles 
during oogenesis, all of which can be ex­
plained on the basis of a possible role in 
RNA transport and targeting . First, strong 
orb mutants have defects in germarial cysts 
consistent with the observed defects in 
transport of key oocyte-localized RNAs 
(Adducin-likelhts (hu-li tai shao), Bicaudal-D, 
js(l )KIO) into the presumptive oocyte in 
region 2 of the germarium (Table 3.2). 34•35 

Weaker orb alleles result in dorso-ventral 
pattern defects in embryos, consistent with 
the observed de-localization of js(l )Kl 0 
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RNA and the failure to localize gurken 
RNA dorsally near the oocyte nucleus (see 
below).9•33 In addition, orb mutations pro­
duce defects in abdominal pattern consis­
tent with failure to localize oskar RNA to 
the posterior pole of the oocyte. A derailed 
discussion of the orb gene and its functions 
is presented in chapter 6, and some discus­
sion of its role in posterior RNA localiza­
tion is also given in chapter 2. 

BICAUDAL-D 

The Bicaudal-D gene encodes a protein 
with a region of homology to the coiled­
coil domains of several cytoskeletal pro­
teins. 7·

28 The Bicaudal-D protein functions 
in the early choice between nurse cell and 
oocyte fate in the germarium and in trans­
port and anchoring of transcripts includ­
ing Bicaudal-D RNA itself,29 orb RNA, 35 

oskar RNA and fs(l)KlO RNA29 in the 
presumptive oocyte at this stage (Table 3.2 
and chapter 5). For example, in loss of 
function Bicaudaf-DPA 66 mutants in which 
Bic-D protein does not accumulate in a 
single cystocyte and no oocyte differenti­
ates, orb RNA is uniformly distributed in 
all 16 cystocytes instead of being concen­
trated in a single cell. In Bicauda f-DR 26 

mutants, orb RNA is correctly targeted to 
the pro-oocyte in region 2 cysts and in 
stage 1-3 egg chambers, but the localiza­
tion is subsequently lost. Just as orb RNA 
targeting into the presumptive oocyte is 
dependent on Bicaudal-D function, so 
Bicaudal-D RNA targeting into the oocyte 
is dependent on orb function . These effects 
can be interpreted either as a secondary 
effect of misspecification of oocyte identity 
or as evidence for a more direct role for 
Bicaudal-D and Orb in RNA targeting 
into the oocyte, the disruption of which 
then results in failure to specify oocyte 
identity. The Bicaudal-D gene and its func­
tions are considered in detail in chapter 5. 

SQUID 
The squid gene encodes a protein that 

belongs to the hnRNP family of 
RNA-binding proteins. 64 Two isoforms of 
Squid protein (Squid-A and Squid-B) are 



16 

Mechanisms and Functions of RNA Localization to the Anterior Pole 55 

expressed in the oocyte during oogenesis. 
squid mutations result in dorsalization of 
the embryo and it has been shown that 
Squid is required, not for transport of the 
gurken RNA into the oocyte, buc for its 
correct dorso-anrerior localization (Table 
3.2). For example, in squid mutant ovaries, 
gurken RNA is restricted to the anterior 
margin of the oocyre from stage 9 through 
the later stages, bur it never becomes 
sharply limited to the dorsal rip. 9 This 
implicates Squid in the localization of 
gurken RNA to the dorsal anterior region, 
possibly through direct interaction with the 
gurken transcript. 

egalitarian 
In ega litarian 11 egg chambers, 

Bicaudal-D, 29 orb35 and js(l)Kl0 11 RNAs 
never accumulate in a single cell (egalitar­
ian mutants fail to differentiate an oocyre), 
instead remaining uniform in all germline 
cells (Table 3.2). Interestingly, in egalitar­
ian mutants these RNAs do nor co-precipi­
tate with the cytoskelecal fraction of 
oocytes but remain in the supernarant. 48 Ir 
remains co be determined whether the de­
fects in RN A localization in egalitarian 
mutants are a consequence of a direct role 
for the egalitarian gene product in RNA 
transport or whether they are a secondary 
effect of failure to specify oocyte identity. 

FUNCTIONS OF ANTERIOR 
LOCALIZED RNAS 

Having described the dynamics of an­
terior RNA localization, the nature of the 
cis-acting signals directing their localiza­
tion and trans-acting factors involved in 
their localization, we now turn to questions 
of function. Specifically, (1) what functions 
are served by the proteins that the local­
ized RNAs encode , and (2) to what extent 
does this function necessitate RNA local­
ization at a given time and place) 

These functions are dearly defined for 
the anteriorly localized RNAs involved in 
dorso-ventral (orb, fs( ])Kl 0, gurken) and 
anterior-posterior (bicoid) axis specification . 
However, at this point it is not clear what 
functions might be served by anterior lo-

calization of the other three RNAs : 
Bicaudal-D is discussed in depth in chap­
ter 5; no derailed mutant phenotypes that 
relate to their anterior localization have 
been reported for Addttcin-like!hts and 
ye7l14nuclein-a. RNAs although a preliminary 
phenotype has been described recently for 
Addttcin-likelhts . 22 We restrict our discus­
sion in this section to the orb, js(l)KJO , 
gurken and bicoid RNAs . 

SPECIFICATION OF THE DORSO­
VENTRAL Ax.Is OF THE O0CYTE: 
ORB, FS(l)KJ O AND GURKEN 

The gurken RNA encodes a TGF-a-re­
lated secreted ligand that binds to and 
activates the Drosophila EGF-receptor 
homolog (DER/Torpedo), which is ex­
pressed on all the follicle cells surround­
ing the oocyte.9 The localized nature of the 
Gurken ligand-a consequence of the tight 
localization of the gurken RNA to the 
antero-dorsal tip of the oocyte-restricts re­
ception of the signal to the antero-dorsal 
follicle cells. Follicle cells that receive the 
Gurken signal adopt dorsal fates while the 
other follicle cells adopt ventral fares . One 
consequence of this is the asymmetric pro­
duction of two egg coverings-the chorion 
and the vitelline membrane-by the follicle 
cells. A second consequence is inhibition 
of production of active ligand for the TOLL 
receptor dorsally; active TOLL ligand is 
produced only in the ventral regions of the 
perivitelline space surrounding the early 
embryo. The establishment of the ventral 
source for active TOLL ligand may involve 
lateral inhibitory interactions among the 
cells in the follicular epithelium, initiated 
as a result of Gurken/DER-mediated sig­
naling in the dorsal follicle cells. 33 Ventral 
activation of the TOLL receptor initiates a 
cytoplasmic signal transduction cascade 
that ultimately results in transcriptional 
control of zygotic dorso-ventral pattern 
genes and specification of cell fates along 
the dorso-ventral embryonic axis. 65 

The necessity for the tight restriction 
of gurken RNA to the antero-dorsal tip of 
the oocyre is shown in two recent studies . 
First, if the copy-number of the gurken gene 
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is increased , hence increasing the amount 
of Gurken protein, dorsalized eggs are pro­
duced .66 This indicates that increasing the 
amount of wild-type Gurken ligand is suf­
ficient to induce a greater number of fol­
licle cells to follow a • dorsal' fate with dras­
tic consequences for the deposition / 
activation of dorso-ventral signals read by 
the early embryo . Second, alteration of 
gurken RNA localization from its normal 
dorso-anterior position to a more general 
anterior distribution results in a 90 degree 
shift in the embryonic dorso-ventral axis , 
which then becomes coincident with the 
normal antero-posterior axis. 33 This is pre­
sumably a consequence of all anterior fol­
licle cells, rather than just the dorso-ante­
rior ones, receiving the Gurken signal and 
indicates why the gurken RNA is localized 
not just to the anterior bur to the dorso­
anterior of the oocyre. 

At least two anterior localized RNAs 
(orb and js(J )Kl 0) encode products impor­
tant for the dorso-anterior localization of 
gurken RNA and thus play a key role in 
dorso-ven tral axis specification. fs( ])KIO 
resides upstream of gurken genetically67 

while orb mutations interact synergistically 
with gurken alleles. 34 js(l)KJO and orb func­
tion are required respectively for the ante­
rior and the antero-dorsal localization of 
gurken RNA. 9•33 Consequently defects in 
dorso-ventral pattern occur in embryos pro­
duced by /s( 1 )Kl O and orb females (see 
above). It is unclear whether the role of 
these proteins in gurken RNA localization 
is direct or indirect . For example, since Orb 
is an RNA binding protein, it is possible 
that there is a direct interaction between 
Orb protein and gurken RNA. Alterna­
tively , orb mutations might disrupt the 
dorso-ventral pola.riry of the oocyte and the 
mislocalization of gurken RNA could be a 
secondary consequence of this perturbed 
polarity . If KIO functions as a transcrip­
tion factor in the oocyte nucleus , it must 
be assumed to regulate genes in the oo­
cyre that are important either for oocyte 
polarity or directly for gurken transcript 
localization. No such genes have been iden­
tified. An alternative model for KIO func-
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tion is that it negatively regulates gurken 
transcription67 or transcript stability. The 
functions of orb and fs( 1 )Kl O are consid­
ered in detail in chapters 6 and 7. 

SPECIFICATION OF THE ANTERIOR­

POSTERIOR Ax.rs OF THE EMBRYO: 

BICOID 

Of all known localized RNAs, the 
function of anterior localization of bicoid 
RNA and the function of its encoded pro­
tein are the best understood (Fig . 3 .5) . 
bicoid transcripts are localized to the ante­
rior of the egg during oogenesis and are 
translated after fertilization . 3•6 Because the 
early embryo is syncyrial, Bicoid protein 
diffuses away from the sire of translation, 
forming ao anterior-posterior gradient ex­
tending through the anterior half of the 
embryo. 4 The peak of this gradient is at 
the anterior tip . Bicoid protein, a transcrip­
tion factor containing a DNA-binding 
homeodomain, activates zygotic genes that 
establish anterior pattern in the develop­
ing embryo , in a concentration-dependent 
manner. 5 That is, certain genes regulated 
by Bicoid can be activated at relatively low 
concentrations of Bicoid protein (e.g . hunch­
back) while others are postulated to require 
higher concentrations of Bicoid (e .g . 
orthodenticle, empty spiracles) .68•70 In this way , 
the latter class of genes are only activated 
in the more anterior region of the embryo 
while genes such as hunchback are activated 
throughout the anterior half of the embryo . 
Localization of bicoid RNA to the anterior 
pole of the oocyte and early embryo thus 
serves a key role in the establishment of 
the gradient of Bicoid protein that is used 
to specify distinct anterior cell fates . It has 
also been shown that mislocalization of 
bicoid RNA and protein to the posterior of 
the early embryo results in misspecification 
of posterior cells to adopt anterior fates. 71 

Thus anterior localization of bicoid RNA 
serves the dual roles of promoting anterior 
fares in the anterior of the embryo and 
preventing misspecification of cells in the 
posterior regions of the embryo as anterior 
in fate. 
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BICOID 
protein 
concentration 
in the early 
fly embryo 

ANTERIOR POSTERIOR 

Fig. 3.5. A gradient of Bicoid protein activates target genes in a concentration­
dependent manner. Translation of anteriorly localized bicoid RNA and subse­
quent diffusion of Bicoid protein results in an exponentially decreasing gradient 
of Bicoid protein in the early embryo, with the highest level of protein present 
at the anterior tip. Dark shading: Because the orthodenticle gene is activated 
only by high levels of Bicoid, orthodenticle expression is confined to the 
anterior of the early embryo. Intermediate shading: The empty spiracles gene 
is turned on by high and intermediate levels of Bicoid protein. Light shading: 
High) intermediate and low levels of Bicoid protein can activate hunchback, 
which is therefore expressed more posteriorly than either orthodenticle or 
empty spiracles. (Adapted from : St;Johnston)D. et al. Development 1989; 107 
(suppl): 13- 19; and Lipshi tz HD. Curr Opin Cell Biol 1991; 3:966-975.) 

SUMMARY AND PROSPECTS 
The Drosophila oocyte and early embryo 

is particularly well suited as a model sys­
tem for the study of RNA localization. The 
egg and early embryo are large enough to 

enable leakage or transplantation of cyto­
plasm, localized injection of RNA or pro­
tein, and purification of RNA or protein 
from only a subset of the anterior-poste­
rior or dorso-ventral axes. The facility with 
which genetic and molecular screens can 
be conducted have resulted in the identifi­
cation of a number of localized gene prod­
ucts, several of which are essential for 
proper oogenesis and/or cell fate specifica­
tion in the early embryo. Furthermore, the 
ease with which transgenic flies can be 
generated has allowed the molecular char­
acterization of the cis-acting tags required 
for RNA localization in an appropriate in 
vivo context. Analyses of RNA distribu­
tions in mutant backgrounds have allowed 

identification of potential trans-acting fac­
tors and the biochemical isolation of fac­
tors that can bind to defined cis-acting tags 
is expected to increase this collection. Fi­
nally , detailed functional descriptions of the 
Drosophila microcubule system and micro­
cubule-associated motors are emerging . It 
is anticipated that these genetic, molecu­
lar, biochemical and cellular descriptions 
of RNA localization will fuse into a uni­
fied understanding of the mechanisms of 
RNA localization and the functions of the 
localized RNAs during early Drosophila 
development. 
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INTRODUCTION 

The targeting of specific mRNAs to distinct subcellular compartments is an 

important mechanism for generating asymmetry in many cell types, including fibroblasts , 

neurons, and oocytes (reviewed in 46, 75, 14). RNAs localized within the oocyte 

generally encode proteins which play spatially restricted roles in early embryonic 

development. For instance, specification of the anterior body plan in early Drosophila 

embryos requires targeting of bicoid mRNA to the anterior pole of the oocyte (6). 

Mutations which result in bicoid mRNA delocalization in oocytes disrupt the anterior­

posterior gradient of Bicoid protein and result in embryos with severe defects in head and 

thoracic structures (73, 23, 24, 17). Similarly, the posterior determinant Nanos is encoded 

by an RNA localized to the posterior pole of the oocyte, and mutations disrupting nanos 

RNA localization produce embryos with abdominal defects (84, 29). 

Localization of RNA can be accomplished in one of two ways, either by 

translocation of a specific RNA to a particular subcellular location, or by degrading a 

ubiquitous RNA everywhere except a particular region ( 15). The majority of localized 

RNAs studied to date use the first mechanism, i.e., where the RNA remains intact but is 

physically moved to its target destination. This targeting requires sequences within the 

RNA (cis-acting signals) as well as cellular machinery, which includes trans-acting factors 

that are able to recognize the cis-acting elements, direct the RNA to its appropriate 

destination, and tether it there. Cis-acting localization signals have so far been found to 

reside within the 3' untranslated region (UTR) of mRNAs (e.g., 57, 28, 49). 

In Drosophila, the oocyte itself can be thought of as a specific subcellular 

compartment, because it develops as part of a syncytial egg chamber (44, reviewed in 72). 

Each egg chamber contains a single oocyte plus 15 nurse cells, with the nurse cell-oocyte 

complex surrounded by a monolayer of somatically-derived follicle cells. The oocyte is 

connected to the nurse cells by cytoplasmic bridges known as ring canals, through which 
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RN As and other synthetic products of the nurse cells are transported into the oocyte. 

However, during early to mid-oogenesis, only a subset of maternal mRNAs are strongly 

enriched within the oocyte as compared to the nurse cells (74). Thus cis-acting elements 

may serve at least two functions in localizing mRNAs during Drosophila oogenesis: first, 

to target an mRNA specifically to the developing oocyte within the nurse cell-oocyte 

complex, and second, to direct that mRNA to its destination within the oocyte itself. 

Much of the work done on localized RN As in Drosophila development has focused 

on identification of pattern determinants, but not all localized maternal mRNAs encode such 

patterning specifiers. Since one aspect of cell and oocyte asymmetry is the organization of 

the cytoskeleton, it might be expected that some localized RNAs would encode cytoskeletal 

proteins. Many of the localized RN As identified in somatic cells encode cytoskeletal 

proteins and/or cytoskeletal-associated proteins such as actin, myosin heavy chain, and 

MAP-2 (50, 9, 65, 27). Although some cytoskeletal proteins are known to be 

asymmetrically distributed in the early mouse embryo (21, 58, 63), few developmentally 

localized RNAs encoding cytoskeletal proteins have been characterized in Drosophila. 

Adducin-like, also known as hu-li tai shao (hts), represents the only example to date of a 

transcript which is both localized throughout Drosophila oogenesis and encodes a 

cytoskeletal protein (15, 88). 

At least one class of Adducin-like mRNA is found within the germarium as early as 

region 1 (88). Adducin-like mRNA is localized within the presumptive oocyte beginning at 

region 2B of the germarium (15, 88). In early egg chambers, Adducin-like transcripts fill 

the oocyte until stage 7-8, when they are restricted to the oocyte cortex. At stage 8-9, 

Adducin-like transcripts are further restricted to the anterior cortex of the oocyte, where 

they remain through the end of oogenesis. In the early embryo, maternal transcripts are 

found at the anterior during stages 1-2 (15, 88). During stage 2, Adducin-like mRNA is 

released from the anterior, begins to diffuse posteriorly, and forms an anteroposterior 
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gradient. By stage 4 (syncytial blastoderm) maternal Adducin-like transcripts are no longer 

detectable within the embryo (15). 

Adducin-like encodes the Drosophila homologue of mammalian adducin, which is a 

membrane-cytoskeletal protein that contributes to local cytoskeletal assembly, particularly at 

sites of cell-cell contact and communication (39, 68). Human adducin binds spectrin-actin 

complexes, recruits spectrin to spectrin-actin-adducin complexes, bundles actin filaments, 

and is also capable of regulating actin filament length by capping the barbed end of actin 

(25, 61, 5, 47). Although the Drosophila Adducin-like gene is single copy (15, 88), the 

mammalian adducin genes encode a, ~' and"( subunits (38, 40), and the subunits associate 

as a~ heterodimers or tetramers (38, 37) or ayheterodimers (16). There is no information 

yet as to whether Drosophila Adducin-like proteins are present as monomers or multimers. 

Multiple signal transduction pathways appear to be regulating human adducin 

activity, including calmodulin binding and phosphorylation by PKA and PKC. The main 

site of calmodulin binding and phosphorylation is an element with MARCKS 

(myristoylated ,&anine-rich C-.!&inase ~ubstrate) homology (25, 59). Since the human a.­

and ~-adducin genes have been reported to encode multiple isoforms by alternative 

splicing, and not all of these subunit isoforms include the MARCKS-related element, 

regulation of adducin function is both subunit-specific and isoform-specific (38, 77, 30, 

51, 80). 

We show here that Adducin-like also generates a family of transcripts through 

alternative mRNA splicing. The Adducin-like splice variants share sequence in the open 

reading frame (ORF) but are truncated at different points and have unique 3' ORF 

sequences plus different 3'UTRs. One of these transcript classes, the Rl class, encodes an 

Adducin-like protein isoform with a MARCKS-related element and thus represents the 

Drosophila orthologue of mammalian adducin. Another Adducin-like transcript class, the 

N4 class, is localized specifically to and within the developing Drosophila oocyte. Cis­

acting signals for N4 RNA localization are contained within the 3'UTR. We have mapped 
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those signals and identified a unique cis-acting element capable of directing early transport 

of mRNA into the oocyte. swallow is required for the localization of Adducin-like mRNA 

and protein and is therefore a candidate trans-acting localization factor (15, 90). We 

present evidence that swallow acts through the Adducin-like N4 3 'UTR to promote 

Adducin-like N4 mRNA localization in mid- to late oogenesis. Finally, we consider the 

possible functions of alternative splicing in development. 
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MATERIALS AND METHODS 

cDNA preparation and sequence analysis 

An ovarian cDNA library (ARATl library, 15) and a 0- to 4-hr embryonic cDNA 

library (Nick Brown library, 7) were screened with a 2.2 EcoRI-Pstl genomic fragment as 

previously described (15). Eight cDNA clones were isolated, which were then separated 

into four classes. Sequence analysis of the Adducin-like cDNA clones was done using the 

GELASSEMBLE, FAST A and BLAST programs of the Genetics Computer Group 

package (GCG). RNA folding was modeled by the GCG MFOLD program. 

In situ hybridization to whole-mount ovaries 

Young adult females (1-2 days old) were fed on yeast for two to three days. 

Ovaries from these females were dissected in IX Ringer's and transferred to fresh IX 

Ringer's kept on ice. After half an hour of dissecting ovaries, the ovaries were transferred 

to siliconized RNase-free Eppendorf tubes (Sorenson Bioscience) and washed with IX 

phosphate-buffered saline (PBS). For each line, ovaries were split into two tubes. One 

sample was fixed (10% EM-grade formaldehyde (Ted Pella), 10% DMSO, 50 mM EGTA, 

IX PBS) without heptane, for 20 minutes while gently rocking on a nutator. The second 

sample received fix (about 1 ml) and heptane and was shaken vigorously for about 15 

seconds before being placed on the nutator for 20 minutes. From this point on, all samples 

were kept RN Ase-free. Both samples were then rinsed three times with PTW (IX PBS, 

0.1 % Tween-20), followed by a IO-minute wash with PTW while nutating. For the 

second sample, ovaries were rubbed gently between the frosted parts of two slides to 

separate the ovarioles and devitellinize the later stage oocytes. At this point samples for a 

given line were combined into a single tube, which then contained both whole ovaries and 

individual ovarioles and egg chambers in PTW. Each combined sample was treated with 

proteinase K (1:1000 dilution into PTW just before use, from an 18.6 mg/ml stock 
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solution; BMB) for three minutes. Egg chambers were rocked on the nutator for the first 

minute of proteinase K digestion, and allowed to settle for the last two minutes. Digestion 

was stopped by two rinses of 3 minutes each in ice-cold glycine (2 mg/ml in PTW), 

followed by two rinses of 3 minutes each in PTW. Postfixation was done for 20 minutes 

on the nutator, without heptane. Samples were then given two three-minute rinses in 

PTW, and one ten-minute wash in PTW on the nutator. Oocytes were then dehydrated by 

allowing them to settle through a 1: 1 ethanol: PTW solution, followed by two rinses in 

100% ethanol, and then stored at -20° until hybridization. 

Prior to hybridization, egg chambers were washed once with 100% ethanol and 

then rehydrated through freshly made ethanol: PTW (3:1, 1:1, 1:3) for two minutes each. 

Next, three two-minute rinses in PTW were followed by successive 10-minute washes in 

PTW, 1:1 hybridization buffer: PTW, and hybridization buffer alone. Oocytes were then 

prehybridized for 2 hours in fresh hybridization buffer at 55° for RNA probe or 45° for 

DNA probe. For RNA probes, hybridization buffer contained 50% deionized formamide, 

4X SSC, 250 µg/rnl tRNA, 250 µg/rnl calf thymus DNA, 50 µg/ml heparin, 1 % Tween-20. 

For DNA probes, hybridization buffer contained 50% deionized formamide, 5X SSC, 250 

µg/rnl tRNA, 250 µg/ml calf thymus DNA, 50 µg/rnl heparin, 0.1 % Tween-20. 

After prehybridization, the supernatant was removed and 150 µl of diluted probe 

was added. Hybridization was carried out overnight for about 16 hours at 55° for RNA 

probe or 45° for DNA probe. 

When hybridization was completed, RNA probes were removed and discarded 

(DNA probes were saved). For RNA probes, the washes were as follows: 15 minutes at 

55° in hybridization buffer; two 30-minute washes at 55° in wash buffer 1 (2X SSC, 50% 

formamide, 1 % Tween); 15 minutes at 55° in wash buffer 2 (2X SSC, 1 % Tween); two 

30-minute washes at 55° in wash buffer 3 (0.2X SSC, 1 % Tween). Finally, the ovaries 

were washed twice in PTW at room temperature for 5 minutes each, on the nutator. For 

DNA probes, the egg chambers were washed briefly at 45° in hybridization buffer, 
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followed by a 10-20 minute wash on the nutator at room temperature in 1: 1 hybridization 

buffer: PTW, three 5 minute washes in PTW while rocking at room temperature, and seven 

10 minute washes in PTW while nutating at room temperature. 

Antibody binding was carried out overnight at 4° while gently rocking on a nutator. 

Egg chambers were incubated with 1 ml. of preabsorbed anti-digoxigenin antibody (BMB), 

diluted 1:2000 in PTW. Subsequently, they were washed ten times for ten minutes each in 

PTW, with rocking. One rinse in freshly made staining buffer (100 mM Tris, pH 9.5 ; 100 

mM NaCl; 50 mM MgC}i; 0.1 % Tween-20) was followed by a ten minute incubation in 

staining buffer, both with rocking. Finally, color buffer was added (4.5 µl NBT and 3.5 µl 

BCIP per 1 ml. of staining buffer). All samples were placed on the nutator and the nutator 

was covered with foil to exclude light. The color buffer was changed after approximately 

30-33 minutes, and incubation under foil was continued for another 25 minutes while 

rocking. Each sample was then washed several times with PTW to stop the color reaction. 

At this point the whole ovaries remaining in each sample were rubbed gently between the 

frosted part of two slides until all ovarioles were separated, and recombined into a single 

tube with the previously separated egg chambers. Oocytes were mounted in JB-4 plastic 

mountant (Polysciences). 

Antisense digoxigenin-labeled anti-/3-galactosidase RNA probe, corresponding to 

the entire 3.4 kb lacZ sequence, was transcribed by T7 polymerase from Hindlll-digested 

pGEMl-LZ~l-F template. After probe synthesis using Ambion's Megascript kit, the probe 

was precipitated, resuspended in 100 µl RNase-free H20, and hydrolyzed by treatment with 

100 µl of 100 mM NaCO3 buffer, pH 10.2 for 1 hour at 60°. Anti-/3-galactosidase RNA 

probe was used at a 1 :500 dilution for in situ hybridization of egg chambers. 

Antisense N4 3'UTR digoxigenin-labeled RNA probe was transcribed using T7 

polymerase from 1 µg of Sall-cut pNB40-N4 DNA. Transcription reactions were 

performed in a 20 µl volume and consisted of IX transcription buffer (BMB), lX BMB 

digoxigenin RNA labeling mix, 37.5 mM DTT, 40 units RNasin (Promega), 1 µg 
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linearized template DNA, and 50 units of T7 polymerase (Gibco/BRL). The reaction was 

allowed to proceed for 1 hour at 37°, after which 1 µl of T7 polymerase was added and the 

reaction was continued for an additional hour. 2 µl of 0.2M EDTA was added to stop the 

transcription reaction and the reaction was then frozen at -20°. Anti-N4 probe was diluted 

1: 1000 into hybridization buffer and used directly for in situ hybridization. 

Antisense Rl 3'UTR digoxigenin-labeled RNA probe was transcribed using Sp6 

polymerase from 1 µg of Blpl-cut pRl DNA. Transcription reactions were performed as 

for N4 except that Sp6-specific transcription buffer (BRL) and 15 units of Sp6 polymerase 

(Gibco/BRL) were used. Anti-RI probe was diluted 1 :500 into hybridization buffer and 

used directly for in situ hybridization. 

Digoxigenin-labeled DNA probes for each of the Adducin-like splice form 3'UTRs 

were made by random priming of gel-purified PCR products. For the N4 3'UTR, PCR 

primers were 5Al( 5'-TAC CCT AGG TAGATA CAT ATT ATG-3') and 3Nl (ACG 

GCG GCC GCT AAT GAA AAC TAT ATT T-3'). The Rl 3'UTR (plus part of the 

coding region unique to the Rl cDNA) was amplified using primers 972-84 (5'-AAT GGC 

GAT CAT TCG GAG GC-3') and Sp-6-UBDT (5'-GCT GCG GCC GCA GAT TTA 

GGT G-3'). For the R2 3'UTR, PCR primers were Rat Add 1 (5'-CCA CCA ACC TTA 

AGG AGA TTG-3') and Rat Add 2 (5'-GAT TTA TGC ACA TTA CAC-3'). The N32 

3'UTR was amplified with primers AddN32A (5'-GTG-CCT CAT TTA GGG ATT TGC 

GCT G-3') and T7 (5'-TAA TAC GAC TCA CTA TAG GG-3'). PCR amplifications 

were done using the following conditions: 4' at 94°, followed by 30 cycles of 94°, 1.5'; 

58°, 1.5'; 72°, 2'. Additionally, the HinDIII-Notl fragment of pNB40-N4 was gel­

purified and labeled with digoxigenin by random priming, producing a full-length N4 DNA 

probe. 
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Construction of lacZ-Adducin-like transgenes for germline transformation 

For all constructs, the parent vector was pCaSpeR4B26. This vector contains the 

hsp26-Sgs-3 promoter and 5'UTR, a cassette which promotes nurse cell transcription, and 

the entire 3.4 kb lacZ sequence. To construct pCaSpeR4B26, the hsp26-Sgs-3 cassette was 

cut out of pGerm6 (from Robert Cohen) with EcaRI and Natl and endfilled, then cloned 

into the Stul site of pCaSpeR4. The lacVY sequence was cut out of pCaSpeR-X+R+ 

using Xbal and cloned into the Xbal site of pCaSpeR4-26, to complete pCaSpeR4-B-26. 

In order to obtain a shorter lacZ tag, pCaSpeR4B26 was cut with Hpal (which produces a 

blunt end) and Natl and the vector sequence was gel-purified away from the 3.4 kb lacZ 

insert. Subsequently, a 600-bp fragment of lacZ was amplified by PCR, such that the 3' 

primer contained a Natl site. This 600 bp lacZ fragment was digested by EcaRV (which 

produces a blunt end) at an internal site, and A vrll, releasing a 500 bp and a 100 bp 

fragment. The 500 bp lacZ fragment was then gel-purified. In addition, the Adducin-like 

3'UTR was amplified from pNB40-N4,by PCR, using primers designed to have Avril and 

Natl sites, and digested with Avril and Natl. A triple ligation was performed, which 

joined the pCaSpeR4B26 vector to the lacZ sequence and the Adducin-like 3'UTR 

sequence, producing pAdd3 'UTR. 

PCR primers used to amplify the full-length Adducin-like N4 3'UTR were 5Al (5'­

TAC CCT AGG TAGATA CAT ATT ATG-3'), which includes an engineered Avril 

restriction site, and 3Nl (5'-ACG GCG GCC GCT AAT GAA AAC TAT ATT T-3'), 

which includes an engineered Natl restriction site. Standard PCR conditions for all 

reactions were as follows: 100 µl total volume, 50 mM KCl, 10 mM Tris pH 8.3, 0.01 

mg/ml gelatin, 50 pmoles of each primer, 200 µM dNTPs, 1.5 mM or 7 .5 mM MgCh, 100 

pg-10 ng of template DNA, and 2.5 or 5 units of Taq polymerase. Except where noted, 30 

cycles of amplification were carried out at 94° for 1.5', 45° for 1.5' and 72° for 2'. Some 

amplifications also included an extra initial denaturation step of 2-4 minutes at 94°, and an 

extra final extension step of 3-5 minutes at 72°. 
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For 5' deletion constructs (p5D-1 to p5D-6), pAdd3'UTR was digested with Avrll 

and Natl and the vector was gel-purified away from the full-length Adducin-like 3'UTR 

sequence. Using primers with engineered Avrll and Not! sites, the desired subset of the 

Adducin-like 3'UTR was amplified from HinDIII-Notl digested pNB40-N4 and subcloned 

into the vector. Primers for the p5D-1 insert were 5A2AB (5'-ATA CCT AGG GGA TCC 

ATA TTT GAA ATC GAC-3'), which contains both an Avrll site and a BamHI site, and 

3Nl. Primers for the p5D-2 insert were 5A3 (5'-ACG TAC CCT AGG GTT TAA TGA 

TGA T AA TTT GG-3') and 3Nl. Primers for the p5D-3 insert were 5A4AB (5'-ATA 

CCT AGG GGA TCC ACT TCT TTG TTC TC-3'), which contains both anAvrII site and 

a BamHI site, and 3Nl. Primers for the p5D-4 insert were 5A5 (5'-ACG TAC CCT AGG 

ATG GAA ATG CAA AG-3') and 3Nl. Primers for the p5D-5 insert were 5A6AB (5'­

GCG CCT AGG GGA TCC ACA TCT GTG AAA TTG-3'), which contains both anAvrII 

site and a BamHI site, and 3Nl. Primers for the p5D-6 insert were SA 7 AB (5'-GCG CCT 

AGG GGA TCC TCA TAT ITT TAT AAT TAA AAT AT-3'), containing both anAvrII 

site and a BamHI site, and 3N 1. Thus two of these constructs (p5D-2 and p5D-4) have 

only an Avrll site marking the 5' boundary of the insert, while the rest (p5D-1, p5D-3, 

p5D-5, and p5D-6) also have an adjacent BamHI site. 

For 3' deletion constructs (p3D-1 to p3D-6), pAdd3'UTR was digested with Avrll 

and Natl and the vector was gel-purified away from the full-length Adducin-like 3'UTR. 

Using primers with engineered A vrll and BamHI sites, the desired subset of the Adducin­

like 3'UTR was amplified from HinDIII-NotI digested pNB40-N4. Since the 3' deletion 

constructs are missing the predicted Adducin-like N4 polyadenylation and transcription 

termination sites, the a-tubulin 3'UTR was appended to give stability to this set of reporter 

transcripts. DNA sequence corresponding to the a-tubulin 3'UTR was amplified from 

p701, a gift from Paul Macdonald, using primers designed with BamHI and Natl sites. 

Subsequently the PCR product was cloned into Invitrogen's AT vector, digested with 

BamHI and Not!, and the insert containing the a-tubulin 3'UTR was gel-purified. Triple 
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ligations were then performed, joining the pAdd3'UTR vector to the desired segment of the 

Adducin-like 3'UTR and the tubulin 3'UTR to produce various Adducin-like 3' deletion 

constructs. 

PCR primers for the p3D-1 insert were 5Al (5'-TAC CCT AGG TAGATA CAT 

ATT ATG-3') and 3Bl (5'-CCG GGA TCC AAC GAA AAT CAA GAT TCG AC-3'). 

Primers for the p3D-2 insert were 5Al and 3B2 (5'-CAT GGA TCC TTA AAT GTA CAA 

TGG TTG GC-3'). Primers for the p3D-3 insert were 5Al and 3B3 (5'-ACG TGG ATC 

CAT TGT GCT TAA GTT ACA G-3'). Primers for the p3D-4 insert were 5Al and 3B4 

(5'-ACG TGG ATC CAA AAA ATG CAT TAG TTC G-3'). Primers for the p3D-5 insert 

were 5Al and 3B5 (5'-ACG TGG ATC CTT AAT CTA GTT GCT TTA TAC-3'). 

Primers for the p3D-6 insert were 5Al and 3B6 (5'-ACG TGG ATC CCA CAA CAA 

AAG CGA AG-3'). 

For internal deletion constructs (pt.50-1 to pt.50-5 and pt.100-1 to pt.100-3), in 

most (but not all) cases triple ligations were performed, joining Avrll-BamHI cut PCR­

amplified fragments of the Adducin-like 3'UTR to BamHI-Notl PCR-amplified pieces of 

the Adducin-like 3'UTR, and to the Avril-Not I cut pAdd3'UTR vector (as above). To 

make construct pt.50-1, the 5Al/3B2 amplification product was digested with Avril and 

BamHI and ligated to the BamHI-Notl digested p3D-2 vector. For pt.50-2, the 5Al/3B3 

amplification product was digested with Avril and BamHI and ligated to the BamHI-Notl 

digested 5A6AB/3Nl PCR product, plus Avril-Natl digested pAdd3'UTR vector. For 

pt.50-3, the 5Al/3B4 amplification product was digested with Avril and BamHI and 

ligated to the Avrll-BamHI digested and gel-purified pt.100-3 vector. To make pt.50-4, the 

5Al/3B5 amplification product was digested with Avril and BamHI and ligated to the 

BamHI-Natl digested 5A4AB/3Nl PCR product, plus Avril-Natl digested pAdd3'UTR 

vector. For construction of pt.50-5, the 5Al/3B6 amplification product was digested with 

Avril and BamHI and ligated to the BamHI-Natl digested 5A3B/3Nl PCR product, plus 

Avril-Natl digested pAdd3'UTR vector. To make pt.100-1, the 5A7AB/3Nl amplification 
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product was digested with BamHI and Natl and ligated to the BamHI-Natl digested p3D-3 

vector. For construction of p6100-2, the 5A 1/3B4 amplification product was digested with 

Avril and BamHI and ligated to the BamHI-Natl digested 5A6AB/3Nl amplification 

product as well as to Avril-Natl digested pAdd3'UTR vector. To construct p6100-3, the 

5Al/3B5 amplification product was digested with Avril and BamHI and ligated to the 

BamHI-Natl digested 5A5B/3Nl amplification product plus Avril-Natl digested 

pAdd3'UTR vector. 

For construction of p50-250, primers 5A2M (5'-ACG TCC TAG GAT ATT TGA 

AAT CGA C-3') and 3B2 (5'-CAT GGA TCC TTA AAT GTA CAA TGG TTG GC-3') 

were used to amplify a 200-bp fragment of the N4 3'UTR. The BamHI-Natl digested 

PCR product was ligated into BamHI-Natl digested and gel-purified p3D-1 vector. For 

construction ofpl00-250, primers 5A3B (5'-ACG TAC GGA TCC GTT TAA TGA TGA 

TAA TTT GG-3') and 3B2 were used to amplify a 150-bp fragment of the N4 3'UTR. 

The BamHI-Natl digested PCR product was ligated into BamHI-Natl digested and gel­

purified p3D-1 vector. pAddtag3'UTR was constructed by digesting pAdd3'UTR with 

Nhel and ligating in a PCR product consisting of the complete Adducin-like 5'UTR and 

open reading frame (ORF), with Nhel-compatible Avril ends engineered into the primers 

Add-Avr-5 and Add-Avr-3. PCR reaction conditions were as follows: 94°, 2'; then 28 

cycles of 94°, 1'; 58°, 1'; 72°, 3', followed by a final, single incubation of 5' at 72°. 

pORFtagtub was constructed by digesting pAddtag3'UTR with Avril and blunt-ending 

with Klenow enzyme, then digesting with Natl and gel-purifying to remove the Adducin­

like 3'UTR; simultaneously p3D-1 was digested with BamHI and end-filled with Klenow, 

then cut with Natl and the tubulin 3'UTR gel-purified. Subsequently, the blunt-Natl 

pAddtag vector was ligated to the blunt-Natl tubulin 3'UTR insert. ptagtub3'UTR was 

made by digesting p3D-1 with BamHI and Natl, gel-purifying the vector, blunting the ends 

by end-filling with Klenow enzyme, and religating. 
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Germline transformation 

Gerrnline transformation was carried out using standard procedures (67). wII18 

embryos were coinjected with 500 µg/ml of pAdd3'UTR or the desired deletion construct, 

and 100 µg/ml of pHSn helper plasmid. All lines were homozygosed or balanced over 

CyOorTM3. 

Northern blot analysis 

Ovarian RNA was prepared and selected for polyA+RNA as previously described 

The gelboxes and combs used for Northern blotting were prepared by soaking them 

in 3% hydrogen peroxide for 10 minutes, then rinsing them twice with DEPC-treated 

water, followed by rinsing with 100% ethanol. After pouring out the ethanol, the gelboxes 

were tilted on their side in a hood and allowed to air dry, then covered with foil when dry. 

For Northern analysis, a low percentage formaldehyde gel and running buffer were 

prepared (81). The gel consisted of 1 % agarose and 1.67% deionized formaldehyde in lX 

MOPS buffer. For the running buffer, 1.67% formaldehyde in lX MOPS was used. 

Formaldehyde was deionized by vigorously shaking 40 ml of formaldehyde with 2 g of 

Dower XG8 resin in a 50 ml Falcon tube on its side, for 1 hour, followed by filtration 

through a 0.2 micron Nalgene filter. A 15-well comb was used. 

RNA samples consisted of poly A+ ovarian RNA and Gibco-BRL's 0.25-0.95 

RNA molecular weight marker. 5.3 µg of poly A+ ovarian RNA was run in lanes 5,9, and 

12, while 3.5 mg of RNA marker was loaded in the two outside lanes (1 and 15) of each 

gel. RNA samples were prepared in a total volume of 20 µl, consisting of lX MOPS, 50% 

deionized formarnide, 17 .5% deionized formaldehyde, and RNA. 1 µg of ethidium 

bromide in water was added to marker RNA only, to facilitate visualization and 

confirmation of transfer. All samples were denatured at 68° for 15 minutes, quenched on 

wet ice for 2 minutes, and centrifuged, and 2 µl of 50% glycerol/0.4% bromophenol 
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blue/0.4% xylene cyanol was added to each sample. Samples were loaded onto the gel and 

electrophoresed at 5V /cm until the bromophenol blue dye had run 2/3 of the way down the 

gel. Each gel was then laid on a UV transilluminator, protected by Saran Wrap, and 

photographed using a Polaroid camera, with rulers laid alongside the markers. 

Immediately after photography, the gels were set up for downward capillary 

transfer onto Genescreen, using 20X SSC as the transfer buffer. Since the gels contained a 

low percentage of formaldehyde, no pretreatment was done to get rid of the formaldehyde. 

After an overnight transfer, the blot was dried overnight on Whatman paper. Both sides 

were UV crosslinked, and the blot was then baked for 2 hours at 80° under vacuum to 

reverse the formaldehyde reaction. 

The blots were photographed on a UV transilluminator to verify transfer of the 

markers, and were then cut into strips to separate the lanes. Prehybridization and 

hybridization were carried out in high-SDS buffer, following Boehringer Mannheim's 

nonradioactive Northern protocol. Prehybridization and hybridization were done at 42°, 

using DNA probes, with washes at 46°. 

Primers were designed for amplification of the 3'UTR from all five splice forms of 

Adducin-like. Using the cDNA clones as templates, the 3'UTR was amplified in each case 

and gel-purified by running the band onto DE81 paper with subsequent elution off the 

paper and ethanol precipitation. An aliquot was checked on a 1 % agarose gel to verify 

purification and estimate recovery. 100 ng of each PCR product was then labeled with 

digoxigenin-dUTP using Boehringer Mannheim's High Prime kit. The concentration of 

labeled probe was checked by comparing serial dilutions for each probe to dilutions of a 

labeled control DNA provided in the High Prime kit. Chemiluminescent detection using 

CSPD as a substrate was done according to Boehringer Mannheim's protocol. 

Subsequently, 25 ng of each probe was used per ml of hybridization buffer. 
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RT-PCR analysis 

Total RNA was prepared from 25 female flies of each transgenic line, using an SDS 

lysis buffer (4). Newly hatched female flies were fed on yeast for several days and then 

homogenized in 500 µl of RNase-free SDS lysis buffer. Homogenization was done in 

Eppendorf tubes, using disposable plastic pestles. Lysates were transferred to screw­

capped 2 ml. Sarstedt tubes, and proteinase K (BMB) was added to give a final 

concentration of 250 µg/ml. Lysates were digested with proteinase K for one hour at 50° 

and then frozen down at -70 for approximately one month. After thawing on ice, lysates 

were extracted with phenol-chloroform and chloroform and precipitated first with ethanol, 

then with LiCl. RNAse-free DNAse I (BRL, amplification grade) was used to remove 

contaminating genomic DNA. First-strand cDNA synthesis was primed from 3 µg total 

RNA with oligo-dT12-1s,using the Superscript II Preamplification kit (Gibco/BRL). In 

order to minimize negative effects of secondary structure on first-strand cDNA synthesis, 

the oligo-dT primer was heated to 70° and immediately transferred to 50°; simultaneously, 

the reverse transcription mix was prewarrned to 50° before the primer was added. After 

first-strand cDNA synthesis was complete, RNase H was used to remove RNA from the 

RNA/DNA hybrids. Hot Start PCR was performed in a volume of 50 µl, with 200 µM 

dNTPs and 0.2 µM primers. PCR amplification began with a 3' denaturation step at 94°, 

and was followed by 34 cycles of 1' at 94°, 1' at 54°, and 2' at 72°. For amplification of 

the transgene from the beginning of the lacZ tag sequence through the Adducin-like 3'UTR 

, primers TG 1 and 3Nl were used, which produced an 874 bp product for the full-length 

3'UTR transgene and correspondingly shorter products for deletion transgenes. The TG 1 

sequence was as follows: 5'-ATC CTG CTG ATG AAG CAG AAC AAC-3'. The 3Nl 

sequence was: 5'-ACG GCG GCC GCT AAT GAA AAC TAT ATT T-3'. 



39 

Fly strains 

For injection, w1118 stocks were used (53). In order to ascertain whether reporter 

transcripts bearing the N4 3'UTR were localized properly in a swallow (sww) mutant 

background, ovaries were collected from mothers that were sww1 I sww1; 

pAdd3'UTR/pAdd3'UTR or sww1/sww6; pAdd3'UTR/pAdd3'UTR. sww alleles have 

previously been described; sww1 (which is also known as fs( 1) Al 497) is a strong allele 

while sww6 (also known asfs(l) A384) is weaker (36). Flies were cultured at 25°. 
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RESULTS 

The Adducin-like gene produces at least four classes of transcripts via 

alternative splicing, which encode three polypeptides 

In flies, Adducin-like is a single-copy gene which produces multiple forms of 

transcripts through alternative exon splicing (88, 15). Four distinct classes of D. 

melanogaster Adducin-like cDNAs have been identified (Figure 1). These cDNA classes 

have been designated as N4, R2, N32, and Rl, with the letters Nor R referring to the 

cDNA library (Nick Brown or 11,RATl) from which the clones were recovered. Three 

clones each were recovered for the N4 class (N4, RS, Nl) and the R2 class (R2, RlO, 

R16). The N32 and Rl classes are each represented by a single clone. The sequence of 

the cDNA encoding the longest open reading frame, N4, has previously been published 

(15), but the other three cDNA sequences are reported here for the first time (Figure 2). 

Excluding the poly A tail, the N4 cDNA is 4.2 kb long, while R2 is 1.9 kb, N32 is 2.4 kb, 

and Rl (which may be incomplete at both ends) is approximately 2.6 kb long. 

All of the cDNA classes share at least some 5'UTR sequence (Figure 1, Figure 2). 

The Rl 5'UTR is identical to nucleotides (nt) 85-397 of the N4 5'UTR and may simply 

reflect incomplete cloning of the 5' end of R 1. The R2 5'UTR is identical to nt 73-127 and 

332-397 of the N4 5'UTR, so that part of exon 1 is spliced to a complete exon 2. 

However, there is no consensus splice donor sequence (GT) at N4 positions 128-129 as 

would be expected for an intra-exon splice site, leaving it unclear as to whether the R2 

5'UTR sequence represents a cloning artifact or a valid splice variant. The sequence of the 

N32 5'UTR suggests that there is another exon upstream of the known Adducin-like 

genomic sequence. The N32 5'UTR begins with a novel sequence and then is identical to 

the N4 sequence, such that the novel sequence is spliced to the start of exon 2. 

The 3' untranslated regions (3'UTRs) differ for each cDNA class (Figure 1, Figure 

2). N4 and Rl have unique 3'UTRs. The N4 3'UTR is 345 nt, including the stop codon. 
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The 3' end of the Rl cDNA may not be full length, because the 3'UTR sequence is 

relatively short (151 nt) and has neither a consensus polyadenylation signal (AAUAAA) 

nor its most common variant (AUUAAA). In addition, the Rl cDNA terminates with a run 

of only 12 A's; this polydA sequence may be internal rather than corresponding to the 

poly A tail of the Rl RNA. Alternatively, Rl may be one of a small class of mRNAs which 

has a nonconsensus polyadenylation signal (83, 87, 71). 

The N32 3'UTR is 700 nt while the R2 3'UTR is 314 nt, and the N32 and R2 

transcripts share 3'UTR sequence. R2 carries a truncated version of the N32 3'UTR, 

making use of an alternate polyadenylation signal. For R2, there are actually several 

potential polyadenylation signals which overlap; we have not determined which one may be 

used preferentially. In addition to the mid-3'UTR AAUAAA signal(s) used by R2, there 

are two potential polyadenylation signals at the end of the N32 cDNA, and we have not 

defined which of these polyadenylation signals is the one functional for N32. 

Our cDNA sizes do not all match up with previously reported Northern blot data, 

which indicate (using the entire N4 coding region as a probe) that there is one major 

ovarian transcript of 4.5 kb (15, 88) and two minor ovarian transcripts of 3.7 and 3.8 kb 

(88). The 3.7 and 3.8 kb minor ovarian transcripts are strongly upregulated in 0-24 hour 

embryos (88). The 4.5 kb transcript matches the expected size for a polyadenylated N4 

transcript. We have not found Adducin-like cDNAs that fall into the 3.7 and 3.8 kb size 

category, and thus we expect that there are additional cDNAs. Since Rl , R2, and N32 

sizes do not match the reported Northern blot data, it is likely that they represent rare 

transcripts. Using the N4 coding region as a probe might be expected to bias detection in 

favor of N4 clones, since the N4 open reading frame has about 1500 nt that are not shared 

with Rl, R2 and N32 transcripts. 

All four classes of Adducin-like cDNAs share sequence in their open reading 

frames, such that all of the Adducin-like protein isoforms described here are identical over 

the first 473 amino acids (cDNAs, Figures 1 and 2; protein isoforms; Figure 3). N4 
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encodes the longest protein, with a predicted length of 1156 amino acids (AA) and 

predicted molecular mass of 128 kD (88, 15). The C-terminal 498 AA of N4 do not show 

homologies to any known proteins (15, 88, 66; K.W., unpublished data). Previous 

analysis of the genomic structure indicates that N4 consists of ten exons (88; Figure 1, 

Table 1). The Rl cDNA is alternatively spliced after exon 9, to yield a predicted Rl protein 

of718 AA with an expected molecular mass of 79 kD. Rl is identical to N4 for the first 

658 AA and then diverges in sequence, as Rl has a 60 AA C-terminal coding extension 

(Table 1). The Rl coding extension contains a region with MARCKS (.myristoylated 

f!]anine-rich C-kinase ~ubstrate) homology, and will be discussed further in the following 

section. In contrast, the R2 and N32 cDNAs are alternatively spliced at the 3' end of exon 

5, and thus encode a protein with a predicted length of 495 AA and predicted molecular 

mass of 55 kD. R2 and N32 are identical to Rl and N4 for the first 473 AA, but both R2 

and N32 protein isoforms have a C-terminal coding extension of 22 AA that lacks 

homology to any known protein (Table 1). 

The protein encoded by the Rl class of Adducin-like RNA is the Drosophila 

orthologue of mammalian adducin 

Sequence comparison of the predicted Drosophila Adducin-like protein isoforms 

with human a-, ~-, and y-adducin proteins reveals that the Drosophila Rl class shows the 

highest homology to human adducins (Figure 4). Rl is about the same length (718 AA) as 

human adducin polypeptides (a-adducin, 737 AA, 38, ~-adducin, 726 AA, 38, y­

adducin, 674 AA, 40) and is equally homologous to all three human adducin subunits (39-

40% amino acid identity, and 59-61 % similarity). In contrast, R2 and N32 are 

considerably shorter proteins (495 AA), while N4 is a much longer protein (1156 AA). 

Most importantly, the Rl protein contains a motif at the C-terminal end which is highly 

conserved with a-, ~-, and y- forms of human adducin (Figure 5A), but which does not 

exist in the N4, R2, or N32 proteins. This motif is highly polybasic, shows MARCKS 
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homology (Figure 5B, MARCKS peptide sequence from 35), and is likely to represent a 

phosphorylation substrate for protein kinase A (PKA) and protein kinase C (PKC), as well 

as a binding site for calmodulin. The MARCKS-related sequence has been shown to be the 

major calmodulin-binding site and the major phosphorylation site for PKA and PKC in 

both human a- and ~-adducin (59). Phosphorylation occurs within the MARCKS-related 

sequence at Ser-726 for human a-adducin, and Ser-713 for human ~-adducin (59). The 

corresponding residues in human y-adducin (Ser-660) and Drosophila Rl Adducin-like 

(Ser-705) are conserved but have not been tested for their ability to be phosphorylated. 

Another major PKA phosphorylation site specific to human a-adducin (Ser-481, 

59) may be conserved in Drosophila Rl and N4 Adducin-like proteins (Figure 6). 

However, the sequence conservation between human and Drosophila adducins in this 

region is weak enough that it is questionable whether this is a functional PKA site in 

Drosophila. The truncated R2 and N32 proteins lack this potential phosphorylation site. 

Human a-adducin also shows strong PKA-dependent phosphorylation at Ser-408 

and Ser-436, and weak PKA-dependent phosphorylation at Ser-59. In human ~-adducin, 

the minor PKA phosphorylation site is at Thr-55, the residue corresponding to a-adducin 

Ser-59 (59). However, none of these PKA sites are present in any of the Drosophila 

Adducin-like proteins described here. 

Adducin-like transcripts bearing different classes of 3'UTRs show distinct 

distribution patterns during oogenesis 

The early events of oogenesis will be reviewed briefly here, before proceeding to 

the rest of the Results (for a more extensive review, see 72). Formation and maturation of 

oocytes in Drosophila take place in the ovariole, which is essentially an egg chamber 

assembly line. Each Drosophila ovary consists of a bundle of 15-20 ovarioles, and each 

ovariole is a linear filament that consists of a connected series of increasingly older and 

more mature egg chambers. The ovariole is conventionally divided into two regions: the 
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germarium, where germline and somatic stem cells reside, germline cysts are formed, and 

egg chambers are first assembled, and the vitellarium, where egg chambers develop and 

mature. In the germarium, oogenesis begins with the asymmetric division of a germline 

stem cell into a daughter stem cell and a cystoblast. Within region 1 of the germarium, the 

cystoblast undergoes four rounds of mitotic division to produce 16 cystocytes, which do 

not fully separate into individual cells but remain joined by specialized cytoplasmic bridges 

called ring canals. In germarial region 2, this 16-cell germline cyst is enveloped by a 

monolayer of somatically derived follicle cells. During this stage, one of the 16 gerrnline 

cells becomes the oocyte, by a process which is still not fully understood, while the 

remaining 15 cells become highly polyploid nurse cells. Specific transport into the oocyte 

of a number of RN As (Adducin-like/hts, cyclin B, 65F, orb, oskar, tudor, Bic-D, 

fs( l)KJO, gurken) begins at this stage (reviewed in 86, 34). In region 3 the oocyte moves 

to the posterior of the germline cyst, so that the anterior of the oocyte is facing towards the 

nurse cells, and the assembly of the egg chamber is complete at this point. Egg chambers 

found in region 3 of the germarium are referred to as stage 1 egg chambers, and are ready 

to enter the vitellarium, where the remainder of oogenesis (stages 2-14) will take place. 

In order to assess the pattern of expression of each endogenous Adducin-like 

transcript class during oogenesis, whole-mount in situ hybridizations were carried out on 

wl 118 ovaries using DNA probes specific for each 3'UTR (Figure 7). Transcripts with the 

N4 3'UTR accumulate within the prospective oocyte in region 2 of the germarium and are 

subsequently targeted specifically to the oocyte within early egg chambers. As oogenesis 

progresses, RNAs recognized by the N4 3'UTR probe are restricted to the oocyte cortex at 

stage 8, and further restricted to the anterior oocyte cortex from stages 9-14. The in situ 

localization pattern visualized by the N4 3 'UTR probe corresponds to what has been 

reported for N4 coding region probes (for N4 coding region probes, see Figure 8, panels 

A-F; 15, 89). N4 coding region probes are expected to recognize Rl, R2 and N32 

transcripts as well as N4 transcripts, because there is extensive shared sequence. As 
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previously noted in this chapter, however, using the N4 coding region as a probe might 

bias detection in favor of N4 transcripts, since the N4 open reading frame has about 1500 

nt that are not shared with Rl, R2 and N32 transcripts. 

In contrast to N4, transcripts bearing the Rl 3'UTR accumulate within the 

germarium, where they do not appear to be localized, and are restricted to the follicle cells 

thereafter. Since follicle cells first migrate to surround developing germline cysts in region 

2 of the germarium (72), the Rl distribution pattern within the germarium is consistent with 

expression within the initial population of follicle cells. Rl transcripts appear to be 

expressed throughout stage 1-6 egg chambers. Since a monolayer of somatic follicle cells 

now envelops the egg chamber, it is likely that this expression pattern actually reflects the 

presence of R 1 transcripts within surrounding follicle cells and not within the nurse cell­

oocyte complex. The level of expression of transcripts with the R 1 class of 3' UTR seems 

to be lower in stage 7-9 egg chambers, with strong expression detectable in the follicle cells 

from early stage 10 onwards. 

The R2 class of 3'UTR appears to be expressed in nurse cells and is excluded from 

the oocyte until late oogenesis, when transcripts from this class are dumped into the oocyte. 

R2 transcripts are not localized within the oocyte. Both R2 and N32 transcripts should be 

recognized by the R2 probe, since the first 314 nt of the R2 and N32 3'UTRs are identical. 

We did not examine the unique portion of the N32 3'UTR for its patterns of localization in 

egg chambers. Northern blots of ovarian poly A+ RNA hybridized with DNA probes 

specific for each 3 'UTR class confirm that transcripts bearing each class of Adducin-like 

3'UTR described here are present in ovarian RNA (data not shown). Thus, different 

Adducin-like 3'UTRs are associated with distinct mRNA localization patterns within the 

egg chamber. 
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The N4 class of 3'UTR is able to direct RNA transport to the oocyte in 

early oogenesis and localization within the oocyte at later stages 

To test whether the 3'UTR of the N4 transcript is capable of directing transport to 

the oocyte and localization within the oocyte, a reporter construct was made in pCaSpeR4 

(79) which consists of the hsp26-Sgs-3 regulatory cassette (70) fused to a short lacZ 

sequence (0.5 kb), followed by the N4Adducin-like 3'UTR (Figure 9). Detection of 

transcripts produced by the reporter construct can be achieved by use of an antisense [3-

galactosidase RNA probe. The regulatory cassette consists of two copies of the hsp26 

nurse cell enhancer (22) followed by the Sgs-3 glue gene promoter (26, 60). These hsp26 

elements activate ovarian (but not heat-inducible) transcription specifically within the nurse 

cells (11). 

The reporter construct, called pAdd3'UTR, was injected into w1118 embryos. 

Transgenic offspring were selected and homozygous transgenic lines were set up. Whole­

mount in situ hybridizations were performed using an antisense [3-galactosidase RNA 

probe on ovaries collected from homozygous transgenic flies. Three different lines were 

analyzed, two with the transgene inserted onto the second chromosome and one with the 

transgene carried on the third chromosome, and the results were the same for all three lines. 

Localization of pAdd3'UTR reporter transcripts in transgenic egg chambers was found to 

be identical to that of endogenous Adducin-like transcripts in wl I 18 egg chambers (Figure 

8). For both endogenous Adducin-like transcripts and reporter transcripts, four stages of 

localization occur: (1) early transport of RNA into the presumptive oocyte, filling the 

oocyte (stages 1-7); (2) restriction of RNA to the oocyte cortex (stage 8); (3) further 

restriction of RNA to the anterior oocyte cortex (stages 9-lOa); and (4) maintenance of 

RNA in the anterior cortex of late stage oocytes (stages lOb-14). We conclude that the N4 

3'UTR is capable of directing Adducin-like N4 RNA localization to the oocyte in early 

oogenesis and within the oocyte at later stages. 



47 

The 3'UTR is the only region within the Adducin-like N4 transcript that is 

capable of directing localization during oogenesis 

We have shown that the N4 3'UTR is sufficient to direct localization of transcripts 

bearing this 3'UTR to the oocyte. To examine whether localization signals might also exist 

in other regions of the transcript, two additional reporter constructs, pAddtag3'UTR and 

pORFtagtub, were made. pAddtag3'UTR carries the full-length Adducin-like N4 cDNA 

sequence, with the lacZ tag inserted between the coding region and the N4 3'UTR, and the 

resulting reporter transcript of approximately 5.5 kb is localized in the normal N4 pattern 

(Figure 10). pORFtagtub carries the Adducin-like N4 5'UTR and coding region and the 

lacZtag, but replaces the N4 3'UTR with the a-tubulin 3'UTR, so that the pORFtagtub 

reporter transcript is approximately 6 kb. The a-tubulin 3'UTR has been shown to 

promote RNA stabilization and polyadenylation but does not direct RNA localization (57, 

78). Whole-mount in situ hybridizations, using an antisense {3-galactosidase RNA probe 

on ovaries from flies transgenic for pORFtagtub, showed that the reporter transcripts were 

present in nurse cells at stages 10-11 but were not localized within the oocyte at any stage 

of oogenesis (Figure 10). Clearly there are no elements capable of directing N4 localization 

outside of the 3'UTR. 

Localization signals for early transport of Adducin-like RNA into stage 1-7 

oocytes map to the central region of the N4 3'UTR (ALEl element, nt 150-

250) 

To determine the nature of the localization tags within the N4 3'UTR sequence, a 

series of reporter constructs containing successive 5' or 3' deletions in the N4 3'UTR was 

made (Figure 11). In addition, reporter constructs with internal deletions of 50 bp or 100 

bp were also made. Each reporter construct contained the hsp26-Sgs3 cassette and a short 

lacZ tag, fused to a mutated N4 3'UTR. Constructs were made using a PCR cloning 

strategy (see Materials and Methods). 
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Early transport of reporter RNA from the nurse cells into the oocyte is normal when 

the reporter transgene (pAdd3'UTR) contains the complete 345 nt N4 3'UTR (see Figure 

9). Deletion of the first 150 nt of the N4 3 'UTR has no effect on the transport of the 

reporter transcript to the oocyte at stages 1-7 of oogenesis (Figure 12). However, deletion 

of another 50 nt, so that the first 200 nt are missing, abolishes transport of the reporter 

transcript. Within the resolution of this analysis, this places the 5' boundary of the 

localization tag affecting early transport at nt 150. Consistent with this result, further 5' 

deletions also abolish localization. 

It is important to note that although we are assuming here that the effect of these 

deletions is to abolish early transport and localization, it is also possible that what we are 

actually seeing is the effect of deletion of an element responsible for stability of the RNA in 

the oocyte. RT-PCR was used to verify that full-length reporter RNA from selected 

transgenes is present even when no localization is detectable in the oocyte, and these 

experiments are detailed later in the Results. 

Successive deletions inward from the 3' end of the N4 3'UTR show that deletion of 

the last 95 nt of the 3'UTR, leaving nt 1-250 intact, has no effect on reporter transcript 

localization in early oogenesis. Removal of additional 50 nt increments from the 3' end 

abolishes reporter RNA localization. The 3' boundary of the localization tag affecting early 

transport can therefore be mapped to nt 250. 

Analysis of 5' and 3' deletions of the 3'UTR thus shows that the localization 

element responsible for directing early transport of Adducin-like RNA into the oocyte is 

found between nt 150-250. Internal deletions of 50 nt (Li50-1, Li50-2, Li50-3, Li50-4, and 

Li50-5) and 100 nt (Lil00-1, Lil00-2, and Lil00-3) were also generated and their effects on 

early transport of the reporter RNA into the oocyte were examined by whole-mount in situ 

hybridization (Figure 12). Deletions which leave the presumptive "early transport element" 

intact (Li50-1, Li50-4, Li50-5) have no effect on early transport of reporter RNA to the 

oocyte. However, all internal deletions which overlap the presumptive "early transport 
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element" abolish localization (~50-2, ~50-3, ~100-1, M00-2, M00-3). We have named 

this element ALEl (Adducin-like localization ~lement 1), and it extends from nt 150-250. 

The localization tag responsible for early transport of Adducin-like RNA into the 

oocyte is defined by the deletion analysis as residing at or within nt 150-250. While 

deletion analysis shows which parts of the 3'UTR are necessary for localization to the 

oocyte, it cannot address what region of the 3'UTR is sufficient for early transport and 

localization. To test for sufficiency, ovaries from flies transgenic for a reporter construct 

including nt 100-250 of the N4 3'UTR were examined. Whole-mount in situ 

hybridizations of these transgenic ovaries with antisense /3-galactosidase RNA probe 

showed that nt 100-250 of the N4 3'UTR could successfully direct proper localization of 

reporter RNA in early oogenesis (Figure 12, panel U). Our conclusion that ALEl is the 

early transport element for Adducin-like N4 mRNA is supported by these results. 

The element directing cortical restriction of Adducin-like RNA within stage 

8 oocytes maps to the same region of the N4 3'UTR (ALEl) as the region 

affecting early transport 

Stage 8 oocytes normally contain Adducin-like RNA restricted to the cortex as a 

thin layer just beneath the plasma membrane. All deletion transgenes in which the 3'UTR 

region from nt 150 to 250 (ALEl) remained intact were able to produce correctly localized 

reporter transcripts in stage 8 egg chambers (Figure 13). Conversely, deletions which 

overlapped ALEl abolished localization at stage 8. 

Reporter transcripts bearing only nt 100-250 of the N4 3'UTR are fully capable of 

correct localization to the cortex in stage 8 oocytes. Thus for stage 8 localization, the 150-

250 element is necessary, and the 100-250 region is sufficient. 
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Localization signals affecting initial anterior restriction of Adducin-like 

RNA within stage 9-l0a oocytes map to ALEl plus two partially redundant 

elements between nt 50-100 and between 100-150 of the N4 3'UTR 

At stages 9-lOa, reporter RNA carrying the full 345 nt N4 3'UTR is tightly 

confined to the anterior of the oocyte. Deletion of nt 1-50 of the N4 3 'UTR has no effect 

on transcript localization at stages 9-l0a (Figure 14). Removing nt 1-100 results in 

decreased levels of anteriorly localized RNA, while deletion of nt 1-150 abolishes 

localization entirely. Deletions overlapping ALEl (nt 150-250) also abolish localization. 

3' deletions of nt 250-345 do not affect anterior localization at stages 9- lOa. 

Removal of both the 50-100 and 100-150 sequences (5' d3) abolishes localization 

entirely, whereas deletion of each region individually does not have that effect. Having nt 

50-100 but not 100-150 results in a diminished level of anteriorly localized reporter 

transcript at stages 9-lOa (Li50-4). Having nt 100-150 but not 50-100 results in either a 

diminished level of anteriorly localized reporter transcript (5' d2, 100-250) or does not 

affect the level of anteriorly localized reporter transcript (Li50-5). 

Stage 9-1 0a localization signals thus are additive to those directing early transport; 

both the ALEl element (nt 150-250) and the 50-150 region are necessary for initial anterior 

localization of reporter RNA at stage 9-1 0a. Deletions of subregions 50-100 or 100-150 

affect the amount oflocalized RNA but not the pattern (with the exception of transgene 

Li50-5, which contains a deletion of nt 50-100 but directs completely normal anterior 

localization). However, while the region from nt 50-150 is necessary for initial anterior 

localization, it is not sufficient to drive normal anterior localization by itself. Reporter 

transcripts from trans genes containing nt 1-100 (3' d5) or 1-150 (3' d4) do not show 

anterior localization at stage 9-1 0a. 

The 100-250 region by itself is partially sufficient to direct wild-type anterior 

localization ofreporter RNA at stages 9-lOa. While the pattern of localization is normal 

(tight anterior localization), the level of reporter RNA is diminished. 
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Localization signals affecting maintenance of Adducin-like RNA at the 

anterior of stage l0b-11 oocytes map throughout the 3'UTR 

At stage 1 0b-11, the nurse cells begin bulk transfer of their cytoplasmic contents to 

the oocyte, including RNAs not previously transported. Cis-acting localization signals 

functioning during this time period are therefore likely to be affecting tethering of Adducin­

like N4 RNA at the anterior of the oocyte, or stability of the transcript, rather than directing 

specific transport. Deletion analysis reveals that multiple elements contribute to localizing 

Adducin-like N4 transcripts to the anterior of stage lOb-11 oocytes (Figure 15), and that 

the entire N4 3'UTR is required for proper localization at stage lOb-11. Successive 50-nt 

deletions from the 5' end (5' L1l, 5' L12, 5' L13) result in changes in both pattern and level of 

reporter RNA. Removal of the first 50 nt (5' L11) produces reporter transcripts that are 

localized to the anterior but not as tightly as normal. Removal of another 50 nt (5' L12) also 

results in a slight diffusion of the mRNA from the anterior, similar to 5' L11, and a lower 

level of localized mRNA as well. As is the case for stage 9-1 0a, separate deletions of nt 

50-100 and nt 100-150 impair localization, but deletion of both regions at the same time 

abolishes localization (5 ' L13). 

Successive deletions from the 3' end (3' L11, 3' L12) show increasingly abnormal 

reporter RNA distribution at stages 1 0b-11, until localization is abolished by deletion of nt 

200-345. All deletions that overlap ALEl (nt 150-250) also prevent reporter mRNA 

localization. 

Only the 100-250 region is sufficient to direct anterior localization by itself at stage 

1 0b-11. However, the 100-250 region is not completely sufficient, as these transgenic 

oocytes show some impairment of reporter transcript localization. Reporter transcripts do 

show enrichment at the anterior but are also slightly delocalized or ectopically localized in 

addition. Transgenes bearing various regions from nt 1-150 (3'i14, 3' L15, 3'i16) and 250-

345 (5' i15, 5' L16) are not able to produce localized reporter trancripts. Thus none of the 

elements outside of ALEl are able to independently direct localization at stage lOb-11. 
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Localization signals affecting maintenance of Adducin-like RNA at the 

anterior of stage 12-14 oocytes map throughout the 3'UTR 

The entire N4 3'UTR contributes to maintaining Adducin-like N4 transcripts at the 

anterior of stage 12-14 oocytes (Figure 16). All deletions which overlap ALEl (nt 150-

250) abolish reporter transcript localization in late stage oocytes. Transgenes with deletions 

of the first 50 nt (5' dl) are still able to produce anteriorly-localized RNA but there is also 

delocalized RNA visible throughout the oocyte. Deletion of nt 50-100 (5' d2, d50-5) 

results in a drop in the levels of localized RNA and sometimes in a change in pattern, from 

anterior to dorsal anterior. Deletion of nt 100-150 results in either complete delocalization 

(5' d3) or anterior localization of reporter RNA plus slight delocalization throughout the 

oocyte (d50-4). These results are similar to the mapping results from stage 9-lOa; there 

may be two redundant elements at nt 50-100 and 100-150, since loss of either one alone 

impairs but does not abolish localization, while loss of both simultaneously does abolish 

localization. Deletion of nt 250-300 produces some impairment of anterior localization, 

which appears as a slight diffusion of RNA from the entire anterior cortex (100-250, d50-

1 ), or as a delocalization from all but the anterior dorsal "comer" of the oocyte cortex (d50-

1 ), or as relatively normal but weak anterior localization (3 '~). The last 45 nt seem to be 

the least important in terms of directing stage 12-14 localization, since removal of nt 300-

345 results either in no effect, or in a slight delocalization from the anterior, depending on 

the specific transgenic line. Stage 1 embryos transgenic for deletions of the first 150 nt 

(5' dl, 5' d2, 5' d3) or last 45 nt (3' dl) were also examined for localization, since late 

stage oocytes are difficult to prepare and stain well. Deletion of the first 50 nt (5'dl) had 

the effect of significantly reducing the level of localized RNA, but anterior localization 

remained intact. No reporter RNA was detected in stage 1 embryos transgenic for 5 'd2 or 

5' d3. Deletion of the last 45 nt (3' dl) had little to no effect on either level or pattern of 

localization in stage 1 embryos (data not shown). 
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As is the case for other stages, the 100-250 region is the only one capable of 

directing anterior localization at stages 12-14. None of the other regions of the N4 3'UTR 

can confer localization by themselves. 100-250 reporter transcript localization is not fully 

normal, as it is not as tightly maintained at the anterior of stage 12-14 oocytes. 

Early transport vs. late transport of reporter RNA 

Figure 17 presents a summary of in situ hybridization results for all deletion 

constructs through all stages of oogenesis. The stages of localization are abbreviated as T 

(for early transport from the nurse cells into the oocyte), C (for cortical localization within 

the oocyte at stage 8), and A (for anterior localization at stages 9-14 ). Stages 1-7 are 

designated either as T ++ or T-, indicating that early transport is either normal or does not 

occur. Stage 8 is designated as either C++ or T-, to show that either localization shows the 

normal restriction to the cortex, or that there is no reporter RNA within the oocyte. Stages 

9-lOa are coded as either A++ or A+, depending on whether anterior localization is normal 

or slightly impaired, or T-, to indicate that no reporter RNA has been transported to the 

oocyte. For stages lOb-14, the code changes to A++, A+, A+*, or A-, to indicate whether 

anterior localization is normal, slightly impaired, normal plus ectopic, or completely absent. 

The change in code for later stages marks an important issue with respect to 

transport into the oocyte. RNA transport from the nurse cells to the oocyte during stages 1-

10 appears to be a highly selective process. Tritiated uridine studies suggest that most 

maternal RNAs are synthesized by and retained within the highly polyploid nurse cells at 

this time, while the oocyte is transcriptionally quiescent, with the caveat that the bulk of 

RNA synthesis detected by this method would be ribosomal RNA (45). Microtubule 

inhibitors administered in early oogenesis disrupt oocyte growth as well as early transport 

and localization of bicoid RNA (64). The selectivity of the RNA transport process 

probably lasts only until stage 1 0b-11, when the nature of nurse-cell-to-oocyte transport 

changes radically. At the end of stage 10 and the beginning of stage 11, the nurse cells 
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begin to rapidly dump their cytoplasmic contents into the oocyte, completing the non­

specific transfer of cytoplasm, RN As, and non-nuclear organelles in approximately thirty 

minutes (72). Nurse cell dumping is not affected by microtubule inhibitors, but is 

prevented by cytochalasin, which disrupts actin polymerization (33, 32). Clearly there are 

different mechanisms operating during the two phases of transport. During the stages 

when early transport is operating, reporter RNA is not likely to be present in the oocyte 

unless specifically targeted there. At later stages, when the cytoplasmic contents of the 

nurse cells are transferred to the oocyte, reporter RNA will be present in the oocyte whether 

or not early transport has occurred. Our coding scheme reflects this separation of early and 

late transport. 

Summary of localization elements found in the Adducin-like N4 3'UTR 

The N4 3'UTR localization elements are summarized and schematically depicted in 

figure 18. The 100-250 region is completely sufficient to drive early transport of reporter 

RNA in stages 1-7 and cortical localization at stage 8. Of this region, only nt 150-250 (the 

ALEl element) is necessary for early transport and cortical localization. We would like to 

know whether the ALEl element alone has the capability to direct reporter RNA 

localization. That will require additional experiments, which are currently in progress. For 

initial anterior localization (stages 9-lOa) and later maintenance at the anterior (stages lOb-

14 ), the 100-250 region is only partially sufficient. Reporter RNA from the 100-250 

transgene is localized to the anterior of the oocyte at the appropriate time, but either at a 

lower level (stage 9-lOa) or not as tightly as normal (stages 11-14). Also, in a small 

percentage of the late-stage 100-250 transgenic oocytes, reporter RNA is dispersed 

throughout the oocyte in addition to being enriched at the anterior. However, since 

endogenous Adducin-like is being localized concurrently with reporter RNA to the anterior 

of transgenic oocytes, the dispersed reporter RNA may simply reflect overloading of the 

localization apparatus. 



55 

The observations from the 100-250 transgene show that there are likely to be 

additional binding sites outside of the 100-250 region necessary for correct anterior 

localization and maintenance. The results from deletion analysis support this conclusion. 

Removal of any region outside of nt 100-250 produces impairment in either the pattern or 

level of anterior localization or both, with one exception: deletion of nt 50-100 in trans gene 

L\50-5 has no effect on either pattern or level of anteriorly localized reporter RNA. There 

also appears to be an element within nt 50-150, probably within 100-150, that is essential 

for anterior localization from stages 9-14. 

The predicted secondary structure for the N4 3'UTR includes five stem­

loops 

The N4 3 'UTR is predicted to have extensive secondary structure (Figure 19). The 

most energy-efficient structure generated by the GCG MFOLD program shows five stem­

loops organized around a common center. ALE 1 is part of predicted stem-loop 3. 

RT-PCR of selected transgenes shows that reporter transcripts from both 

localized and non-localized lines are full-length 

To verify that full-length reporter RNA was present but delocalized (as opposed to 

prematurely truncated and therefore undetectable due to degradation, or unstable due to 

misfolding or deletion of an element conferring stability), total RNA was prepared from 

whole female flies homozygous for selected transgenes (pAdd3'UTR, 5' L\2, 5' L\4, 5' L\6), 

and used as a substrate for RT-PCR. All transgenes used in this analysis were derived 

from pAdd3 'UTR and are transcribed only in ovaries, as the hsp26 promoter is nurse-cell 

specific (22). Reporter transcripts which contained either the full-length Adducin-like N4 

3'UTR (pAdd3'UTR) or deletions of the first 150 nt or less of the N4 3'UTR (5' L\2) were 

successfully localized to the oocyte in stage 1-7 egg chambers. Those reporter transcripts 
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which contained larger deletions of the N4 3'UTR (5' ~4, 5' ~6) were not detectable by 

whole-mount in situ hybridization at early stages of oogenesis. 

The upstream PCR primer amplifies from the 5'-most end of the lacZ tag of the 

reporter construct, while the downstream primer amplifies from the 3'-most end of the 

complete N4 3'UTRjust prior to the poly A tail. For the positive control, RNA was 

prepared from homozygous pAdd3'UTR female flies, which are expected to contain 

oocytes producing reporter transcripts with the full-length N4 3'UTR. A single PCR 

product of 874 bp was predicted for the positive control. For each of the experimental 

lines, which used RNA prepared from homozygous 5' ~2, 5' ~4, and 5' ~6 female flies 

respectively, single PCR products of 774,674, and 574 bp were predicted. In each case, a 

single band of the expected size was detected (Figure 20). 

Transgenes pAdd3'UTR and 5' ~2 are able to direct localization of the resulting 

reporter transcript but trans genes 5' ~4 and 5' ~6, which delete the first 200 and 300 bp of 

the 345 nt 3'UTR, are not able to direct localization. Nevertheless, RT-PCR indicates that 

these transgenes produce RNA of the appropriate length, showing that the lack of in situ 

signal is due to the reporter RNA being present but unlocalized. Presumably this result can 

be generalized, meaning that reporter RNA should also be present but unlocalized in 

transgenic oocytes carrying other N4 3'UTR deletions which do not succeed in producing 

localized transcripts. We cannot exclude the possibility that there are stage-specific stability 

effects which are not revealed by this type of analysis (since RNA from all stages is 

combined), but it seems unlikely. 

swallow acts through the Adducin-like 3'UTR 

swallow (sww) is known to be required for Adducin-like RNA localization during 

oogenesis (15). Since the Adducin-like RNA localization signals are contained within the 

3'UTR, the Swallow protein may influence Adducin-like localization by direct or indirect 

interaction with the 3'UTR. To test this possibility, flies transgenic for pAdd3'UTR were 
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crossed into a sww mutant background. Two alleles of sww were used: sww1, one of the 

strongest sww alleles and sww6, a weaker allele (36). Females were selected which were 

homozygous for pAdd3'UTR and also carried either swwl/swwl or swwl/sww6. We 

were not able to obtain homozygous sww 6/sww 6 females, as our stock seems to have 

accumulated an unrelated lethal mutation. Localization of reporter transcripts in egg 

chambers from sww mutant females was examined by whole-mount in situ hybridization 

using an antisense {3-galactosidase RNA probe (Figure 21). 

sww1 has no detectable effect on the first three stages of pAdd3'UTR reporter 

transcript localization. Reporter RNA is correctly transported into early stage oocytes from 

sww1/sww1 mothers, restricted to the oocyte cortex at stage 8, and further restricted to the 

anterior oocyte cortex at stages 9-10. The effects of sww1 on reporter RNA localization are 

first visible in late stage 9 oocytes, which show anterior expression that is less tightly 

restricted than normal. In stage 1 Ob oocytes, transcripts are detectable only at the anterior 

dorsal comer rather than along the entire anterior of the oocyte. By stages 11-12 reporter 

transcripts have been completely delocalized within the oocyte and remain delocalized 

through the rest of oogenesis. 

The effect of the two sww alleles in trans to one another differs only slightly from 

the effect sww1 has when homozygous. In oocytes from mothers with a sww1!sww6 

background, the first two stages of reporter RNA localization are normal. Initial anterior 

RNA localization is somewhat abnormal; while reporter RNA is clearly detectable at the 

anterior, it is more diffuse and not as tightly localized as normal. Localization begins to 

disappear at stages 11-12 and is completely gone by the end of oogenesis. 

sww thus plays a role in maintenance of reporter RNA at the anterior of the oocyte 

(15), once anterior localization has been established in mid-to-late oogenesis. Our results 

show that sww's effect on RNA localization is exerted through the 3'UTR of the transcript. 

If Swallow does in fact act through the 3'UTR, then deletion of the site(s) through which 

Swallow acts should produce the mutant phenotype described above: normal early transport 



58 

into the oocyte during stages 1-7, cortical localization of reporter RNA at stage 8, followed 

by anterior localization that may be normal or somewhat diffuse at stages 9-10, a failure to 

maintain tight anterior localization at stages l0b-12, and delocalization in late oogenesis. 

None of the deletion transgenes yield in situ results that completely fit this phenotypic 

description. Possible explanations are: first, there may be multiple sites through which 

Swallow acts in theAdducin-like N4 3'UTR, and no deletion overlapped enough sites to 

produce a phenotype, or second, Swallow target sites may lie within ALE 1. At present we 

cannot distinguish between these alternatives. 
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DISCUSSION 

Alternative splicing: The Drosophila Adducin-Iike family of proteins 

We have recovered four classes of Adducin-like cDNAs (Rl, N4, R2, N32) from 

ovarian and early embryonic cDNA libraries, representing alternatively spliced Adducin­

like transcripts encoding three polypeptides. Whole mount in situ hybridizations using 

probes specific to the Rl, N4, and R2/N32 3'UTRs show that transcripts bearing these 

3'UTRs are directed to separate locations within the developing egg chamber (the follicle 

cells, the oocyte and the nurse cells, respectively). All three predicted Adducin-like protein 

isoforms have the same N-terminal region but are different lengths and have different C­

termini. 

Four Drosophila adducin-related proteins (Add-140, Add-95, Add-87, and Add-60) 

have been reported (52, 89, 66). Of these adducin-related proteins, only two can be 

correlated with our cDNAs so far. Add-140 is most likely encoded by N4, and Add-60 is 

probably processed from Add-140 (66). More work is needed to establish conclusively 

whether Add-87 and Add-95 are isoforms of Adducin-like or represent other adducin­

related proteins, since neither signal diminishes in Adducin-like mutant ovaries (hts1, L. 

Cooley, pers. comm.). 

It is likely that we have not recovered all the Adducin-like cDNAs, since our 

cDNAs do not all correlate with previously published Northern blot band sizes, and since 

there are Adducin-like protein isoforms that do not all match up to our cDNAs. In addition, 

we expect that there may be other isoforms specific to later development or adulthood and 

to the brain. 
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The Rl class of Adducin-like RNA encodes the Drosophila orthologue of 

human adducin 

Of all the Drosophila Adducin-like proteins, the one predicted to be encoded by the 

Rl class of Adducin-like RNA shows the highest homology to human adducins and most 

closely matches the human adducins in size. Rl is the only Drosophila Adducin-like 

protein predicted to contain a MARCKS-related motif at the C-terminal end. The core 

sequence of the MARCKS-related motif is identical in Rl and human adducins, including 

the serine residue which has been shown to be the target for PKA and PKC 

phosphorylation in human adducins . 

The MARCKS-related sequence also functions in human adducins to bind 

calmodulin (59). Calmodulin-binding and phosphorylation are reciprocally inhibitory 

processes for human adducins (59). Both calmodulin and PKA phosphorylation of human 

adducin also inhibit binding of adducin to spectrin-actin complexes and recruitment of 

additional spectrin molecules to the complexes by adducin (25, 59). Calmodulin binding 

downregulates the ability of adducin to act as a barbed-end capping protein for actin (47). 

PKC phosphorylation of human adducin redistributes adducin away from cell-cell contact 

sites in cultured epithelial cells (39). Rl Adducin-like activity is likely to be regulated by 

signal transduction pathways similar to those affecting human adducins. 

Given that Drosophila Rl Adducin-like transcripts appear to be localized to the 

follicle cells throughout oogenesis, what might the function of Rl protein be during 

Drosophila oogenesis? Adducin and Adducin-like proteins which contain a MARCKS­

related site are likely to have some functions in common with MARCKS proteins. Human 

MARCKS proteins are thought to contribute to phagocytosis, neurosecretion and actin­

based cell motility by promoting highly localized rearrangements and destabilization of the 

actin cytoskeleton (2, 1, 3). Human adducins are also capable of promoting local 

cytoskeletal rearrangements and dynamic changes in actin-spectrin cytoskeletal stability at 

cell-cell contact junctions and are candidates to mediate synaptic plasticity (39, 68). 
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Drosophila RI Adducin-like is likely to be involved in similar processes involving 

cytoskeletal remodeling of follicle cells, since they undergo extensive shape changes, 

migrations, secretory processes, and alterations of cell surface properties during Drosophila 

oogenesis (the roles follicle cells play in oogenesis are reviewed in 72). At the beginning 

of oogenesis, the progeny of somatically-derived stem cells migrate from the wall of the 

germarium to surround the 16-cell germinal cysts. During later oogenesis, specific 

subpopulations of follicle cells migrate to separate the anterior of the oocyte from the nurse 

cells, secrete vesicles containing components of the vitelline membrane, undergo rapid cell 

shape change to accommodate the elongation of the egg chamber, lay down the chorion 

(eggshell) and participate in forming distinct chorion structures such as the micropyle and 

dorsal appendages. All of these processes require substantial, dynamic, and coordinated 

cytoskeletal change. The Rl isoform of Drosophila Adducin-like, with its potential for 

regulation through multiple signal transduction pathways, is an excellent candidate for 

mediating some of these extensive cytoskeletal changes within the follicle cells during 

oogenes1s. 

Organization of the Adducin-like N4 3'UTR localization signals 

The Adducin-like N4 transcript is targeted specifically to the oocyte within the 

nurse-cell oocyte complex, and then localized within the oocyte. By analyzing the 

distributions of reporter transcripts containing systematic deletions of the N4 mRNA, we 

have shown that the signals responsible for directing all phases of localization reside within 

the 345 nucleotide (nt) 3'UTR of the Adducin-like N4 transcript, and that the 3'UTR is 

both necessary and sufficient to direct N4 mRNA localization. 

Early transport of Adducin-like N4 mRNA to the oocyte is directed by a cis-acting 

element within nt 150-250 of the 3'UTR. We have named this cis-acting signal ALEl. 

Deletions overlapping this region abolish reporter trancript localization. Interestingly, the 

transient cortical restriction of N4 RNA at stage 8 is also directed by ALEl. It is not clear 
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whether there are two separable signals within the 150-200 region or whether early 

transport and cortical restriction are driven by the same process and therefore directed by 

the same localization signal. Further dissection of the ALE 1 region by deletion analysis 

would help to resolve this issue. 

In contrast to the signals directing early transport, those directing anterior 

localization of N4 transcripts during stages 9-14 are more complex and show functional 

redundancies. ALEl is required for anterior localization during stages 9-14. Deletion 

analysis shows that there are also two separable and redundant signals contained within nt 

50-100 and 100-150 of the 3 'UTR. Removal of both these signals abolishes localization 

during stages 9-14, as does removal of ALEl, with one exception: the Li50-5 transgene, in 

which nt 50-100 are removed, produces reporter transcripts that are localized normally to 

the anterior at stage 9-1 0a. Thus the more important of the two elements seems to be 

contained within nt 100-150. At stages lOb-11, deletion of any part of the 3'UTR either 

impairs or abolishes localization and so the entire 3'UTR is necessary for normal stage 

1 0b-11 anterior localization. At stages 12-14, all but the first 50 and last 45 nt of the 

3'UTR play a role in anterior localization. Although elements other than ALEl are 

necessary for late localization to the anterior, none of them are able to function 

autonomous! y. 

In addition, we have shown that a reporter transcript containing only nt 100-250 of 

the Adducin-like N4 3'UTR (nt 100-150 plus ALEl) is capable of correct localization in 

early stages (1-8) of oogenesis. However, the 100-250 region is not completely sufficient 

to direct stage 9-14 anterior localization. Stage 9-14 oocytes bearing this transgene show a 

slight change in either pattern or level of anterior localization of reporter mRNA; reporter 

mRNA is enriched at the anterior but either not as tightly as normal or there is not as much 

of it as normal. This suggests that ALEl is necessary but not sufficient to direct the correct 

pattern and level of Adducin-like N4 localization, since additional cis-acting elements are 

required for wild-type late localization. 
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In a small percentage of oocytes carrying the 100-250 transgene, reporter RNA is 

dispersed throughout the oocyte in addition to being enriched at the anterior. While it is 

likely that cis-acting elements other than ALE 1 are necessary for late anterior localization, 

an alternative explanation is that the dispersed reporter RNA may simply reflect saturation 

of the localization apparatus, since endogenous Adducin-like is being localized concurrently 

with reporter RNA to the anterior of transgenic oocytes. 

How do Adducin-like N 4 localization signals compare to those found in 

other Drosophila oocyte-localized RNAs? 

Is there likely to be a single early transport pathway for all Drosophila oocyte­

localized RNAs, and thus a common early transport element in Drosophila? Adducin-like, 

orb , Kl 0, oskar, cyclin B, gurken, Bic-D, and tudor mRNAs undergo early transport at 

about the same time, as all of these mRNAs are first localized to the presumptive oocyte 

within the germarium (48, 10, 15, 18, 42, 12, 62, 76, 31). For a subset of these mRNAs 

(Adducin-like, orb, KIO, and oskar), 3'UTR early transport localization signals have been 

at least partially mapped (49, 10, 69, 43). 

The orb 3'UTR is 815 nt; division of this 3'UTR into two non-overlapping halves 

leaves each half with the ability to direct early transport ( 49). Clearly there are at least two 

elements within the orb 3'UTR capable of directing early transport to the oocyte. A central 

sequence of 280 nt which overlaps the two regions described above has been defined as 

completely sufficient to produce normal orb localization throughout oogenesis, and may 

contain both of the early transport elements ( 49). One of the orb early transport elements 

has been defined: a 42 nt sequence which is predicted to fold into a stem-loop and can 

direct early transport and anterior localization through stage 9 (69; R.S. Cohen, pers. 

comm.). 

KIO possesses a 44 nt stem-loop sequence which is capable of directing early 

transport (the TLS element, for .transport and localization £equence) and contains a region 
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in the stem that is strongly homologous to the orb early transport signal (69). In fact, the 

orb early transport element was first identified by its similarity to the KIO sequence (69). 

Although Kl O and orb have very similar early transport elements, these signal sequences 

do not resemble the ALEl element of Adducin-like in terms of primary sequence. 

However, all three are predicted to form stem-loop structures (KIO and orb, 69; ALEl, see 

Figure 19). Mutagenesis of the KIO TLS element shows that the stem rather than the loop 

is the functional part of the localization element, and also suggests that base-pairing is more 

important than primary sequence (69). This is similar to what has been shown for Staufen 

binding sites within the bicoid 3'UTR (20). 

The oskar 3'UTR is 1043 nt (43). For oskar, two adjacent deletions (olc 15 and 

16, or Qskar localization ~onstruct) within the 3'UTR of 148 and 111 nt each severely 

impair early transport (43). Finer-scale mapping has not yet been done for oskar early 

transport elements. 

With the exception of the localization element common to KIO and orb, there does 

not seem to be a shared element responsible for early transport of specific mRNAs into the 

Drosophila oocyte. This may reflect a difference in subsequent localization patterns and 

pathways, and thus the need for different trans-acting localization factors. 

Distribution patterns of localized RN As in later oogenesis vary considerably, and 

deletion analysis shows that the signals for later stage localization are correspondingly 

complex. For example, two separate deletions ( olc 13 and olc 17) impair the transient 

phase of anterior oskar localization at stage 9 (43). The posterior localization of oskar 

mRNA in late oogenesis can be abolished by deletion of the region corresponding to olc 21 

(43). The olc 21 region also contains redundant signals, since its two components (olc 11 

and 12) can individually be deleted without much effect on posterior localization. This 

redundancy is similar to what is seen in Adducin-like localization, since the signals at nt 50-

100 and 100-150 can individually be deleted with minor effects on stage 9-14 anterior 

localization, but abolish localization when deleted simultaneously. 
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Deletion analysis and the complexity of 3'UTR localization elements 

The TLS element of KIO (69), the BLEl element of bicoid (54), and the ALEl 

element of Adducin-like N4 are allcis-acting localization elements within Drosophila mRNA 

3'UTRs. Each is sufficient to direct a particular pattern of RNA localization when attached 

to a heterologous reporter RNA (although BLEl is only sufficient when present in two 

copies; 54). Localization elements are likely to consist of binding sites for RNA-binding 

proteins (or possibly other RNAs), and it has been proposed that localization pathways 

result from combinatorial use of such binding sites (43, 54, 49). Why, then, has it not yet 

been possible to obtain precise definition of many of these localization elements? 

First, the apparent complexity of the localization signals present in 3 'UTRs may be 

due to the three-dimensional structure of the signals and their presentation to RNA-binding 

proteins, and to the inability of deletion analysis to fully address these aspects. RNAs can 

fold not only into secondary stem-and-loop structures but also into tertiary structures where 

loops interact (termed pseudoknots; 85). Furthermore, RNAs can form quaternary 

structures by interacting with each other, as has been shown for the bicoid 3'UTR, which 

dimerizes by base pairing between certain single-stranded loops (20). This means protein 

binding sites can potentially be composed of subelements that are far apart in the primary 

sequence. Staufen protein, for example, binds to three noncontiguous double-stranded 

stems of stem-loop structures within the bicoid 3'UTR (19). In addition, Staufen binds to 

dimerized bicoid mRNAs, at the double-stranded regions where base-pairing occurs 

between single-stranded loops of different bicoid mRNA molecules (20). Staufen is 

required to maintain anterior localization of bicoid at the anterior of stage 13-14 oocytes and 

early embryos (73). 

Second, the complex and redundant nature of 3'UTR localization signals strongly 

suggests that multiple binding sites for a given protein may exist. When multiple binding 

sites exist, either one protein might fully occupy a single binding site, so that multiple 

binding sites would be occupied by a corresponding number of proteins, or one protein 
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may make multiple contacts with the folded RNA. Deletion of one of many binding sites 

could thus potentially have only a subtle effect (or no effect) on localization, if other 

binding sites are able to compensate. This might be the case for orb, where each half of an 

815 nt subregion of the 3'UTR is able to direct early transport (49). Alternatively, if all 

binding sites are necessary, deletion of one of many sites would abolish localization 

completely. In the case of Staufen, all three of the binding sites in the bicoid 3' UTR are 

necessary; linker-scanning substitutions within any of them abolish bicoid localization ( 19). 

Third, complexity in defining binding sites by deletion analysis might be due to 

misfolding induced by specific deletions. Removal of part of a region which normally 

forms a double-stranded stem leaves the other part free to base-pair in novel ways, and thus 

could potentially interfere with normal folding of the remainder of the 3 'UTR. 

Fourth, deletion analysis is a good first approach but generally does not provide 

high resolution, as deletions are typically 30 nt or more while actual binding sites are likely 

to be smaller. It is clear that more precise definition of the cis-acting localization signals 

within 3'UTRs is necessary. This requires both finer-scale mapping methods and 

characterization of RNA-binding proteins (trans-acting factors) which recognize those 

signals. For instance, UV-crosslinking methods have been used to identify a protein (Exl, 

for exuperantia-like) which binds to the bicoid 3'UTR via the BLEl localization element 

and to further define Exl's binding site within BLEl (55). 

Trans-acting factors in Adducin-like RNA localization: the role of Swallow 

Swallow is the only trans-acting factor that has been identified in the Adducin-like 

RNA localization pathway (15). swallow function is required for Adducin-like RNA and 

Add-87 protein localization and bicoid RNA localization to the anterior of the oocyte, as 

well as posterior polar plasm and polar granule localization (90, 6, 73, 36). Although 

putative RNA-recognition motifs (RRMs) have been identified in Swallow protein, these 

motifs are very divergent from consensus RRMs (8) and there are no data to indicate 
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whether Swallow is capable of binding RNA directly. We have shown here that all 

localization signals in the Adducin-like N4 transcript are contained in the 3'UTR, and that 

swallow also exerts its influence onAdducin-like RNA localization via the N4 3'UTR. 

The effects of mutations in swallow are first noticeable at stage 9, when reporter transcripts 

bearing the N4 3'UTR are not as tightly confined to the anterior as normal. By stage lOb-

11, reporter RNA is localized only along the dorsal part of the anterior cortex and is also 

spreading dorsally. During stages 12-14, reporter RNA is increasingly delocalized until 

localization is lost entirely. Thus swallow is required for maintenance of Adducin-like N4 

RNA localization at the anterior cortex of the oocyte, beginning at stage 9. Our assessment 

of the timing of the requirement for swallow conflicts somewhat with a previous report of 

Adducin-like localization in swallow oocytes, which stated that delocalization from the 

anterior occurred as early as stage 7-8 (15). Our data clearly indicate that reporter 

localization is normal through stage 8; both early transport and cortical restriction of 

reporter RNA occur normally in swallow oocytes. 

Function of Adducin-like N4 RNA localization to the anterior of the oocyte 

and early embryo 

Previous work has shown that localization of Adducin-like RNA to the anterior 

cortex of stage 9-14 oocytes appears to be necessary for normal embryonic development 

(90). Mutations of the swallow gene delocalize Adducin-like RNA and Add-87 protein in 

oocytes and result in embryos with disorganized F-actin and spectrin cytoskeletons, as well 

as defects in nuclear division, nuclear migration, and cellularization (90, 36). swallow 

mutations also produce defects in pole cell formation and abdominal pattern specification, 

as well as defects in head development, but these are due respectively to failure of swallow 

mutants to retain polar granules (ribonucleoprotein complexes) at the posterior pole and 

bicoid mRNA at the anterior pole (90, 24, 19, 73). Early embryos from homozygous 

swallow mothers exhibit the same cytoskeletal defects as early embryos from mothers 
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homozygous for the hts1
'
25 mutation, in which the Adducin-like RNA is localized normally 

but greatly reduced in amount (91, 90, 88). Having functional but non-localized Adducin­

like RNA and protein (as in swallow) thus results in the same abnormalities as having 

insufficient Adducin-like RNA and protein (as in hts1
'
25

), and shows that localization of 

Adducin-like is necessary for normal early embryonic development. It is not completely 

clear why post-fertilization cytoskeletal reorganization (which underpins the processes of 

nuclear division, nuclear migration and cellularization) should specifically require anterior 

localization of Adducin-like RNA and protein. The implication is that the cytoskeletal 

reorganization of early cleavage may begin from the anterior of the embryo. While nuclear 

division is known to initiate in the anterior center of the early Drosophila embryo (92, 82), 

there is not extensive evidence to support an anterior origin for embryonic cytoskeletal 

reorganization. 

Functions of alternative splicing in development 

Many, if not most, genes seem to produce alternatively spliced transcripts, but the 

role of alternative splicing in development has not yet been well explored. Alternative 

splicing provides one way to vary function as well as spatial and temporal regulation of 

gene products. Through alternative splicing, a single gene such as Adducin-like can 

generate transcripts which have different 3'UTRs and which can also encode alternate 

protein isoforms. Since RNA localization signals usually reside within 3'UTRs, use of 

different 3'UTRs allows targeting of transcripts encoding specific isoforms to different 

locations. Related proteins that have different roles in development can thus be spatially 

restricted to appropriate domains of function. 

In addition, spatial restriction of function is often linked to temporal restriction of 

function. Pattern determinants such as Oskar, Bicoid, and Nanos are required not only at a 

specific location but also within a specific time frame. To control the time at which protein 

synthesis occurs, developmentally localized RNAs are frequently subject to translational 
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regulation, often by repression of translation via the 3 'UTR (reviewed in 56). Transcripts 

encoding the patterning determinant Oskar, for instance, are localized to the posterior of the 

Drosophila oocyte, and are prevented from being translated until the appropriate time 

through binding of Bruno protein to sites within the oskar 3 'UTR ( 41). In contrast to 

oskar, the cyclin B gene provides an example of alternative splicing and regulation of a 

developmentally important gene which does not encode a pattern determinant. Two cyclin 

B transcripts of 2.3 kb and 2.7 kb with the same open reading frame but variant 3'UTRs 

are expressed at different times during oogenesis (12). The 2.3 kb transcript is produced 

by splicing out a 393 nt region from the middle of the complete 776 nt 3'UTR. This 

shorter cyclin B transcript undergoes early transport to the oocyte beginning in the 

germarium and continuing through stage 7 of oogenesis, after which it is no longer 

detectable. Beginning at stage 9 the longer cyclin B transcript is synthesized in nurse cells 

and following dumping into the oocyte at stage 11, the RNA is localized to the posterior 

pole of the oocyte and embryo and taken up into the pole cells when they form (12). 

Translation of the 2.7 kb cyclin B transcript is then repressed until the pole cells begin 

proliferation in the gonad at stage 14 of embryogenesis (13). Both posterior localization 

and translational repression are conferred by elements within the part of the 3'UTR that is 

present within the longer transcript but spliced out of the shorter transcript (12, 13). Thus 

use of different 3'UTRs can confer different temporal regulation as well as spatial 

regulation of protein isoform synthesis. 

It seems likely that there are more splice forms of Adducin-like, since we cannot 

correlate all the known Adducin-like proteins with the cDNAs reported here, and our 

cDNAs in tum do not all correlate with previously reported Adducin-like transcript sizes 

(cf. 88). It will be interesting to elucidate whether alternate Adducin-like 3'UTRs confer 

temporal as well as spatial regulation of protein expression, where and when the different 

protein isoforms are translated, what roles the different isoforms play in cytoskeletal 
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organization during oogenesis and embryogenesis, and to discover why localization of the 

N4 isoform to the anterior of the oocyte is required for early embryogenesis. 
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TABLE AND TABLE LEGEND 

Table 1. Adducin-like splice forms (compared to N4 sequence). Comparison 

of the exon structure of N4 and the presumed exon structure of Rl, R2, and N32 cDNAs. 

Exon numbers in the first column correspond to those of Yue and Spradling (1992). Base 

numbers correspond to the cDNA sequence of Adducin-like published in Ding et al. , 

(1993). + indicates that the full exon is present, otherwise the base numbers of the 

corresponding N4 sequence are given. For each cDNA class, the total cDNA length given 

is for the longest clone. 
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FIGURES AND FIGURE LEGENDS 

Figure 1. Schematic comparison of Adducin-like cDNAs. Arrows represent 

splice sites. Coding sequences are shown in solid colors, while the untranslated regions at 

either end are represented by striped boxes. Note that all cDNAs share 5'UTR sequence 

and open reading frame sequence, and that the R2 3 'UTR is a truncated version of the N32 

3'UTR. Striped green: shared 5'UTR sequence. Striped yellow: 5'UTR sequence unique 

to N32. Solid red: shared open reading frame sequence. Solid light pink: coding 

extension of Rl. Solid turquoise: coding extension of R2 and N32. Striped light blue: N4 

3'UTR. Striped purple: Rl 3'UTR. Striped magenta: R2 and N32 3'UTRs. 
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Figure 2. Sequence comparison of Adducin-like cDNAs. Dots indicate that the 

nucleotide sequence is identical to the Adducin-like N4 cDNA sequence. Dashes indicate 

that the sequence is not present since it has been eliminated by splicing. N4 splice sites are 

shown in bold type, with the number above each splice site referring to the deleted intron. 

The shared ATG translation start site is shown in underlined bold type. Polyadenylation 

signals are indicated by bold type. 
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Figure 3. Comparison of Adducin-like protein sequences. Dots indicate that 

the amino acid residues indicated are identical to the predicted Adducin-like N4 peptide 

sequence. Stop codons are shown as asterisks. 
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Figure 4. Conservation of peptide sequence between Drosophila Rl 

Adducin-like and human adducin proteins. Residues that are boxed are identical 

between Drosophila Rl Adducin-like and one or more human adducins. Green: amino acid 

sequence conservation between Rl Adducin-like and all three human adducin proteins. 

Yellow: amino acid sequence conservation between Rl Adducin-like and one or two of the 

human adducins. 
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Figure 4. Conservation of peptide sequence between 
Drosophila R1 Adducin-like and human adducin proteins 
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Figure 4, p. ii: Conservation of peptide sequence between 
Drosophila R1 Adducin-like and human adducin proteins 
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Figure SA. Conservation of the major site for calmodulin binding and PKA 

and PKC phosphorylation in Drosophila and human adducin proteins. 

Amino acids conserved between any of the proteins are boxed. The serine residue which is 

the target for phosphorylation in the MARCKS-related sequence is shown in bold face and 

is also marked with an asterisk. 

Figure SB. Alternate alignments of the Drosophila and human adducins 

with the human MARCKS protein sequence. Amino acids conserved between 

Drosophila RI Adducin-like, human adducins, and MARCKS are boxed. Serines known 

to be phosphorylated are shown in bold. The repeated sequence motifs of SFKK/L in the 

MARCKS protein are underlined. 
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Figure 5A. Conservation of the major site for calmodulin binding 
and PKA and PKC phosphorylation in 

Drosophila and human adducin proteins 
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Figure 58. Alternate alignments of the Drosophila and human adducins 
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Figure 6. Possible conservation of a PKA-phosphorylated serine residue 

between Drosophila Rl and human a-adducin. Human a-adducin is 

phosphorylated by protein kinase A at the serine residue shown in bold type and marked by 

an asterisk. Note that human ~-adducin is not phosphorylated at this serine residue or at the 

other serine residues immediately adjacent. It is not possible to determine from the 

sequence homology alone whether Drosophila Rl Adducin-like (or N4 Adducin-like, 

which has identical sequence in this region of the protein) is also likely to be 

phosphorylated at this serine residue. Residues which are identical between Drosophila Rl 

and human a-adducin are boxed together. Boxes around human ~-adducin residues 

indicate identity with Drosophila Rl residues. 
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Figure 6. Possible conservation of a PKA-phosphorylated 
serine residue between Drosophila R1 and human a-adducin 
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Figure 7. Localization patterns of endogenous transcripts with different 

3'UTRs. In situ hybridization of DNA probes specific for each Adducin-like 3 'UTR 

(N4, Rl, R2/N32) to ovarioles from wild-type females. (A) During the early stages of 

oogenesis, transcripts with the N4 3 'UTR are found in discrete locations within the 

germarium (most likely the presumptive oocyte). In young egg chambers, transcripts with 

the N4 3' UTR are found in the most posterior cell (the oocyte). (B) In a stage 8 egg 

chamber, transcripts with the N4 3'UTR are restricted to the oocyte cortex. Here the 

posterior of the oocyte is in a slightly different focal plane than the anterior, causing the 

localization pattern to be less visible at the posterior. (C) At stage 9 (center egg chamber) 

transcripts with the N4 3'UTR are restricted to the anterior cortex of the oocyte. (D) In 

stage 10 egg chambers, transcripts with the N4 3'UTR are strongly expressed in nurse 

cells and are restricted within the oocyte to the anterior cortex. (E) In stage 12-14 egg 

chambers, transcripts carrying the N4 3 'UTR remain restricted to the anterior cortex of the 

oocyte. (F) Transcripts with the Rl 3'UTR are first detectable within the germarium. In 

early egg chambers, these transcripts appear to be distributed over the entire egg chamber, 

as would be the case if they were expressed within the monolayer of follicle cells 

surrounding the egg chamber. (G) Low levels of transcripts with the Rl 3'UTR are 

present in the follicle cells and thus appear to be distributed over the entire stage 8 egg 

chamber. (H) At stage 9, transcripts with the Rl 3'UTR are present in the follicle cells. (I) 

Stage 10 egg chambers show high levels of transcripts with the Rl 3'UTR in the follicle 

cells. The posterior of the oocyte is in a slightly different focal plane than the anterior; 

expression of Rl transcripts is present at the posterior though it is not as visible in this 

photograph. (J) Transcripts with Rl 3'UTRs are present in the follicle cells of stage 12-14 

oocytes. Here the ventral side of the oocyte is in a slightly different focal plane, but 

expression of Rl transcripts is present at the same levels in ventral follicle cells as in dorsal 

follicle cells. (K) Transcripts carrying R2 3'UTRs are present at low levels throughout the 

germarium and early egg chambers. (L) At stage 8, transcripts with R2 3'UTRs are found 
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only within the nurse cells. (M) In stage 9 egg chambers, R2 transcripts are found within 

the nurse cells. (N) At stage 10, R2 transcripts are found within the nurse cells. (0) In 

stage 12-14 egg chambers, following nurse cell dumping, transcripts with R2 3'UTRs are 

distributed throughout the oocyte. For all egg chambers shown, the orientation is such that 

the anterior of the oocyte is to the left and the dorsal side is up. 
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Figure 7. Localization patterns of endogenous transcripts 
with different 3'UTRs 
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Figure 8. Comparison of localization patterns for endogenous Adducin-like 

N4 transcripts vs. pAdd3'UTR reporter transcripts. A-F, in situ hybridizations 

of DNA probe for the N4 coding region to ovarioles from w1118 females . G-L, in situ 

hybridizations of antisense /3-galactosidase RNA probe to ovarioles from females 

homozygous for the pAdd3'UTR transgene. The pAdd3 'UTR transgene produces reporter 

transcripts with the N4 Adducin-like 3'UTR. (A) Adducin-like transcripts are found at 

discrete locations within the germarium, and in the posteriormost cell (the oocyte) of early 

egg chambers. (B) At stage 8, Adducin-like transcripts are restricted to the oocyte cortex. 

(C) In stage 9 egg chambers, Adducin-like transcripts are localized to the anterior cortex of 

the oocyte. (D) At stage 10, the nurse cells show strong expression of Adducin-like 

transcripts. Within the oocyte, Adducin-like mRNA is confined to the anterior cortex. (E) 

In stage lOb-11 egg chambers, Adducin-like transcripts remain at the anterior. (F) Stage 

12-14 egg chambers show Adducin-like transcripts distributed within the remainders of the 

nurse cells, and localized to the anterior of the oocyte. (G) In early egg chambers, reporter 

transcripts containing the N4 3'UTR are found only in the oocyte. The germarium is not 

shown here. (H) At stage 8, pAdd3'UTR reporter transcripts are found in the oocyte's 

cortex. (I) Stage 9 egg chambers show reporter transcripts restricted to the anterior of the 

oocyte. (J) At stage 10, reporter transcripts remain at the anterior of the oocyte and are also 

detectable in the nurse cells. (K) Reporter transcripts are found at the anterior of the stage 

lOb-11 oocyte and within the nurse cells. (L) In stage 12-14 egg chambers, reporter 

transcripts are found within the remnants of the nurse cells and restricted to the anterior of 

the oocyte. Anterior is to the left and dorsal is up, for all egg chambers. 
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Figure 8. Comparison of localization patterns for 

endogenous Adducin-like N4 transcripts 

vs. pAdd3UTR reporter transcripts 

Adducin-like pAdd3'UTR 
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Figure 9. Schematic diagram of the pAdd3'UTR construct used for 

germline transformation. The 5' and 3' P-element ends are shown in solid black. The 

hsp26 enhancer sequences are shown as a light gray dotted region. The Sgs-3 enhancer 

and promoter are depicted by dark black stripes on a gray background, while the lacZ tag is 

shown as black stripes on a white background and the N4 3'UTR sequence is represented 

by white stripes on a black background. pUC sequences are shown as white, on the left of 

the plasmid, and sequences from the white gene are shown on the right of the plasmid. 

Restriction sites marking the boundaries between various elements are also shown. 
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Figure 9. Schematic diagram of the pAdd3'UTR construct 

used for germline transformation. 
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Figure 10. Localization of pAddtag3'UTR and pORFtagtub reporter 

transcripts. In situ hybridizations of antisense /3-galactosidase RNA probes to ovarioles 

from transgenic females. A-E, egg chambers from females homozygous for the 

pAddtag3'UTR transgene. F-J, egg chambers from females homozygous for the 

pORFtagtub transgene. (A) pAddtag3'UTR reporter transcripts are found in discrete 

regions within the germarium and in the oocyte of early egg chambers. (B) At stage 7, 

pAddtag3'UTR reporter transcripts are restricted to the oocyte cortex. (C) In a stage 9 egg 

chamber, pAddtag3' UTR reporter transcripts are localized to the anterior cortex of the 

oocyte. (D) At stage 10, pAddtag3'UTR reporter transcripts are found in the nurse cells 

and at the anterior of the oocyte. (E) In a stage 12 egg chamber, pAddtag3'UTR reporter 

transcripts are maintained at the anterior of the oocyte. (F) No localization of pORFtagtub 

reporter transcripts is visible within the germarium or in early egg chambers. (G) 

pORFtagtub reporter transcripts are not detectable in a stage 8 egg chamber (middle of 

photograph). (H) pORFtagtub reporter transcripts are not localized at stage 9. (I) Strong 

expression of pORFtagtub reporter mRNA is detectable within the nurse cells at stage 10. 

(J) Expression of pORFtagtub reporter transcripts is detectable within the remnants of the 

nurse cells at stage 12, but no localization is present within the oocyte. For all egg 

chambers, anterior is to the left and dorsal is up. 
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Figure 10. Localization of pAddtag3'UTR and 

pORFtagtub reporter transcripts 

pAddtag3'UTR pORFtagtub 
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Figure 11. Schematic of reporter transcripts carrying mutated N4 3'UTRs. 

(A) Structure of reporter transcripts containing either 5' deletions or internal deletions. 

Light gray represents the hsp26 enhancers; black stripes on gray background show the 

location of the Sgs-3 enhancer/promoter; the white box represents the lacZ tag; and solid 

black shows the 3'UTR region of the transcript derived fromAdducin-like N4. The 

transcription start site and direction are marked by an arrow. (B) Structure of reporter 

transcripts containing 3' deletions. All shading representations are the same as in (A), with 

the addition of a black-and-white striped box to represent the a-tubulin 3'UTR. The 

tubulin 3'UTR provides transcription termination and polyadenylation signals. (C) 

Summary of the deleted versions of the N4 3 'UTR used in reporter transcripts. The scale 

on the top shows the ribonucleotide position within the N4 transcript 3'UTR, with 1 

corresponding to the first nucleotide of the stop codon. The scale on the bottom shows the 

base position within the N4 cDNA clone. 
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Figure 11. Schematic of reporter transcripts carrying mutated N4 3'UTRs 

A. Structure of 5' deletion and internal deletion (650 and 6100) reporter transcripts 

hsp26 Sgs-3 lacZ 
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Figure 12. Early transport to the oocyte of reporter transcripts from 

pAdd3'UTR deletion transgenes. In situ hybridizations using an antisense /3-

galactosidase RNA probe on ovaries from transgenic females. See Figure 12 key, on the 

following page, for a complete summary. The germarial region and early egg chambers are 

shown from fly lines carrying each transgene. Arrowheads indicate localization. The 

position of the cis-acting localization element ALEl (nucleotides 150-250 within the N4 

3'UTR) is shown underneath the schematic summary. 
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Figure 13. Localization of reporter transcripts from pAdd3'UTR deletion 

transgenes to the oocyte cortex at stage 8. In situ hybridizations using an 

antisense /3-galactosidase RNA probe on ovaries from transgenic females. See Figure 13 

key, on the following page, for a complete summary. Stage 8 egg chambers are shown 

from transgenic fly lines that were successful in early transport of reporter RNA. The 

position of the cis-acting localization element ALEl is shown underneath the schematic 

summary. 
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Figure 13. Localization of reporter transcripts 

from pAdd3'UTR deletion transgenes 

to the oocyte cortex at stage 8 
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Figure 14. Localization of reporter transcripts from pAdd3'UTR deletion 

transgenes to the anterior cortex of the oocyte at stage 9-l0a. In situ 

hybridizations using an antisense {3-galactosidase RNA probe on ovaries from transgenic 

females. See Figure 14 key, on the following page, for a complete summary. Stage 9-lOa 

egg chambers from transgenic fly lines that were successful in early transport of reporter 

RNA are shown. The positions of ALEl and other cis-acting localization elements acting at 

stage 9-1 Oa are shown underneath the schematic summary. 
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Figure 14. Localization of reporter transcripts 

from pAdd3'UTR deletion transgenes 

to the oocyte cortex at stage 9-10a 
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Figure 15. Localization of reporter transcripts from pAdd3'UTR deletion 

transgenes to the anterior cortex of the oocyte at stage l0b-11. In situ 

hybridizations using an antisense /3-galactosidase RNA probe on ovaries from transgenic 

females. See Figure 15 key, on the following page, for a complete summary. Stage lOb-

11 egg chambers from transgenic fly lines that were successful in early transport of reporter 

RNA are shown. The positions of ALEl and other cis-acting localization elements acting at 

stage lOb-11 are shown underneath the schematic summary. 
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Figure 15. Localization of reporter transcripts 

from pAdd3'UTR deletion transgenes 

to the oocyte cortex at stage 10b-11 

J'------------~--
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Figure 16. Localization of reporter transcripts from pAdd3'UTR deletion 

transgenes to the anterior cortex of the oocyte at stage 12-14. In situ 

hybridizations using an antisense {3-galactosidase RNA probe on ovaries from transgenic 

females. See Figure 16 key, on the following page, for a complete summary. Stage 12-14 

egg chambers from selected transgenic fly lines that were successful in early transport of 

reporter RNA are shown. The positions of ALEl and other cis-acting localization elements 

acting at stage 12-14 are shown underneath the schematic summary. 
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Figure 16. Localization of reporter transcripts 

from pAdd3'UTR deletion transgenes 

to the oocyte cortex at stage 12-14 
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Figure 17. Summary of in situ hybridization results for N4 3'UTR deletion 

transgenes. Key to coding: T=transport from nurse cells into oocyte; C=localization to 

cortex of oocyte; A=localization to anterior cortex of oocyte. ++=process of transport or 

localization occurs normally; +=process is mostly normal but some delocalization of 

reporter mRNA occurs, or signal is weak, +*=process is more significantly impaired; 

ectopic localization or more delocalization of reporter RNA occurs; -=process does not 

occur. Since nonspecific nurse cell dumping of RN As (and other macromolecules and 

organelles) occurs at stage l0b-11 , the coding for stage lOb-11 is only A++, A+, A+*, or 

A-, and not T + or T-. This shift in coding reflects the fact that reporter RNA is definitely 

present in the oocyte due to bulk transport, but anterior localization may or may not occur. 
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Figure 18. Summary of localization elements within the N4 3'UTR. 

Different elements affect the N4 mRNA localization pathway at different stages. For each 

phase of localization of N4 mRNA, regions which are necessary (as defined by deletion 

analysis) for wild-type N4 transcript localization are shown in solid black. Regions that are 

sufficient to direct localization of a heterologous reporter mRNA in a wild-type N4 

localization pattern are depicted in solid gray. Those regions which are only partly 

sufficient to direct wild-type localization of a heterologous reporter transcript are shown as 

striped boxes. For early transport and cortical localization through stage 8, the 100-250 

region is sufficient, but only the 150-250 region is necessary. At stages 9-lOa, the 100-

250 region is partly sufficient to direct anterior localization, and the 50-250 region is 

necessary. In late oogenesis (stages l0b-14), the 100-250 region is still only partly 

sufficient to direct and maintain anterior localization, and the entire 3 'UTR contains 

necessary sequences. 
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Figure 19. Predicted secondary structure of the N4 transcript 3'UTR. The 

five loops within the predicted stem-loop structure are designated by Roman numerals 1-V. 

Positions corresponding to the 50-nt increments used in making deletion constructs are 

noted. The start and end of the ALEl sequence (nt 150-250) are indicated by arrows. 
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Figure 20. RT-PCR of total RNA from selected transgenic females. 

(A) Agarose gel electrophoresis of RT-PCR products from total RNA prepared from 

transgenic females, using primers designed to amplify reporter sequence between the 5' 

end of the lacZ tag and the 3' end of the N4 3'UTR. Four different transgenic lines were 

examined, which were expected to express reporter transcripts containing either the full­

length N4 3'UTR or specific deletions of the N4 3'UTR. Marker sizes are shown on the 

left side of the gel, and RT-PCR product sizes (874,774,674, and 574 base pairs) on the 

right side. Lanes: M=molecular weight marker, 1= pAdd3'UTR transgene, 2= 5' Li-2 

transgene, 3= 5' Li-4 trans gene, 4= 5' Li-6 trans gene. In each numbered lane there is a 

single band present of the expected size. (B) Schematic showing the different regions of 

the N4 3'UTR present in each transgene, and noting whether the specific transgenes 

examined are able to generate RT-PCR products as well as early transport of reporter RNA 

into the oocyte. In all cases, RT-PCR products of the expected sizes were detected, 

regardless of whether early transport occurred. Thus the detection of early transport, for at 

least these specific trangenes and probably also for the others, depends on whether the 

reporter RNA is successfully targeted to the oocyte by cis-acting signals, and not on 

whether the RNA is stable or unstable. 
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selected transgenic females 
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Figure 21. Localization of reporter transcripts containing the full-length 

N4 3'UTR in swallow (sww) ovaries. In situ hybridizations of antisense /3-

galactosidase RNA probe to ovaries from females homozygous for the pAdd3'UTR 

transgene, and either homozygous for w1
ll8, or homozygous for sww1, or heterozygous for 

sww1 and sww6. A-G, reporter transcript localization is normal at all stages in an 

essentially wild-type background. H-N, reporter transcript localization is normal in a sww1 

mutant background until late stage 9 (panel J), when localization to the anterior is not quite 

as tight as normal. At stage 10b (panel L), reporter transcripts are found only at the 

anterodorsal "comer" of the oocyte and do not spread out along the entire anterior cortex as 

in wild-type. By stage 11 (panel M) the RNA has delocalized from the anterior of the 

oocyte. At stage 12-13 (panel N) reporter RNA is completely delocalized and staining is 

visible only in the remnants of the nurse cells. O-U, reporter transcript localization is 

normal in a sww1/sww6 mutant background until late stage 9 (panel Q), when reporter RNA 

is found at the anterior of the oocyte but localization is impaired. The effects of the 

transheterozygous background on reporter RNA localization are quite noticeable at stage 10 

(panel R), when reporter RNA is distributed over the anteriormost 20% of the oocyte rather 

than being confined tightly to the anterior cortex. Arrowheads here mark the boundary of 

posterior spreading ofreporter RNA at stage 10. At stage 10b (panel S), reporter RNA is 

not only found at the anterodorsal comer (rather than along the entire anterior cortex), it is 

also spreading posteriorly along the dorsal side of the oocyte. By stage 11, there is very 

little RNA left at the anterodorsal comer (panel T). Finally, reporter RNA is completely 

delocalized during the last stages of oogenesis in the sww1/sww6 mutant ovaries (stage 12, 

panel U). 
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Figure 21. Localization of reporter transcripts 

containing the full-length N4 3'UTR 
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CHAPTER 3 

Mitochondrially Encoded 16S Large Ribosomal RNA Is 
Concentrated in the Posterior Polar Plasm of Early Drosophila 

Embryos but Is Not Required for Pole Cell Formation 

This chapter was published in Developmental Biology 163: 503-515 (1994). 
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In a molecular screen for polar-localized RNAs in Dro­
sophila, we identified the mitochondrially encoded 16S 
large ribosomal RNA (16S RNA) as an RNA that is highly 
concentrated at the posterior pole of early embryos. This 
high posterior accumulation decreases sharply during the 
first hour of embryogenesis and reaches the uniform level 
found throughout the remainder of the embryo by the time 
pole cells form 1.5 hr after fertilization. At the cellular 
blastoderm stage the 16S RNA is uniformly distributed ba­
sal to the nuclei of all somatic cells and is present only at 
low levels in the pole cells and in the apical regions of the 
somatic cells. Transcripts produced by the 12S small rRNA 
gene are also concentrated in the posterior polar plasm and 
exhibit the same dynamic changes in distribution as the 16S 
RNA. In contrast, NADH dehydrogenase subunit l RNA, 
which is transcribed from the same strand of the mitochon­
drial genome just downstream of the 12S and 16S genes, 
does not exhibit a high posterior concentration but is uni­
formly distributed throughout early embryos. Posterior lo­
calization of 16S RNA is normal in embryos produced by 
mothers carrying mutations which affect posterior pat­
terning without disrupting the polar plasm or polar gran­
ule integrity. However, posterior localization of 16S RNA is 
abolished in embryos produced by females carrying mater­
nal-effect mutations that disrupt the posterior polar plasm 
and the polar granules. Ectopic localization of the oskar 
RNA to the anterior pole of the oocyte and early embryo 
results in anterior assembly of polar plasm and an·terior 
budding of functional pole cells. We show that 16S and 12S 
RN As are not concentrated at the anterior pole of such em­
bryos. This leads to the conclusion that, although the 16S 
and 12S RNAs are concentrated in the posterior polar 
plasm during normal development, functional pole cells can 
form in the absence of high levels of these RN As. These data 
argue against previous hypotheses that the 16S RNA serves 
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2 To whom correspondence should be addressed. Fax: 818-564-8709. 
E-mail: \ipshitzh@starbasel.caltech.edu. 
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an obligatory function in pole cell formation. c 1••• Acad•mic 

INTRODUCTION 

Formation of primordial germ cells (PGCs) in animal 
species ranging from worms to amphibians is dependent 
on localized germ plasm (Eddy, 1975, for a review). In 
DroSO'phila, the germ plasm (also called the polar plasm) 
is a posteriorly localized, yolk-free cytoplasmic cap that 
is continuous with the cortical cytoplasm of the egg and 
early embryo. One and a half hours after fertilization, 
pole cells (the Drosophila PGCs) bud from the posterior 
pole of the embryo, incorporating part of the polar 
plasm. It has been demonstrated that the polar plasm is 
both necessary and sufficient for pole cell formation in 
Drosophila. When components of the posterior polar 
plasm are disrupted by uv irradiation or pricking, or by 
mutations, pole cells do not form (for reviews, see Ding 
and Lipshitz, 1993b; Eddy, 1975; Lasko, 1992; Lipshitz, 
1991). When transplanted to the anterior pole of the 
early embryo, polar plasm induces ectopic pole cells 
that can give rise to a functional germ line (Illmensee 
and Mahowald, 1974, 1976; Niki, 1986). Polar plasm con­
tains electron-dense, non-membrane-bound organelles 
(called polar granules) that reside within 4 µm of the 
posterior tip and have been proposed to contain the cy­
toplasmic determinant(s) for pole cells (Mahowald, 
1977). 

Since Drosophila polar plasm is formed during oogen­
esis, genetic studies of the posterior polar plasm have 
focused on characterization of grandchildless muta­
tions, maternal-effect mutations that produce progeny 
lacking a functional germ line. A number of these muta­
tions have been found to disrupt the polar plasm, germ 
cell formation, and development of the abdomen (Ding 
and Lipshitz, 1993b; Lasko, 1992, for reviews) . Two addi­
tional genes, pumilio and nanos, also appear to encode 
components of the polar plasm; however, these are re-

0012-1606/94 $6.00 
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quired for abdominal patterning but not for pole cell 
formation (Lehmann and Nilsslein-Volhard, 1987, 1991). 
Additional components of the polar plasm have been 
identified by molecular approaches (reviewed in Ding 
and Lipshitz, 1993b). These include RNAs encoded by 
cyclin B, orb, and HspBS (Ding and Lipshitz, 1993a; Ding 
et al, 1993b; Lantz et al, 1992; Lehner and O'Farrell, 
1990; Raff et al, 1990), RNA and protein encoded by 
germ cell-less (Jongens et al, 1992), and a 95-kDa protein 
(Waring et al, 1978). The specific functions of cyclin B, 
orb, HspBS, and the 95-kDa protein in the polar plasm 
are not known. In the case of germ cell-less, antisense-in­
activation experiments indicate that it may be required 
specifically for pole cell formation (Jongens et al, 1992). 

It has been reported that the mitochondrial 16S large 
ribosomal RNA (referred to as 16S RNA hereafter) 
might also function as a component of the posterior po­
lar plasm required for pole cell formation. This conclu­
sion was based on the observation that injection of in 
vitro-transcribed 16S RNA rescues the ability of em­
bryos to form pole cell-like cells after uv irradiation of 
the posterior polar plasm (Kobayashi and Okada, 1989). 
However, while possessing many of the characteristics 
of pole cells, these cells are not fully functional and can­
not give rise to an operating germline. Recently we 
found that 16S RNA is concentrated at the posterior 
pole of early embryos (Ding and Lipshitz, 1993a). It has 
also recently been reported that a subset of the 16S RNA 
is extramitochondrial and might be associated with the 
polar granules (Kobayashi et al, 1993). This last study 
also noted posterior concentration of the 16S RNA in 
early embryos, but reported a uniform distribution for 
12S rRNA and the NADH dehydrogenase subunit 1 
(ND-1) RNA. 

Here, we show that, while the ND-1 RNA is uniformly 
distributed in early embryos, both the 16S and the 12S 
RNAs are highly concentrated at the posterior pole. We 
demonstrate that posterior localization of the 16S RNA 
is dependent on genes that are required for polar plasm 
integrity and pole cell formation, but does not correlate 
well with either the distribution or the activity of mito­
chondria in early embryos. Ectopic localization of oskar 
RNA to the anterior pole of the oocyte and early embryo 
results in assembly of functional polar plasm anteriorly 
and the formation of ectopic, functional, anterior pole 
cells (Ephrussi and Lehmann, 1992). However, we show 
that 16S and 12S RN As are not concentrated at the ante­
rior pole of such embryos, indicating that germ plasm 
and functional germ cells can form in the the absence of 
high levels of 16S and 12S RNA. These data argue 
against the hypothesis (Kobayashi et al, 1993; Kobaya­
shi and Okada, 1989) that the 16S RNA functions as a 
necessary component of the polar plasm in early em­
bryos. 

MATERIALS AND METHODS 

Identification of the 16S RNA as a Posteriorly Localized 
RNA 

A cDNA representing the 16S RNA was identified in 
our differential screen for cDNAs representing mater­
nally synthesized polar-localized RN As in the early em­
bryo (Ding and Lipshitz, 1993a). Probes made from the 
cDNA and used for whole-mount tissue in situ hybridiza­
tion recognized an abundant RNA concentrated at the 
posterior pole of early embryos. Additional cDNAs were 
isolated by screening a 0- to 1-hr embryonic cDNA li­
brary with probe made from this initial cDNA (Ding 
and Lipshitz, 1993a). Sequence analysis of these cDNAs 
indicated that they represent the mitochondrial 16S 
large ribosomal RNA (Garesse, 1988; Kobayashi and 
Okada, 1990). 

Isolation of the 12S Ribosomal RNA Gene 

Four 12S-specific primers were designed based on 
Drosophila yakuba sequence (Clary and Wolstenholme, 
1985), for use in a two-step nested PCR amplification: 
12S I: 5'-TTA AAG TTT TAT TTT GGC TTA AAA ATT 
TGT TAT TAG TTT G-3' and 12S II: 5'-TCA TTC TAG 
ATACACTTTCCAGTA CATCTA CTA TGTTACG-3', 
yielding a predicted fragment of approximately 788 bp; 
12S SA: 5'-TGG TGC CAG CAG TCG CGG TTA TAC-3' 
and 12S 3A: 5'-TAA GAG CGA CGG GCG ATG TGT 
AC-3', yielding a fragment of approximately 550 bp. 
These sizes were approximate because primers based on 
D. yakuba sequence were used to amplify 12S mitochon­
drial rDNA from Drosophila melanogaster. The initial 
100-µl reaction contained 1 µg of D. melanogaster total 
DNA, 0.5 mM 12S I primer, 0.5 mM 12S II primer, 0.75 
mM MgCl,,, 50 mM KC!, 10 mM Tris-HCl, pH 8.4, 0.1 
mg/ml gelatin, 200 mM dNTP mix, and 2.5 units of Taq 
polymerase. The reaction was run for 1.5 min at 94 °C, 
1.5 min at 56°C, and 2 min at 72°C for 30 cycles using a 
Perkin-Elmer DNA thermal cycler. The reamplification 
reaction was run under the same conditions, except that 
it contained 10 ng of the 788-bp fragment as template, 
0.5 mM 12S SA primer, and 0.5 mM 12S 3A primer. PCR 
amplification using the 12S I and II primers produced a 
single fragment of about 790 bp; this was gel-purified 
and used as template in a second round of amplification 
with the 12S SA and 3A primers, which gave a single 
fragment of about 550 bp. This 550-bp fragment was 
gel-purified and subjected to sequencing, confirming its 
identity. Subsequently the 550-bp fragment was labeled 
with digoxigenin and used as a probe for whole-mount 
RNA tissue in situ hybridization. 
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Isolation of the N D-1 Gene 

Two ND-1-specific primers were designed based on 
the D. melanogaster mitochondrial DNA sequence (Gar­
esse, 1988): ND-1-5B: 5'-CAT AAC GAA ATC GAG GTA 
AAG TTC CTC GAA CTC A-3' and ND-1-3A: 5'-AT_.\ 
CTG TTA TAG TAG CTG GTT GGT CGT CTA ATT 
C-3'. These primers were used for enzymatic amplifica­
tion (PCR) of a 485-bp internal fragment of the ND-1 
gene from Drosophila total DNA. PCR conditions were 
as for the 12S gene, but using the ND-1-specific primers. 
A single strong band of the predicted size was vis ible 
after separation of the reaction products on an agarose 
gel; the DNA in this band was purified using a Gene­
Clean kit (Bio 101, Inc.). Sequencing of the purified DNA 
confirmed that it indeed comprised the expected ampli­
fied fragment of the ND-1 gene; it was subsequently 
labeled with digoxigenin for use as probe in whole­
mount RNA tissue in situ hybridization. 

Isolation of the nanos Gene 

Primers specific for the second exon of the nanos gene 
were designed based on the published sequence (Wang 
and Lehmann, 1991): nos 5' internal: 5'-CTG ACT GGA 
TCC ATG CGG CTG GCT CGA TGC AGG ATG TG-3' 
and nos 3' internal: 5'-TCA GTC GAA TTC CTC TTT 
GGC CTT GCT GTT GTA ACG C-3'. The 5' primer in­
cluded a novel BamHI restriction site, and the 3' primer 
included a novel EcoRI site, to facilitate subsequent 
cloning. These primers were used for PCR amplification 
of a 466-bp fragment of the nanos gene from D. melano­
gaster total DNA. PCR conditions were the same as for 
12S mitochondrial rDNA, except for the identity of the 
primers. The amplified 491-bp fragment (including the 
novel restriction sites) was gel-purified and reamplified 
using the same primers. Restriction mapping with PstI 
confirmed the identity of the amplified DNA, which was 
then labeled with digoxigenin and used as a probe for in 
situ hybridization. 

Analysis of Mitochondrial Activity in Early Embryos 

Mitochondrial activity was analyzed by staining live 
embryos with 10 µg/ml rhodamine-123 (Chen et al, 1982; 
Johnson et al, 1980) in 1.lX basic incubation medium 
(BIM) (Limbourg and Zalokar, 1973), following a per­
meabilization procedure for live embryos developed by 
Strecker et al. (1994). This procedure has been shown to 
result in uniform dye penetration without any adverse 
effects on embryogenesis, patterning, or viability 
(Strecker et al, 1994). Embryos were collected for 20 
min, permeabilized with octane (Strecker et al, 1994), 
and incubated in a shallow depression slide for 10 min 
with 10 µg/ml rhodamine-123 in l.l X BIM. The dye was 

then removed and the embryos were washed twice with 
fresh l.l X BIM and then covered with HC-56 halocarbon 
oil (Halocarbon Products Corp., Hackensack, NY). The 
remaining droplets of BIM were vacuumed off using a 
drawn-out micropipette co nnected to a vacuum aspira­
tor (Inman, 1984). A coverslip was placed over the em­
bryos and they were then examined under a Zeiss confo­
cal microscope, using an argon laser with an excitation 
wavelength of 488 nm. 

R_VA Tissue in Situ Hybridization to Whole-1',fount 
Embn;os and Ovaries 

Whole-mount RNA tissue in situ hybridization was 
based on the method of Tautz and Pfeifle (1989) modi­
fied as described (Ding et al, 1993a). Visualization was 
carried out using either Vectastain (Vector Laborato­
ries) or Genius (Boehringer-Mannheim Biochemicals) 
kits according to the manufacturers' instructions. Since 
both strands of the mitochondrial DNA are transcribed, 
we compared the in situ hybridization pattern obtained 
using randomly primed probe to that exhibited by sin­
gle-sided PCR-generated probe for the 16S, the 12S, and 
the ND-1 RN As. There were no detectable differences in 
the results obtained for any of these transcripts using 
either of these methods. 

Fly Strains 

Mutant embryos were obtained from females homo­
zygous for osk166 (Lehmann and Nusslein-Volhard, 
1986), capuHK, spirRP (Manseau and Schupbach, 1989). 
d', pum680 (Lehmann and Nusslein-Volhard, 1987), 
i·a?0 , stauHL, vl,s1IB, tudwca (Schupbach and Wieschaus, 
1986). Embryos with oska.r RNA mislocalized to the ante­
rior pole were obtained from females heterozygous for a 
P-element insertion carrying the oskar-lYicoid 3'UTR 
construct (Ephrussi and Lehmann, 1992). 

RESULTS 

16S RNA Is Uniformly Distributed in the Oocyte during 
J,Jost of Oogenesis but Is Concentrated at the Posterior 
Pole of Early Embryos 

During Drosophila oogenesis, four incomplete mitoses 
of a single cystoblast in the germarium of the ovariole 
lead to the formation of an interconnected 16-ce ll germ 
line cyst (King, 1970). One of the 16 cells becomes the 
oocyte, while the remaining 15 become the nurse cells, in 
which most of the nonyolk components of the oocyte are 
synthesized and then transported into the oocyte via the 
connecting ring canals. This process occurs in the vitel­
larium of the ovariole and has been divided into 14 dis­
tinct stages (King, 1970). High levels of 16S RNA are 
first detected in region 3 of the germarium (equivalent 
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FIG. 1. Distribution of 16S RNA during oogenesis. In situ hybridiza­
tion of 16S cDNA probe to ovarioles from wi ldtype females. (A) Dur­
ing the early stages of oogenesis, 16S RNA is detected in all the cells in 
region 3 of the germarium (G) . From stage 1 of oogenesis (vi tellogene­
sis ) on. 16S RNA accumulates in all 16 cells of the nurse cell-oocyte 
complex (show n are stages I, 2. 3, 4, and 6). (B) A stage l0A egg 
chamber shows high levels of 16S RNA in nurse cells (NC) and slightly 
lower levels in the oocyte (0). (C) In a stage 1J egg chamber, nurse 
cells contain high levels of 16S RNA, which is being transported into 
the oocyte. (D) A stage 10 egg chamber showing the somatic follicle 
cells, which are heavily stained with 16S cDNA probe. (E) In stage 12 

oocytes, 16S RNA is distributed uniformly at high levels throughout 
the oocyte. 

to oogenesis stage 1) (Fig. lA). In stages 2 through lOA 
follicles in the vitellarium, 16S RNA is present at a high 
level in the nurse cells and is detected at a lower level in 
the oocyte (Figs. lA and lB). Nurse cell expression per­
sists through stages l0B and 11, and accumulation of 
16S RNA in the oocyte begins at stage l0B (Fig. lC). The 
somatically derived follicle cells are also heavily labeled 
with probe that recognizes the 16S RNA (Fig. lD). By 
stage 12, when nurse cells have completely emptied their 
contents into the oocyte, 16S RNA is present at high 
levels throughout the oocyte (Fig. lE). Between stage 12 
of oogenesis and egg deposition shortly after fertiliza­
tion higher levels of 16S RNA accumulate at the poste­
rior tip of the oocyte (Fig. 2A). Oocytes at stages later 
than stage 12 are not readily fixed and devitellinized, 
and thus we were unable to determine unambiguously 
whether 16S RNA becomes localized to the posterior 
pole of the oocyte before or after fertilization. However, 
the fact that all embryos exhibit high levels of posteri­
orly localized 16S RNA immediately after fertilization 
(Fig. 2A) suggests that this RNA is likely to be concen­
trated posteriorly during late oogenesis. The timing of 
posterior localization of 16S RNA is similar to that of 
the germ cell-less transcript, which becomes posteriorly 
localized at an undetermined time between stage 11 and 
egg deposition (Jongens et al , 1992). 

In early embryos immediately after egg deposition, 
16S RNA is present at high levels at the posterior tip of 
the embryo and at a much lower, uniform concentration 
throughout the rest of the embryo (Fig. 2A). During the 
early cleavage stages, the high posterior concentration 
of 16S RNA decreases rapidly. By the time that pole cell 
buds appear, the intensity of 16S RNA at the posterior 
tip of the embryo has dropped significantly, becoming 
only slightly higher than elsewhere in the embryo (Fig. 
2B). The pole cell buds are not labeled at this stage (Fig. 
2B), indicating that little 16S RNA is incorporated into 
the pole cells. After pole cell formation, the concentra­
tion of 16S RNA in the cortical cytoplasm at the poste­
rior tip is the same as that throughout the cortex of the 
embryo, while the pole cells exhibit much lower 16S 
RNA levels (Fig. 2C). During the syncytial and cellular 
blastoderm stages, 16S RNA remains evenly distributed 
along the anteroposterior axis in the basal somatic cyto­
plasm; only low levels are present in the pole cells and in 
the apical somatic cytoplasm (Fig. 2D). 

Control experiments with strand-specific probes indi­
cate that the observed distribution reflects that of 16S 
RNA rather than transcripts synthesized from the com­
plementary strand of the mitochondrial genome (data 
not shown; see Materials and Methods ). In addition, hy­
bridization of a genomic Southern blot with 16S probe 
indicated that there is no nuclear copy of the 16S RNA 
gene (data not shown) and, therefore, that the tran-
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12S RNA Is Concentrated at the Posterior Pole of Early 
Em&ryos 

The mitochondrial genome also encodes the 12S small 
ribosomal RNA (Clary and Wolstenholme, 1985; Gar-

-I esse, 1988). Given our data on the concentration of 16S 
RNA in the posterior polar plasm, it was of interest to 
determine whether this distribution pattern is specific 
for the 16S RNA or whether both the 16S and 12S RN As 
exhibit posterior concentration. Our results show that 

FIG. 2. Localization of 16S RNA during early embryogenesis. In situ 
hybridization of 16S cDNA probe to wildtype embryos. (A) In an em­
bryo immediately after fertilization. 16S RNA is present throughout 
the embryo, but is found at a higher concentration at the posterior 
pole. (B) The high posterior concentration of 16S RNA decreases rap­
idly during the cleavage stages. When pole cells form, there is only 
slightly more RNA at the posterior end than the rest of the embryo. 
The pole cell buds (arrowhead) exhibit very low levels of 16S RNA. (C) 
At the syncytial blastoderm stage, 16S RNA is uniformly distributed 
throughout the somatic part of the embryo. Levels in the pole cells 
(arrowhead) remain low. (D) At the cellular blastoderm stage, 16S 
RNA is present in the basal cytoplasm of the somatic cells. while the 
levels in the pole cells (arrowhead) are low. For all embryos, anterior 
is to the left and dorsal is toward the top of the page. 

scripts detected must have been synthesized in mito­
chondria. This last result is consistent with the South­
ern blot and chromosome polytene in situ hybridization 
data reported by Kobayashi and Okada (1989). 

the 12S RNA is also concentrated at the posterior pole of 
early embryos in a pattern and, with dynamics, indistin­
guishable from that of the 16S RN A (Fig. 3A). As for the 

A .•. · . . -. .M . • 
-·-~·._::_ .... _ .-~ • , . 

Fie. 3. Distribution of 12S rRNA in early embryos. In situ hybridiza­
tion of 12S probe to wild type embryos. (A) In an embryo immediately 
after fertilization, 12S RNA is present throughout the embryo, but is 
found at a higher concentration at the posterior pole. (B) The high 
posterior concentration of 12S RNA decreases rapidly during the 
cleavage stages and, by the early syncytial blastoderm stage, 12S RN A 
is only marginally more abundant at the posterior pole than in the 
rest of the somatic cortical cytoplasm of the embryo. Levels in the pole 
cells (arrowhead) remain low. (D) At the cellular blastoderm stage, 
12S RN A is present in the basal cytoplasm of the somatic cells, while 
levels in the pole cells (arrowhead) remain low. For all embryos, ante­
rior is to the left and dorsal is toward the top of the page. 
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16S RNA, the high posterior concentration of 16S RNA 
decreases rapidly during the early cleavage stages. By 
the early syncytial blastoderm stage, the concentration 
of 12S RNA in the cortical cytoplasm at the posterior tip 
is only marginally higher than that throughout the rest 
of the cortex of the embryo, and the pole cells contain 
only low levels of 12S RNA (Fig. 3B). During the syncy­
tial and cellular blastoderm stages, 12S RNA remains 
evenly distributed in the somatic cytoplasm along the 
anteroposterior axis, where it is concentrated basally, 
as is the 16S RNA (Fig. 3C, cf. Fig. 2D). 

Control experiments with strand-specific probes indi­
cate that the observed distribution reflects that of 12S 
RNA rather than that of transcripts synthesized from 
the complementary strand of the mitochondrial genome 
(data not shown; see Materials and Methods). Our data 
contrast with those of Kobayashi et al. (1993), who re­
ported a uniform distribution of 12S RNA in early em­
bryos. Since both the 16S and 12S RN As are very abun­
dant in early embryos (Ding and Lipshitz, 1993a), it is 
possible that the embryos examined by those authors 
were overstained, thus obscuring the concentration of 
12S RNA in the posterior polar plasm. 

ND-1 RNA Is Distributed Uniformly in Early Embryos 

To compare the distribution of an additional mito­
chondrially encoded transcript to that of 16S and 12S 
RNAs, we carried out whole-mount in situ detection of 
the ND-1 RNA. We chose to analyze ND-1 RNA distri­
bution because Kobayashi and Okada (1989) had previ­
ously used the ND-1 gene as a control in their experi­
ments. ND-1 RNA is synthesized from the same strand 
of the mitochondrial DNA as the 16S and 12S RN As and 
the ND-1 gene resides just downstream of the 16S RNA 
gene, being separated from it only by the Leu (CUN) 
tRNA gene (Clary and Wolstenholme, 1985; Garesse, 
1988). Unlike the posterior-localized 16S and 12S RN As, 
the ND-1 RNA is uniformly distributed throughout the 
early cleavage stage embryo (Fig. 4, cf. Figs. 2 and 3). 
This indicates that the nonuniform distribution ob­
served for the 16S and 12S RN As is not a general rule for 
all mitochondrial transcripts. Neither is posterior con­
centration a property solely of the mitochondrial ribo­
somal RNAs since we have previously shown that the 
cytochrome oxidase subunit 1 (COl) messenger RNA is 
concentrated at both poles of the early embryo (Ding 
and Lipshitz, 1993a). Thus, not only are the distribu­
tions of the large and small mitochondrial rRNAs iden­
tical and distinct from that of the protein-coding ND-1 
RNA, but there are also differences in the distribution 
patterns of different mitochondrial messenger RNAs 
during the same stages of embryogenesis. 

FIG. 4. Localization of ND-1 RNA during early embryogenesis. In 
situ hybridization of ND-1 cDNA probe to wild type embryos. (A) In an 
early cleavage stage embryo, ND-1 RNA is distributed uniformly 
throughout the embryo. (B) At the syncytial blastoderm stage, the 
N D-1 RNA is distributed un iformly in th e somatic part of the embryo 
and is present at a slightly reduced level in th e pole cells (arrowhead ). 
(C) At the cellular blastoderm stage, N D-1 RNA is present throughout 
the cytoplasm of the somatic part of the embryos, while levels in the 
pole cells (arrowhead ) have dropped. For all embryos, anteri or is to 

the left and dorsal is toward the top of the page. 

Mitochondrial Distribution and Activity in Early 
Embryos Do Not Correlate with the 16S and 12S RNA 
Distribution Pattern 

The high posterior concentration of 16S and 12S 
RNAs in early cleavage stage embryos is not a conse­
quence of a high concentration of mitochondria posteri­
orly since it has been shown that mitochondria are uni­
formly dis tributed in early embryos (Akiyama and 
Okada, 1992). A second possibility is that the high poste­
rior concentration of 16S and 12S RN As is a reflection of 
elevated activity of mitochondria in the posterior polar 
plasm relative to the rest of the cortical cytoplasm. Con­
sequently, we assayed mitochondrial activity in per­
meabilized living embryos (Strecker et al , 1994) using 
the voltage-sensitive dye, rhodamine-123 (Chen et al, 
1982; Johnson et al, 1980). In contrast to the uniform 
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FIG. 5. Distribution of mitochondrial activity in early embryos. Pseudocolor confocal images of rhodamine-123-stained live embryos. (A) An 
early cleavage embryo shows a posteriorly localized "cap" of high mitochondrial membrane potential and a somewhat increased membrane 
potential at the anterior (cf. Figs. 2A and 3A). (B) In mid cleavage, mitochondrial activity remains high at the posterior pole and is high in the 
pole cell buds (cf. Figs. 2B and 3B). (C) In a cellular blastoderm stage embryo, high mitochondrial activity is restricted to the pole cells (cf. Figs. 
2D and 3D). 

FIG. 6. Distribution of mitochondrial activity in early embryos from pumilio, ca'{J'PUccino, and tudar females. Pseudocolor confocal images of 
rhodamine-123-stained live embryos. (A) In an early cleavage stage embryo from a pumilio mother, the posterior cap of mitochondrial.activity 
is tightly concentrated, as in wild type (cf. Fig. 5A). (B) An early cleavage stage embryo from a cappuccino mother shows a high posterior level of 
mitochondrial membrane potential, but the distribution is more diffuse than that in wildtype (cf. Fig. SA). Anterior levels of mitochondrial 
activity are slightly elevated, as in wildtype. (C) In an early cleavage stage embryo from a tudar female, the mitochondrial activity is high at the 
posterior pole but is more diffusely distributed than that in wildtype (cf. Fig. 5A) .. .\nterior levels of mitochondrial activity are also elevated, as 
seen in wildtype embryos. 

mitochondrial distribution, mitochondrial activity was 
found to be both spatially and temporally regulated 
(Fig. 5). During early cleavage, there is a tight "cap" of 
mitochondria with very high membrane potential in the 
posterior polar plasm, as well as a more diffuse cap of 
mitochondria with a somewhat elevated membrane po­
tential in the anterior of the embryo (Fig. 5A). At these 
stages, the density of mitochondria in these regions is 
essentially uniform (Akiyama and Okada, 1992). High 
levels of anterior and posterior mitochondrial activity 

persist through mid cleavage (roughly 1 hr after fertil­
ization), and the pole cell buds exhibit high levels of 
mitochondrial activity when they form (Fig. 5B). While 
the pole cells continue to exhibit very high respiratory 
activity through the cellular blastoderm stage, anterior 
mitochondrial activity drops to background levels by 
this stage (Fig. 5C). Our results differ from those re­
ported by Akiyama and Okada (1992), who did not ob­
serve elevated anterior and posterior mitochondrial ac­
tivity in mid cleavage embryos (see also below). The 
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protocol we used to permeabilize living embryos has 
been shown to result in uniform penetration of dye 
(Strecker et al, 1994), giving us confidence that our re­
sults reflect true differences in mitochondrial activity 
rather than an artifact caused by variable penetration 
of rhodamine-123. 

Thus , the posterior pole of the early cleavage stage 
embryo exhibits an elevated mitochondrial respiratory 
activity and a high concentration of 16S and 12S RNA. 
However, mitochondrial respiratory activity and the 
16S and 12S RNA distribution do not correlate subse­
quently, since pole buds and pole cells exhibit high levels 
of rhodamine-123 staining but only low levels of 16S and 
12S RNA (Figs. 2B-2D). This uncoupling of mitochon­
drial activity and RNA levels is further supported by 
the fact that rhodamine-123 staining is high at the pos­
terior pole of embryos produced by females carrying 
grandchildless mutations while these same mutations 
completely eliminate posterior concentration of 16S 
RNA (Figs. 6 and 7; see below). 

Mitochondrial Activity Is Largely Unaffected by 
Grandchildless Mut,a,tions 

Next we analyzed the effects of two grandchildless 
mutations on mitochondrial activity as assayed by rho­
damine-123 staining. These two mutations, caP'J}'Uccino 
and tudor, reduce the posterior polar plasm, eliminate 
the polar granules, and prevent pole cell formation . cap­
puccino functions early in polar plasm and polar granule 
assembly (see Lasko, 1992, for review), while tudor func­
tions later (Ephrussi and Lehmann, 1992). The tudor 
protein has recently been detected inside mitochondria 
during early embryogenesis (Bardsley et al, 1993). In 
addition, we assayed the effects of the pumilio mutation 
on rhodam ine-123 staining. pumilio RNA is concen­
trated in the posterior polar plasm of the early embryo 
(Barker et al, 1992; Macdonald, 1992), but pumilio func­
tion is not required for maintenance of polar granule 
integrity or pole cell formation. 

Rhodamine-123 staining in embryos from pumilio 
mothers was indistinguishable from that in wildtype 
(Fig. 6A, cf. Fig. 5A). In embryos produced by cappuc­
cino and tudor mutant females, rhodamine-123 staining 
was high at the posterior pole (Figs. 6B and 6C). How­
ever, the posterior signal in embryos from these mutant 
females was less tightly localized than in wildtype em­
bryos, being distributed through the posterior sixth of 
the cortical cytoplasm (Fig. 6, cf. Fig. 5). This observa­
t ion is consistent with the elimination of the posterior 
polar plasm as a morphologically distinct entity in these 
mutants (Boswell and Mahowald, 1985; Lehmann and 
Nusslein-Volhard, 1986; Schupbach and Wieschaus, 
1986). Thus, wildtype embryos, as well as embryos from 

pumilio, cappuccino, and tudor females, exhibit an ele­
vated activity of posteriorly located mitochondria. How­
ever, in the embryos produced by cappuccino and tudor 
mutant females, the reduction in the volume of the cyto­
plasmic cap at the posterior pole results in the active 
mitochondria being less tightly restricted to the poste­
rior tip. Our results differ from those presented by 
Akiyama and Okada (1992), who reported no detectable 
effect of grandchildless mutants on the distribution of 
active posterior mitochondria. Curiously, their embryos 
derived from mutant females appear to exhibit the pres­
ence of posterior polar plasm, although it is known to be 
eliminated in these mutants (Boswell and Mahowald, 
1985; Lehmann and Nusslein-Volhard, 1986; Schupbach 
and Wieschaus, 1986). 

Our results demonstrate that the high-level activa­
tion of posteriorly located mitochondria in early em­
bryos does not require the posterior polar plasm. 
Rather, some other cue must be used to activate these 
mitochondria and they are then restricted to posterior 
polar plasm of wildtype embryos by one or more of the 
components of the polar plasm. 

Posterior Localization of the 16S RNA Is Disrupted by 
Grandchildless Mutations 

We then examined the effects of the cappuccino, tu­
dor, and pumilio mutations, as well as an additional five 
maternal-effect mutations which cause defects in pole 
cell formation and/or posterior patterning, on 16S RNA 
distribution. For all mutations that affect the integrity 
of polar granules, pole cell forma t ion, and abdominal 
development (cappuccino, spire, oskar, vasa, valois, tu­
dor, and staufen), the 16S RNA is present at uniform 
levels throughout the embryo at early cleavage stages 
and the high posterior concentration is completely abol­
ished (Fig. 7). In contrast, mutations that affect abdomi­
nal patterning but not polar granu le integrity or pole 
cell formation (nanos and pumilio) result in embryos in 
which the posterior localization of 16S RNA is normal 
(Fig. 8). 

Thus, components of the polar plasm are required to 
establish and/or maintain the high posterior concentra­
tion of the 16S RNA in ear ly embryos. 

Ectopic Anterior Polar Plasm and Pole Cells Can Form 
in the Absence of a High Anterior Concentration of 
16S and 12S RNA 

A key component of the polar plasm is encoded by the 
oskar RNA, which is localized to the posterior pole of the 
oocyte and early embryo (Ephrussi et al, 1991; Kim-Ha 
et al , 1991). The oskar gene resides near the top of the 
polar plasm assembly pathway (Ephrussi and Leh­
mann, 1992). Ectopic localization of oskar RNA to the 
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anterior pole of the oocyte and early embryo under the 
control of the bicoid 3'UTR results in anterior assembh· 
of polar granu les (Bards ley et aL , 1993), polar plasm, and 
the formation of functional pole cells at this ectopic lo­
cation (Ephruss i and Lehmann , 1992). In addition, vasa 
protein (Ephrussi and Lehmann, 1992), nanos RNA. 
(Ephrussi and Lehmann, 1992), and H sp83 RNA (Ding et 
aL , 1993b) are relocalized anteriorly in such embryos 
and are taken up into the ectopic pole cells that form 
there (reviewed in Ding and Lipshitz, 1993b). Given our 
observation that 16S RNA is delocalized by grandchild­
less mutants (see above) and reports that pole cell-like 
cells could be induced at the anterio r pole by injection of 
16S RNA along with uv-irradiated posterior cytoplasm 
(Kobayashi and Okada, 1989), we examined embryos 
from osk-bcd 3'UTR females for possible anterior con­
ce ntration of 16S RNA. 16S RNA is not concentrated 
anteriorly in these embryos (Figs. 9A-9C): 96% exhib­
ited no significant anterior concent ration of 16S RNA 
despi te showing clear posterior concentration; 4 % exh ib­
i ted 16S RNA concentrated at both poles (n = 129). The 
12S RNA is also not concentrated anteriorly in such em­
bryos (data not shown). Control embryos, derived from 
the same batch and processed in parallel, were exam­
ined for nanos RNA as well as for the ability to form 
ectopic pole cells: 96% of the embryos with nanos RN . .\ 
localized posteriorly also exhibited significant anterior 
nanos RN A localization (Figs. 9D-9F); 4 % showed nanos 
RNA concentrated only at the posterior pole (n = 116). 
The stage 3 to 5 embryos we examined also clearly 
formed ectopic anterior pole buds and pole cells (Figs . 
9E-9F). Thus, we are led to conclude that functional po· 
Jar granules, po lar plasm, and pole cells can form in the 
absence of a high concentration of 16S and 12S RNA . 

DISCUSSION 

We have shown that the mitochondrially encoded 16S 
and 12S ribosomal RN As are concentrated at the poste· 
rior pole of early cleavage stage embryos. The dynamics 
of 16S and 12S RNA expression and localization do not 
correlate well with either the distribution of mitochon­
dria or their activity. Mutat ions that disrupt the integ­
rity of the posterior polar plasm, the polar granules, and 
the ability to form pole cells have a limited effect on the 

FIG. 7. Distribution of 16S RNA in embryos from grandchildless­
knirps mutant fema les. 16S RNA is shown in ear ly cleavage stage 
emb ryos derived from females homozygous for mutations that dis rupt 
the posterior polar plasm and the integrity of the polar granules (A­
G) . These are (A ) cawuccino, (B) spire, (C) staufen, (D) oskar, (El 
i-asa, (F) tu.dar, and (G ) valois. Maternal !GS RNA is not present at 
higher levels at the posterior pole, but it is still present at un ifo r m 
levels throughout the anteroposterior ax is of the embryo. For all em• 
bryos, anterior is to the left and do rsa l is toward the top of the page. 
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FIG. 8. Distribution of 16S RNA in embryos from nanos and pumilio 
mutant females. Posterior localization of !GS RNA is normal in early 
cleavage stage embryos produced by females mutant for nanos (A) or 
pumilio (B). which eliminate components of the posterior polar plasm 
without affecting the integrity of the polar granules. Shown are early 
cleavage stage embryos with anterior to the left and dorsal toward the 
top of the page. 

distribution of active mitochondria at the posterior 
pole. In contrast, all of these mutations completely elimi­
nate posterior concentration of the 16S RNA. Further, 
ectopic anterior formation of functional polar granules 
and polar plasm in embryos from oskar-bicoid 3'UTR 
females does not result in ectopic anterior concentration 
of the 16S and 12S RN As. Indeed, functional ectopic pole 
cells form in such embryos in the absence of high con­
centrations of 16S and 12S RN As. Thus, pole cell forma­
tion is not dependent on a local concentration of these 
RN As. Here, we discuss the significance of these results 
and compare them with the results of previous studies 
of the 16S RNA and the posterior polar plasm. 

The 16S and 12S RNAs Are Concentrated in the 
Posterior Polar Plasm of Early Embryos 

We have shown that both the 16S and 12S RNAs are 
transiently concentrated at high levels in the posterior 
polar plasm of early embryos. This cannot simply be a 
result of a higher density of mitochondria in this region 
since the mitochondrial density in the posterior polar 
plasm is not elevated relative to the rest of the embryo 
(Akiyama and Okada, 1992). Further, we have shown 
that the high posterior concentration of these RNAs is 
also not simply a correlate of higher respiratory activity 
of mitochondria in the polar plasm. While, in early cleav­
age embryos, mitochondrial activity (as assayed in liv­
ing embryos with rhodamine-123), 16S, and 12S RNA 
concentrations are high at the posterior pole, highly ac-

tive mitochondria are found in the pole buds and pole 
cells, both of which exhibit very low levels of 16S and 
12S RNA. Mitochondrial activity can further be shown 
to be uncoupled from posterior localization of 16S RNA 
by our analysis of grandchildless mutants. These elimi­
nate the posterior polar plasm as a morphologically dis­
tinct entity (Boswell and Mahowald, 1985; Lehmann and 
Niisslein-Volhard, 1986; Schiipbach and Wieschaus, 
1986) and we have shown here that they also completely 
eliminate posterior polar concentration of 16S RNA. 
However, these grandchildless mutations do not alter 
the high activity level of posterior mitochondria; they 
produce only a minor effect on the spatial distribution 
of the active mitochondria, as might have been expected 
given the absence of posterior polar plasm in these em­
bryos. Were the 16S RNA dispersed in a pattern identi­
cal to that of the active mitochondria in these mutants, 
the posterior 16S RNA level would have appeared signif­
icantly higher than that in the rest of the cortical cyto­
plasm. However, these mutants result in complete delo­
calization of the 16S RNA from the posterior pole. Thus, 
we are led to conclude that the high concentration of 16S 
RNA in the posterior polar plasm is not a reflection 
either of a high density of mitochondria or of high activ­
ity of mitochondria in this region. This concentration of 
the 16S RNA, however, is absolutely dependent on the 
presence and integrity of the posterior polar plasm. 

Polar Plasm Concentration of the 16S and 12S RN As Is 
Not Required for Pole Cell Formation 

Kobayashi and Okada (1989) reported that the injec­
tion of in vitro-transcribed 16S RNA into the cytoplasm 
at the posterior of uv-irradiated embryos restored their 
ability to form pole cell-like cells which, while not fully 
functional, had many of the properties of germ cells. 
When injected anteriorly together with uv-irradiated 
posterior cytoplasm, hybrid selected 16S RNA could in­
duce pole cell-like cells anteriorly (Kobayashi and 
Okada, 1989). These authors found that 16S RNA is 
more abundant in a subcellular fraction containing few 
mitochondria (P3) than in a mitochondrial fraction 
(P2), suggesting that a subset of 16S RNA is outside of 
the mitochondria in the cytoplasm of early embryos 
(Kobayashi and Okada, 1989). Recently, Kobayashi et al. 
(1993) have reported electron microscopic RNA in situ 
hybridization experiments supporting the notion that a 
subset of 16S RNA at the posterior pole of the early 
embryo may be associated with the polar granules in the 
cytoplasm. 

Our analyses of the 16S and 12S RNAs have shown 
that both of these RNAs are concentrated in the poste­
rior polar plasm, forming a tight cap at the posterior 
pole of early embryos, a pattern similar to that of other 
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FIG. 9. Distribution of 16S (A-C) and nanos (D-F) RNAs in embryos produced by oskar-bicoid .J'UTR females. In embryos immediately after 
fertilization, 16S RNA (A) is concentrated at the posterior pole as in wildtype (cf. Fig. 2.-\.) but is not concentrated at the anterior pole. [n 
contrast, nanos RNA (D) is localized at both poles. The high posterior concentration of 16S RNA decreases rapidly during the cleavage stages 
and, when pole cells form, there is only slightly more 16S RNA (B) at the posterior end than in the rest of the embryo. The dynamics of this 
process are indistinguishable from those in wildtype (cf. Fig. 2B). In contrast, nanos RNA remains at both poles (E). At the cellular blastoderm 
stage, 16S RNA (C) is present in the basal cytoplasm of the somatic cells and levels are low in the pole cells, again resembling wild type (cf. Fig. 
2D). In contrast, nanos RNA is taken up into the pole cells at both poles (F). For all embryos. anterior is to the left and dorsal is toward the top of 
the page. 

RNAs that are likely to be components of the polar 
plasm such as transcripts of nanos, oskar, and germ cell­
less (Ephrussi et al , 1991; Jongens et al, 1992; Kim-Ha et 
al, 1991; Wang and Lehmann, 1991). In addition, we 
have demonstrated that posterior concentration of the 
16S RNA is dependent on the integrity of the posterior 
polar plasm and the polar granules since it does not 
occur in embryos derived from grandchildless mutant 
females . 

While these data support the hypothesis that 16S 
RNA is a component of the posterior polar plasm, they 
do not prove that the 16S RNA must be concentrated 
there for pole cell formation to occur. In order to test 
this possibility more directly, we examined both the 16S 
and 12S RNA distributions in embryos derived from fe­
males carrying an oskar-b-icoid 3'UTR construct de-

signed to ectopically localize oskar RNA to the anterior 
pole of oocytes and early embryos (Ephrussi and Leh­
mann, 1992). This results in anterior localization ofvasa 
protein (Ephrussi and Lehmann, 1992), nanos RNA 
(Ephrussi and Lehmann, 1992), and Hsp83 RNA (Ding 
and Lipshitz, 1993b; Ding et al. 1993b), anterior assem­
bly of polar granules and polar plasm, and formation of 
ectopic, anterior, fully functional pole cells (Ephrussi 
and Lehmann, 1992). If high-level concentration of 16S 
and/or 12S RNAs were obligatory for pole cell forma­
tion, one would have expected these RNAs to be ectopi­
cally concentrated at the anterior pole of embryos de­
rived from oskar-bicoid 3'UTR females. In fact, however, 
our data clearly demonstrate that neither the 16S nor 
the 12S RNAs are concentrated at the anterior pole of 
such embryos. 
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The simplest interpretation of these results is that, 
while the 16S (and possibly the 12S) RNA is concen­
trated at the posterior pole of early embryos in a polar 
plasm-dependent fashion (Fig. 7), and may even be asso­
ciated with polar granules (Kobayashi et al, 1993), this 
is not necessary for pole cell formation. Of some signifi­
cance in this regard is the fact that attempts to inacti­
vate the 16S RNA in the posterior polar plasm, either 
by injection of in vitro-transcribed antisense RNA 
(Kobayashi and Okada, 1989) or by injection of mixtures 
of high concentrations of antisense oligodeoxynucleo­
tides complementary to the conserved loops of the 16S 
RNA (D. Ding, K. L. Whittaker, S. M. Parkhurst, and 
H. D. Lipshitz, unpublished data), have failed to produce 
any phenotypic effects. An alternative hypothesis, that 
the 16S RNA functions above (prior to) oskar in the po­
lar plasm assembly hierarchy (and that, therefore, the 
requirement for its function is bypassed in the oskar-bi­
coid 3'UTR situation), is unlikely in light of a compari­
son of the dynamics of oskar and 16S localization to the 
posterior pole of the oocyte and early embryo: oskar 
RNA is localized to the posterior of the oocyte by stage 9 
of oogenesis (Ephrussi et al, 1991; Kim-Ha et al, 1991), 
and it remains posteriorly concentrated through early 
embryogenesis. In contrast, we have shown that 16S 
RNA is not concentrated to the posterior pole until 
much later. Thus the temporal aspects of oskar and 16S 
RNA localization are consistent with the former func­
tioning prior to the latter, rather than the opposite. 

The ability of injected 16S RNA to partially restore 
the pole cell formation pathway (Kobayashi and Okada, 
1989) cannot at present be explained. It is not possible at 
present to exclude rigorously the hypothesis that the 
16S RNA acts in an independent pathway involved in 
polar plasm and pole cell formation. However, such a 
scenario is made unlikely by the fact that hybrid se­
lected 16S RNA can only induce pole cell-like cells ante­
riorly when co-injected with uv-irradiated posterior po­
lar plasm (Kobayashi and Okada, 1989). Such polar 
plasm would include, among other things, highly active 
mitochondria (si nce uv irradiation does not affect their 
activity; Akiyama and Okada, 1992) as well as molecules 
required for polar plasm assembly and pole cell forma­
tion (e.g., oskar RNA and protein , vasa protein; reviewed 
in Ding and Lipshitz, 1993b). 

Whatever the explanation for the effects of 16S RNA 
on uv-irradiated embryos, our present data prove that 
functional polar plasm and pole cells can form in the 
absence of a localized concentration of 16S RNA. 
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