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Maternally synthesized RNAs program early embryonic
development in many animals. These RNAs are
degraded rapidly by the midblastula transition (MBT),
allowing genetic control of development to pass to
zygotically synthesized transcripts. Here we show that
in the early embryo of Drosophila melanogasterthere
are two independent RNA degradation pathways, either
of which is sufficient for transcript elimination. How-
ever, only the concerted action of both pathways leads
to elimination of transcripts with the correct timing, at
the MBT. The first pathway is maternally encoded, is
targeted to specific classes of MRNAs througtis-acting
elements in the 3-untranslated region and is conserved
in Xenopus laevisThe second pathway is activated 2 h
after fertilization and functions together with the
maternal pathway to ensure that transcripts are
degraded by the MBT.

Keywords Drosophildmidblastula transition (MBT)/
localization/stabilityKenopus

Introduction

developmental processes that require zygotic products.
The MBT should not be confused with the onset of zygotic
transcription, which initiates earlier. Prior to the MBT, a
subset of the maternally synthesized transcripts is
degraded. In mammals, maternal transcript degradation
is complete by the two-cell stage, while in echinoderms,
amphibians and insects it occurs prior to the MBT,
when either several hundred cells (echinoderms), several
thousand cells (amphibians) or several thousand syncytial
nuclei (insects) are present.

Genetic and molecular studies Drosophila melano-
gaster have demonstrated that a subset of the maternal
MRNAs encode proteins controlling the cell cycle, posi-
tional specification of cells or the morphogenetic move-
ments that drive gastrulation. These transcripts are
eliminated during the syncytial blastoderm stage, shortly
after zygotic transcription commences (reviewed in
Cooperstock and Lipshitz, 1997; Bashirullahal., 1998).
The subsequent cellularization of the blastoderm is the first
developmental process requiring zygotic contributions and
thus marks theDrosophila MBT (Edgar et al, 1986;
Merrill et al., 1988; Siboret al., 1997).

During early Drosophila embryogenesis, from egg-
laying until the MBT, there are 13 synchronous syncytial
nuclear divisions (Zalokar and Erk, 1976; Foe and Alberts,
1983; Campos-Ortega and Hartenstein, 1998). Sub-
sequently, the nuclei enter interphase of nuclear division
cycle 14 and the somatic blastoderm cellularizes by
concerted invagination of cell membranes from the peri-
phery. Blastoderm cellularization is followed by the first
gastrulation movements and the first zygotically pro-
gramed mitosis, mitosis 14, which is no longer
synchronous (Foe, 1989). It has been shown that this
transition from synchronous maternally driven mitoses
to asynchronous zygotically programed mitoses requires
degradation of maternalring transcripts $tring encodes
a homolog of the cell cycle regulator, CDC25) (Edgar and
O’Farrell, 1989, 1990; Edgar and Datar, 1996).

While turnover of maternal transcripts was first reported
more than 20 years ago, little is known of the degradation
machinery or of the mechanisms by which specific classes
of transcripts are targeted to it. Here we show that two
transcript degradation pathways function in the early
Drosophila embryo. The first, ‘maternal’, pathway is
driven by maternally encoded factors that are recruited by
cis-acting RNA degradation elements independently of

In animal embryos as diverse as echinoderms, insects,whether the transcript is translationally active or trans-
amphibians and mammals, the earliest stages of develop-ationally repressed. This maternal degradation apparatus
ment are programed by maternally synthesized RNAs andis conserved inXenopusoocytes and early embryos.
proteins (reviewed in Davidson, 1986). Subsequent phasesThe second ‘zygotic’ pathway becomes active 2 h after
of embryogenesis require products encoded by zygotically fertilization. Either pathway acting alone is sufficient to
synthesized transcripts. The transition from maternal to eliminate maternal transcripts; however, the joint action
zygotic control of development is referred to as the of both pathways is necessary for elimination of transcripts

midblastula transition (MBT) which is defined by the first
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prior to the MBT. This dual degradation system is likely

© European Molecular Biology Organization



Maternal transcript degradation in Drosophila

to coordinate developmental events by ensuring the elim- fertilization. These blots were probed fbisp83 string,

ination of maternal transcripts prior to the MBT.

Results

Degradation of maternally synthesized transcripts
begins shortly after fertilization in Drosophila

nanosand rpAl transcripts.rpAl served as an internal
control since maternapAl transcripts are stable beyond
the MBT (Riedl and Jacobs-Lorena, 1996) (Figure 1J).
Maternal Hsp83 string and nanos transcript levels
decrease throughout the pre-MBT stages initiating within
the first hour after fertilization (Figure 1K). By the MBT

We analyzed the dynamics of transcript degradation in (2.5-3.0 h after fertilization),>96% of the maternal
the early embryo focusing on three maternally encoded Hsp83transcripts loaded into the embryo have disappeared

RNAs: Hsp83 string and nanos Hsp83 transcripts are
particularly abundant, representing 1% of the poly-

(Figure 1K). TheHsp83transcripts present at and after
this stage comprise undegraded maternal transcripts in the

adenylated transcripts in the early embryo (Zimmerman pole cells and zygotic transcripts. Ninety-five percent of

et al, 1983). RNA tissuan situ analyses demonstrated
that maternaHsp83and string transcripts are no longer

long isoformstring transcripts (Figure 1J and K; only the
long isoform is strictly maternally synthesized and is

detectable by late stage 5, after completion of blastodermshown in K, although quantitation was done on each

cellularization (Figure 1A-F);nanos transcripts are
undetectable by stage 4 (Figure 1G—I). RNA tisgusitu

isoform) and>99% of thenanostranscripts have been
eliminated by the MBT (Figure 1J and K). The remaining

analyses are useful for defining when very low levels nanos transcripts represent undegraded maternal tran-
of transcripts are reached, but they are not sufficiently scripts in the pole cells (Figure 1H and 1). These results
guantitative to be used to define the time course of demonstrate that maternal transcript degradation initiates
degradation. Consequently, we carried out Northern blot at or shortly after fertilization, and that the vast majority
analyses of RNA samples prepared from embryo collec- of these transcripts have been eliminated by the MBT.
tions spanning 30 min intervals during the first 5 h after

Maternally encoded products direct transcript
degradation, even in unfertilized eggs

We used unfertilized eggs to ask whether maternally
encoded products are sufficient to direct transcript
degradation in the absence of both fertilization and zygotic
transcription. InDrosophilg egg activation occurs when
the mature oocyte passes from the ovary into the uterus.
This process does not require fertilization. Egg activation
releases the female pronucleus from meiotic arrest at
metaphase |, results in translation of various maternally
encoded transcripts deposited in the oocyte, and induces

Hsp83 ANA string RNA

Stage 5

(210-2:50) ¥

nanos RNA

Stage
(1 2&2 10}

Fig. 1. Degradation of maternaiisp83 string and nanostranscripts
begins at fertilization, and-95% of the transcripts are eliminated by
the MBT. Whole-mounin situ analysis of transcript distributions in
wild-type early embryos are shown in (A-I) while Northern blots and
guantitative analysis are shown in (J) and (K). All three species of
transcripts are present throughout the embryo at late stage 2 &nd

G; at about nuclear cycle 8; 25 mih-h 5 min after fertilization). By
stage 4 (nuclear cycle 13 h 20min—2 h 10 min after fertilization),
nanostranscripts have been degraded in the somatic redgidmhile
Hsp83and string transcripts are still presenB(andE). By the cellular
blastoderm stage (nuclear cycle, 24h 10min—-2 h 50 min after
fertilization), Hsp83andstring transcripts have been degraded
throughout the somatic regiol€ (and F) while Hsp83transcripts
(arrowhead, C) andanostranscripts ) remain undegraded in the

pole cells. The previously reported zygotic expressiomgp83RNA
(Ding et al., 1993a) can be seen in the presumptive head region
(asterisk). Stages are according to Campos-Ortega and Hartenstein
(1998). Embryos are oriented with the anterior to the left and dorsal
up. This convention will be followed throughoutl)(Northern blots

are shown foHsp83 string, nanosand rpAl transcripts in developing
embryos. For quantitatiork(), amounts were normalized relative to
rpAl levels sincepAl transcripts are stable. The time points shown in
(J) also apply to (K). The ordinate in (K) presents [RNA] plotted on a
logarithmic scale. A total of 96% of the maternally encod¢sp83
transcripts, 95% of the strictly maternally encodstdng transcripts
(‘long isoform’, upper band in J) angt99% of thenanostranscripts
have disappeared by 2.5 h after fertilization (arrows). Hse83
transcripts present after 2.5 h in embryos comprise maternal transcripts
present in pole cells and zygotically synthesized transcripts. The larger
string transcript, which is strictly maternal in origin (Edgar and Datar,
1996), was quantified. Details of the number of repetitions of each
Northern blot experiment are given in Materials and methods.

nanos (F) IR

rpA1 (F)

100
nanas (F)
L[]

2611



A.Bashirullah et al.

depolymerization of cortical microtubules and cross-

linking of the vitelline membrane (Mahowadd al., 1983).
The transcripts which we analyzed, i.e. mateltigp83 Hsp83 RNA string ANA nanos ANA

(Figure 2A—C),string (Figure 2D—F),nanos(Figure 2G— A D G

[) and Polar granule componen(Pgc Figure 7G), are 1:00-2:00 - - -

degraded in unfertilized eggs. Northern blot analyses

(Figure 2J) indicated that 99% of tHésp83transcripts B E H

and 90% of the long isoformtring transcripts have been  .p5.500 - P

degraded by 4-5 h after egg activation (Figure 2K), - H—

1-2 h later than in developing embryos (Figure 2J and & - |

K). Over 99% of thenanostranscripts have been degraded _ . -

by 3 h after egg activation (Figure 2J and K), 0.5 h later RS ” - m

than in developing embryos batl h earlier tharHsp83

andstring transcriptsrpAl transcripts are stable through- ® P 2 P

out this period (Figure 2J). We conclude that maternally ﬁp"p@aﬁ A

encoded factors are sufficient for degradationHs{p83

string, nanosandPgctranscripts. A second, superimposed,

degradation pathway causes the more rapid elimination of

transcripts in embryos than in unfertilized eggs (see string (UF)

below).

o

S

P PP
r.ﬁ'hsgpys'ﬁrb

5

HspE3 (UF)

nanes (UF)

Cis-acting elements in the 3 -UTR target
transcripts for degradation

To identify cis-acting sequences essential for transcript rpAT (UF)
degradation, we focused on thé-thtranslated regions

(3'-UTRs) of Hsp83and nanostranscripts. If an element K o
targets transcripts for degradation, then absence of this Hsp83 (UF)
element would be expected to stabilize the transcript. i
Unfertilized eggs were used for the analysis in order to
identify those elements necessary for maternally encoded
transcript degradation.

For Hsp83 a series of reporter transgenes was con-
structed that contained a fragment of thgcherichia coli string (UF)
lacZ gene and either the full 407 nucleotides of H&p83 -
3'-UTR or deleted versions (see Figure 3A for sequence,

Figure 3B for transgenic constructs). By this analysis, a

region in the 3UTR from nucleotide 253 to 349, which "
we refer to as theHsp83 degradation element (HDE), nanas {UF)
proved necessary for maternally encodip83transcript 0
degradation (Figure 3C—F). Transcripts lacking the HDE

(252A350) are stable in unfertilized eggs for at least 6 h 1
(Figure 3F). This contrasts with transcripts that include

the HD.E (endqgenOUEHSp&)’ transc_ripts or transgenic Fig. 2. Hsp83 string and nanostranscripts are degraded in unfertilized
transcripts that include the HDE) W_h|Ch are fully C_iegfaded egggs. Whgle?jmour?h situ analysis of ter)anscript digstributions in

in unfertilized eggs by 4 h after activation (see Figure 2C, unfertilized eggs are shown in (A-I) while Northern blots and

J and K for endogenous transcripts; data not shown for guantitative analysis are shown in (J) and (Kp83 string and
transgenic transcripts). Elimination of either theds the nanostranscripts are present throughout the egg from @ t after

' . egg activation &, D andG). Between 2 ad 3 h after egg activation,
3" half of the HDE (253301 or 30@351) results in levels of Hsp83and string transcripts have decreasesl éndE),

incomplete degradation (data not shown; see Figure 3B). nanostranscripts are no longer detectable outside the posterior polar

The first 186 nucleotides of theanos3'-UTR, desig- plasm H) and Hsp83transcripts can be seen to be concentrated in the
nated the translation control element (TCE)7 have also beenposterior polar plasm (B). By 3—4 h, all three'classes_ of transcripts are
implicated in control of transcript stability (Dahanukar and Undetectable, F and1) except for the posterior-localizddsp83and

: . - nanostranscripts (C and 1).J) Northern blots are shown fddsp83

V\/_harton, 19_96' Smibest al, 1996)- In unfertilized €ggs, string, nanosand rpAl transcripts in unfertilized eggéisp83and
this element is shown here to target the maternally encodedstring transcripts (strictly maternal, upper band) reach minimal levels
degradation machinery toanostranscripts. Transcripts by 4-5 h, whereasanostranscripts have disappeareyl ® h after egg
lacking the first 186 nucleotideATCE) are not degraded activation. For quantitationk(), amounts were normalized relative to

A . rpAl levels sincepAl transcripts are stable. The time points shown in
by 2—4 h after egg activation (Figure 4C and D) whereas (J) also apply to (K). The ordinate in (K) presents [RNA] plotted on a

endogenousanodtranscripts have completely disappeared |ogarithmic scale. In unfertilized eggs;99% of thenanostranscripts,
(Figure 4A and B). 99% of theHsp83transcripts and 90% of thetring transcripts (strictly
To study whether théisp83HDE and thenanosTCE maternal, upper band in J) are degraded. Transcripts from unfertilized
are functionally interchangeable, two additional transgenic ¢99° & shown in gray®) while transcripts from embryos (taken
rom Figure 1) are shown in blacili) for comparison. Details of the
constructs were made. In one, the HDE was added to number of repetitions of each Northern blot experiment are given in

nanos transgene lacking the TCEngs|ATCE+HDE]) Materials and methods.

2612



BEGACCAGTCEARACARACARCCARAATTEATTCTATCAC TOSCATTCACK TACACARTTTAC TTCCGTTTOSAACTTTT 8O
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Fig. 3. Mapping of theHsp83degradation (HDE) and protection

(HPE) elements.A) Sequence of thelsp833'-UTR with highlighted

HDE (black) and HPE (gray)B) Transcription of the transgenes is
under the control oHsp83regulatory sequences fused to a 603 bp

lacZ tag and followed by the 407 nucleotitsp833’'-UTR (1.407) or

the Hsp703'-UTR (‘Hsp70) (see Materials and methods)., & and
internal deletions within théisp833’'-UTR are shown as a diagram.

+, degradation or protection occur as in wild-type*, degradation
incomplete; —, degradation or protection fail; NA, protection cannot be
assayed in the absence of degradation; NM, no maternal RNA present
in the egg (Halsell, 1995). Black bars represkisp833'-UTR

sequences; gray bars represkisp703’-UTR sequences. The HDE
which maps from nucleotide 253 to 349 and the HPE which maps
from nucleotide 350 to 407 are highlighte© &nd D) Endogenous
Hsp83transcripts visualized with an antisernidep83RNA probe.

(E andF) Transgenic 252350 reporter transcripts visualized with an
antisense3-galactosidase RNA probe. The age of eggs or embryos in
hours is shown to the left. In contrast to endogenous transcripts (C and
D), the 2522350 transcripts persist throughout the egg until at least

6 h after activation (E and F).

(Figure 4E and F); in the other, tmanosTCE was added
to an Hsp83-lacZreporter construct lacking the HDE
(Hsp83AHDE+TCE]) (Figure 4G and H). Addition of
the Hsp83 HDE restores degradation to the otherwise
stable nos|ATCE] transcript (Figure 4E and F) while
addition of thenanos TCE similarly targets the stable
Hsp83-lacZpHDE] transcript for degradation (Figure 4G
and H). While our data demonstrate that the HDE and
TCE are functionally interchangeable, we have been
unable to identify any significant primary sequence or

Maternal transcript degradation in Drosophila

These data support a model in which specifis-
acting elements recruit a maternally encoded degradation
machinery to both thélsp83andnanostranscripts.

Relationship between translation and RNA

degradation

Our next goal was to study whether translational repression
is a prerequisite for transcript degradation. Such a require-
ment had been postulated faanostranscripts in early
embryos since relief of translational repression (by deletion
of the TCE) correlated with an increase in transcript
stability (Dahanukar and Wharton, 1996; Smibettal.,
1996). Translation ofmanosin the head region of the
embryo causes repression loitoid translation and thus
head skeleton defects (Dahanukar and Wharton, 1996;
Smibertet al.,, 1996). The severity of the defect serves as
a sensitive readout of the Nanos protein level (Wharton
and Struhl, 1991; Gavis and Lehmann, 1994) in the
absence of a direct assay using anti-Nanos antibodies,
which are no longer available.

We examined the head skeleton of transgenic embryos
carryingnos|ATCE] or nos|[ATCE+HDE] transcripts. As
previously reported (Dahanukar and Wharton, 1996;
Smibertet al., 1996),nos[ATCE] transcripts are translated
and produce head skeleton defects (Figure 4J). Surpris-
ingly, even thoughnos[ATCE+HDE] transcripts are
degraded (Figure 4F), they too produce head skeleton
defects (Figure 4K). Furthermore, the severity of the head
skeleton defects was greater in the case of
nos[ATCE+HDE] than nos|ATCE]. In five independent
nos|ATCE] transgenic lines, an average of #29% of
the embryos exhibited defects and these were restricted
to the dorsal bridge. In contrast, all four independent
nos|ATCE+HDE] lines resulted in 106 0% of the
embryos exhibiting severe defects (loss of dorsal bridge,
dorsal arms, vertical plates and ventral arms).

Thus, not only are thaos|[ATCE+HDE] transcripts
translated, but they are translated at higher levels than the
nos[ATCE] transcripts, perhaps because the HDE includes
a translational enhancer. We conclude that translational
repression and transcript degradation are not causally
linked; even highly translated transcripts are targeted
for degradation. Moreover, non-protein-coding transcripts
(e.g.Pgo are also degraded in unfertilized eggs (Figure
7G). Together, these data indicate that the transcript
degradation machinery acts on transcripts that contain a
degradation element independently of whether they are
untranslatable, translationally repressed or translated.

Discovery of a second, zygotically encoded or

activated degradation pathway

We next addressed whytsp83transcripts are eliminated
more rapidly in embryos than in unfertilized eggs. We
asked whether embryos contain an additional degradation
machinery that acts independently of the HDE, by
comparing the stability of transcripts containing or
lacking the HDE. Degradation of endogenotisp83
transcripts as well as HDE-containing transgenic tran-
scripts is initiated shortly after fertilization, and minimal
transcript levels are reached by 2.5 h (Figure 5A, B and
F for endogenous transcripts; transgenic transcripts not
shown). In unfertilized eggs, transcripts lacking the HDE

secondary structure conservation between these elementsare stable for well over 5 h (Figures 3E and F, and 5E).
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wild-typa ATCE

ATCE+HDE AHDE+TCE

A Cc E G

F H
* | | “

Fig. 4. The Hsp83HDE and thenanosTCE are interchangeable with respect to maternal transcript degradation, which is independent of translational
repression.A andB) Endogenousanostranscripts are degraded 2 h after egg depositionC(and D) Deletion of thenanosTCE (hanos3'-UTR
nucleotides 1-185) results in transcript stabilizatidha6d F) Replacement of theanosTCE with theHsp83HDE (Hsp833'-UTR nucleotides

253-349) restores transcript degradatidd.andH) Replacement of thelsp83HDE with the nanosTCE restores transcript degradation.
nanosPTCE+HDE] transcripts are not translationally repressed even though they are degraded. Head skeletons are shown from Iyild-type (
embryos fromnanosATCE] transgenic females]) and embryos froormanosPpTCE+HDE] females K). As previously reported (Dahanukar and

Wharton, 1996; Smibewrt al., 1996), there is a reduction of the dorsal bridgeamospATCE] embryos (J). Surprisingly, although

nanosPpTCE+HDE] transcripts are degraded (F), they are not translationally repressed, as evidenced by the severe head skeleton phenotype (K)
(note the loss of dorsal bridge, dorsal arms, vertical plate and ventral arms). DBr, dorsal bridge; DA, dorsal arms; VP, vertical plate; VA, ventral

arms.

HDE-deleted (252350) transcripts are stable throughout
the first 2 h of embryogenesis, after which degradation

the posterior polar plasm and pole cells, but certain classes
of transcripts could be masked from the machinery by

initiates, and 95% of these transcripts are gone by 4 h components of the polar plasm.

after fertilization (Figure 5C, D, F and G). Thus, in

To distinguish between these possibilities, we replaced

addition to the maternally encoded degradation machinery, the Hsp833'-UTR in our reporter construct with the-3

a zygotically synthesized or zygotically triggered degrada-
tion machinery is active starting 2 h after fertilization.

UTR from the Hsp70transcript (Figure 3B). Transgenic
reporter transcripts carrying théisp83 3'-UTR are

Furthermore, since transcript degradation occurs at thisdegraded normally in the soma but are not degraded in
stage in the absence of the HDE, this ‘zygotic’ degradation the pole cells (Figure 6A—C), mimicking the distribution

is independent of elements in thé-3TR that mediate

of the endogenoukisp83transcripts (Figure 1A—C). The

the maternally encoded degradation. Zygotic transcript reporter transcripts carrying thésp703'-UTR are taken

degradation occurs for all’3JTR reporter constructs
listed in Figure 3.

up into the pole cells when they bud (Figure 6D and
E) but are unstable and are degraded by the cellular

Taken together, our analyses demonstrate that the jointblastoderm stage (Figure 6F; see figure legend for details).

action of both the ‘maternal’ and the ‘zygotic’ degradation
pathways is needed to eliminate the bulk of maternal
transcripts by the onset of the MBT.

Elements in the 3'-UTR protect transcripts from
degradation in the pole cells

Certain maternal transcripts fail to degrade in pole cells
of developing embryos or in the posterior polar plasm of
unfertilized eggs. These includgsp83 (Figures 1C and
2C), nanos(Figures 1H and I, and 2H and 1) areigc
(Figure 7G) (Wang and Lehmann, 1991; Dirg al,
1993a; Nakamurat al., 1996). Our time course analysis
shows that 1% of the total maternally loadétsp83
transcripts and<1% of the total maternally loadashnos
transcripts remain in the posterior polar plasm of un-
fertilized eggs (Figure 2K). Two possible mechanisms

These results demonstrate that the maternally encoded
degradation machinery is present throughout the egg
and embryo.

To identify ‘protection’ elements within thelsp833’-
UTR, we assayed posterior protection of our reporter
transcripts in unfertilized eggs (Figure 3B). Sequences
sufficient for protection reside within the’-Bhost 107
nucleotides of theHsp833'-UTR since transgenic RNA
produced by the 301.407 construct is protected (Figure
3A and B). Since transgenic RNA carrying only nucleo-
tides 351-407 is unstable during oogenesis (Halsell, 1995),
it was not possible to determine whether then®st 57
nucleotides alone are sufficient for protection. However,
replacement of nucleotides 351-407 with tHep703'-

UTR results in failure of protection (Figure 3B), showing
that nucleotides 351-407 are necessary for protection. We

could lead to the absence of transcript degradation at therefer to nucleotides 351-407 as tl¢sp83 protection
posterior: the degradation machinery might be excluded element or HPE. Thus elements necessary for degradation

from the posterior polar plasm and thus also from the
pole cells. Alternatively, the machinery could be active in

2614
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endogencus Hsp83 AHDE

Stage 5
(2:10-2:50)

Stage 8
{3:10-3:40)

E

MHDS(UF) A - - S
+HDE (UF) “......

F
e ) W
G el

Fig. 5. Hsp83transcripts lacking the HDE are degraded in embryos by
a zygotically synthesized or activated degradation mechanism. (A and
B) Endogenoudisp83transcripts visualized with an antiseridep83

RNA probe. (C and D) Transgenic 25250 reporter transcripts
visualized with an antisengegalactosidase RNA probe. The stage of
embryos is shown to the left. In contrast to endogenous transcripts

(A andB) which are degraded by the MBT and so are absent by stage
5, the 25350 transcripts persist beyond stageC§ and are degraded
by stage 8 D). Zygotically synthesized transcripts accumulate in the
head region and in the germ band (B and D). Northern blots are
shown of unfertilized eggs (‘UF’ ifE) and developing embryos (‘F’ in

F). Quantitation is shown inQ). In unfertilized eggs, transgenic
transcripts lacking the HDE®, solid gray line) are stable, whereas

they are degraded starting af h and are goneyb4 h after

fertilization in embryos A, dashed gray line). Endogenous transcripts
in embryos are shown for referendll,(solid black line; taken from
Figure 1K). For quantitation, amounts were normalized as in Figures 1
and 2. In embryos, thelsp83transcripts that persist after 2.5 h (black,
endogenous) or aftel h (dashed lineAHDE) comprise maternal
transcripts present in pole cells and zygotically synthesized transcripts.
Details of the number of repetitions of each Northern experiment are
given in Materials and methods.

Identification of mutants that fail to undergo
maternally encoded RNA degradation

Maternal transcript degradation in Drosophila

Hspg3 3'UTRH

Hsp70 3'UTR

Stage 3
(1:05-1:20)

Stage 4
(1:20-2:10)

Stage 5 . i
(2:10-2:50)

Fig. 6. Degradation activity is present in pole cells bigp83
transcripts are normally protected from i @ndB) Stage 3 pole
cells; (C andD) stage 4 pole cells;H andF) stage 5 pole cells.
(A—C) Hsp831.407 transgenic transcripts or (D—F) transgenic
transcripts that replace th¢sp833'-UTR with theHsp703'-UTR (see
Figure 3A), visualized with an antisenBegalactosidase probe.
Transcripts that include thdsp833'-UTR are protected from
degradation in pole cells, while transcripts with tHep703’-UTR are
degraded in both the pole cells and the soma by stage 5, indicating
that degradation activity is present in pole cells. At stage 5, 82% of
the embryos with thédsp703’'-UTR transgenic RNA had little or no
detectable transcript in pole cells & 39). At stages 6-8, 95% of the
embryos with theHsp703’-UTR transgenic RNA had little or no
detectable transcript in pole cells & 42). In contrast, 100% of the
embryos carrying full-lengtiHsp833’-UTR transgenic RNA had high
levels of transcript in their pole cells at these stages-(50).

transcripts at the posterior served as an internal control
for the in situ hybridizations (if degradation occurs, then
protectedHsp83 transcripts are visible at the posterior).
Mutations in two loci, cortex and grauzone result in
failure of Hsp83 transcript degradation (Figure 7B and
C). Failure of degradation was not specifidHep83since
nanos (Figure 7E and F)Pgc (Figure 7H and 1) and
string (Figure 7K and L) transcripts also failed to degrade.
The cortex and grauzonemutants exhibit defective egg
activation and cytoplasmic polyadenylation of transcripts
(Lieberfarbet al, 1996; Page and Orr-Weaver, 1996).

The maternally encoded degradation pathway is
conserved in Xenopus

Since our data demonstrated that maternal factors areSeveral maternal transcripts are localized dupi@mopus

sufficient for transcript degradation prior to the MBT,
we tested a collection of female sterile mutant lines
(Schipbach and Wieschaus, 1989) to identify maternal

oogenesis although it is not yet known whether the
type of degradation—protection system described here for
Drosophila functions in their localization (reviewed in

effect mutants that fail to undergo degradation (see Bashirullahet al, 1998). Furthermore, as iDrosophila
Materials and methods for list). Mutants were assayed many maternal transcripts are degraded prior to the

for Hsp83 RNA degradation in unfertilized eggs aged

XenopusMBT (reviewed in Davidson, 1986). Thus, it

well beyond the stage at which transcripts would have was of interest to determine wheth&enopusoocytes
disappeared in the wild-type. The presence of protectedand early embryos have a maternal RNA degradation
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Hsp83 RNA nanas AMNA Pgc RNA string RNA

Fig. 7. The cortexand grauzonemutants result in failure of maternally encoded transcript degradation. Assays were conducted in unfertilized eggs,
aged for at least 3 h, from wild-type females (A, D, G andcdytexfemales (B, E, H and K) ograuzonefemales (C, F, | and L). Degradation of
Hsp83(A-C), nanos(D—F), Pgc (G-l) andstring (J-L) transcripts fails in eggs produced by the mutants. The defects in transcript localization

(E, F, H and I) may result from cytoskeletal abnormalities (Liebertrhl., 1996; Page and Orr-Weaver, 1996).

A B Two genetic pathways ensure RNA degradation
+HDE +HDE  AHDE . /
- == e ok T prior to the Drosophila MBT
; ; . e (hrs) ' i .
The first degradation pathway is maternally encoded and

e u does not require fertilization or zygotic gene transcription
for its function. This ‘maternal’ pathway begins to function
at or shortly after egg activation, and is sufficient for

Fig. 8. The maternal transcript degradation pathway is conserved in
Xenopusand Drosophila (A) In vitro synthesizedrosophila Hsp83

3-UTR transcripts (1.407) that carry the HDEHHDE) are highly degradation of even abun_dant mate_rnally loaded transcripts
unstable inXenopusoocytes and are almost completely degraded by 4-5 h after egg activation (Figure 9). The second
within 6 h ofiinjection. B) In contrast,n vitro synthesizedrosophila ‘zygotic’ pathway requires fertilization and becomes active

Hsp833'-UTR transcripts that lack the HDEAHDE'; 252A350) are

stable and can still be readily detected 24 h after injection. 1.5-2 h after fertilization. Acting alone, the zygotic

pathway eliminates transcripts by 4 h after fertilization.
Since the zygotic pathway can remoksp83transcripts
machinery similar to that identified here Drosophila in 2 h, while the maternal pathway takes 4-5 h, the
We injected in vitro synthesized, digoxigenin-labeled zygotic machinery is approximately twice as efficient as
transcripts comprising the full-lengtbrosophila Hsp83  the maternal machinery. Under normal circumstances,
3’-UTR into stage &Xenopusocytes or recently fertilized  relatively rare transcripts are degraded almost exclusively
embryos. These transcripts are unstable and are degradelly the maternal pathway (e.gano$. In contrast, more
rapidly after injection (Figure 8A for oocytes; data not abundant transcripts require the action of both pathways
shown for embryos). We then inject@uvitro transcribed  in order to be eliminated by the MBT (e.gsp83 string).
Drosophila Hsp833'-UTR AHDE transcripts into stage 6 The maternal pathway initiates transcript degradation at
oocytes; these transcripts are extremely stable and are stillor shortly after egg activation, while the zygotic pathway
readily detectable 24 h after injection (Figure 8B). We ensures degradation of abundant transcripts prior to the
conclude that th®rosophilaHDE functions as a degrada- MBT.

tion element inXenopusoocytes and embryos. Thus, Our results predict four classes of maternal RNASs in
Xenopusmust contain a transcript degradation activity the early embryo. The first class lacks both maternal and
highly related to theDrosophila maternal activity and  zygotic degradation elements and is stable (epg\1).
capable of recognizing thBrosophilaHDE. The second class (if it exists—there are no known
examples) would be degraded exclusively by the maternal
machinery either because these transcripts lack zygotic
degradation elements or because their low abundance
Passage from maternal to zygotic control of development enables them to be fully degraded by the maternal
is thought to depend on the elimination of a subset of machinery prior to activation of the zygotic factors. A
maternal transcript classes from the early embryo. For third class (if it exists—there are no known examples)
example, degradation of ubiquitous matersaing tran- would be degraded exclusively by the zygotic machinery,
scripts is necessary to permit zygotically driven, patterned possibly because of a lack of elements that target the
domains of cell division after the MBT (Edgar and Datar, maternal factors. The fourth class (et$sp83 string and
1996). Here we have shown that the joint action of two nano$ is degraded by the combined action of the maternal
RNA degradation pathways controls maternal transcript and zygotic machinery.

Discussion

degradation and its timing in the eaiyosophilaembryo, The dual mechanism for transcript degradation dis-
and that at least one of these pathways (the ‘maternal’ covered here sheds light on two previously reported
pathway) is conserved iKenopus observations. First, it has been shown that modulation
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Fig. 9. Maternal and zygotic degradation activities cooperate to
eliminate maternal transcripts by the MBT. Below the time scale on
the x-axis are shown the maternally driven mitoses (1-13) followed by
interphase 14 (the MBT) during which zygotic products take over
control of the cell cycle before mitosis 14, the first patterned and
asynchronous mitosis. Theaxis represents the [RNA] plotted on a
logarithmic scale. In unfertilized eggs, an abundant transcript (e.g.
Hsp83 lacking a maternal degradation element but carrying a zygotic
degradation element is stabl&¥E, blue). In contrast, such a

transcript is degraded in fertilized, developing embryos by the zygotic
degradation apparatus, starting ~2 h after fertilization, such that
transcripts are fully degraded/ld h after fertilization ADE, green). In
the presence of both maternal and zygotic degradation elements,
transcript degradation initiates at or shortly after activation of
unfertilized eggs and is completg B h after fertilization ¢-DE,

black). In fertilized, developing embryos, transcripts carrying both

Maternal transcript degradation in Drosophila

1991), we have uncovered a dual maternal-zygotic
degradation system that is likely to coordinate develop-
mental events by ensuring the elimination of maternal
transcripts prior to the MBT.

Cis-acting elements target transcripts for

degradation or for protection

We have shown that the maternal transcript degradation
activity is present throughout the embryo and unfertilized
egg. Deletion of specificis-acting 3-UTR sequences
results in failure of maternally encoded transcript degrada-
tion. These elements do not share any obvious primary
sequence or secondary structure, nor do they include any
previously defined degradation tags (reviewed in Jacobson
and Peltz, 1996). Despite the lack of sequence conserva-
tion, our data demonstrate that the degradation elements
are interchangeable (thdsp83 HDE can substitute for
the nanosTCE, and vice versa). Theis-acting elements
defined here are not necessary for targeting transcripts to
the zygotic degradation pathway since deletion of these
elements has no detectable effect on the zygotic degrada-
tion process; in fact, none of ottsp833’'-UTR deletions
abrogates zygotic transcript degradation. There are three
plausible explanations for this result: (i) there are redundant
‘zygotic’ degradation elements in thelsp83 3'-UTR,;

(ii) such elements reside in another part of tHep83

maternal and zygotic degradation elements initially are degraded solely transcript [given the structure of the reporter transgenes

by the maternal apparatus:® h after fertilization) and then
cooperatively by both the maternal and zygotic factor® h after
fertilization) (+DE, red). Only in this last case do abundant transcripts
disappear by the MBT (2.0-2.5 h after fertilization). Rarer transcripts
(e.g.nano9 are eliminated almost exclusively by the maternal
machinery (yellow and greyADE, no maternal degradation element;
+DE, maternal degradation element present; UF, unfertilized egg;

F, developing embryo.

of the nuclear:cytoplasmic ratio affects the timing of
disappearance of maternally synthesigtthg transcripts
(Yasudaet al, 1991). Changing the nuclear:cytoplasmic

this could be the BUTR or the first 333 nucleotides of
the open reading frame (ORF)]; or (iii) zygotic degradation
is not a targeted event but is the default state.

For RNAs such aspAl, which are stable in the early
embryo, we do not yet know whether there are specific
stabilization elements or whether transcript stability is a
default state. Indirect evidence in support of the latter
possibility comes from analyses of a transcript instability
element in theftz 3'-UTR (Riedl and Jacobs-Lorena,
1996). Addition of this element (FIE3) t@Al transcripts
destabilizes them, suggesting that fiqrAl transcripts,

ratio would not affect the maternal degradation machinery stability is either the default state or that instability
since it would be pre-loaded into the embryo and its €lements such as FIE3 are dominant to as yet undefined

activity/concentration should be independent of that ratio. Stability elements.

In contrast, changes in the nuclear:cytoplasmic ratio might

Our data indicate that it is possible to differentially

be expected to alter the synthesis or local concentrationsStabilize transcripts carrying degradation tags in different

of the zygotic degradation machinery, particularly if

regions of the cytoplasm and/or in different cell types.

activation of this machinery is dependent on zygotic Specifically_, we h_ave shown that the maternal degradation
transcription. Thus, altering the nuclear:cytoplasmic ratio apparatus is active throughout the egg and embryo, but

would alter the exact timing oftring transcript dis-

that transcripts such &tsp83 nanosandPgcare protected

appearance by modulating the zygotic pathway. Secondly,from degradation in the pole plasm and pole cells. We

our results explain whg-amanitin injection into embryos

have also been able to map sequences inHbE333’-

prior to nuclear cycle 6 causes a delay in degradation UTR that are necessary for this protection. The most

of maternalstring transcripts @-amanitin inhibits RNA

likely candidate organelles for protecting transcripts in the

polymerase Il and thus zygotic transcription) (Edgar polar plasm and pole cells are the polar granules them-

and Datar, 1996). If production or activation of the

selves. First, one of the RNAs we have studiedd) has

zygotic degradation machinery requires zygotic transcrip- been shown to be an integral component of the polar

tion, a-amanitin would be expected to inhibit it while

granules (Nakamurat al., 1996). Secondly, it has been

leaving the maternal degradation machinery unaffected. shown that disruption of the polar granules results in

This would result in a delay istring degradation since

failure of Hsp83 nanosand Pgc transcript protection in

only the maternally encoded degradation apparatus wouldthe polar plasm and pole cells, while ectopic assembly of

be functional.

polar granules at the anterior of the embryo results in

In summary, while previous results suggested that ectopic protection of these transcripts anteriorly (Ephrussi

turnover of transcripts at the MBT might be controlled by
zygotic products (O’Farrelet al, 1989; Yasudeet al.,

and Lehmann, 1992; Dinget al, 1993a; Nakamura
et al,, 1996).
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Role of transcript degradation and protection in from these mutants regarding a possible link between
cytoplasmic RNA localization cytoplasmic polyadenylation status and transcript stability.
Differential stabilization of transcripts in specific regions

of the cytoplasm represents one of several RNA localiza- Evolutionary conservation of transcript

tion mechanisms (reviewed in Bashirullgh al., 1998). degradation pathways

Hsp83is the only example of a transcript localized by a \We have shown thaXenopusoocytes and early embryos
degradation—protection mechanism (Detgal, 1993a; St contain an activity highly related to the maternal transcript
Johnston, 1995). However, we have shown thahos degradation activity we have defined iBrosophila
Pgc and Hsp83 transcript elimination in the somatic Remarkably, theDrosophila HDE is recognized by this
region of the embryo is accomplished by the same RNA activity, andin vitro sythesized, injected transcripts are
degradation machinery. Further, our data suggest that 99%degraded rapidly, disappearing within a few hours.
of theHsp83transcripts and~99% of thenanostranscripts ~ Removal of the HDE stabilizes these transcripts for at
reside in somatic region. This last result is very similar |east 24 h. These results suggest that evolutionarily highly
to the 96% value reported recently for somatianos  conserved pathways may control transcript degradation
transcripts (Bergsten and Gavis, 1999). We speculate thatand localization throughout metazoa, opening up the
the differences in localization patterns of transcripts that possibility of exploiting the particular advantages of differ-
are obviously localized prior to egg activation and those ent model systems for future mechanistic and functional
which only appear localized well after egg activation may analysis.

be largely quantitative.

Relationship of transcript degradation to Materials and methods

trans.lat'on and p o(yadenylat'on status . Drosophila whole-mount RNA in situ hybridization

The literature contains numerous examples of a Corre|at|c_m RNA in situ hybridization with DNA probes was performed as described
between translational repression of mMRNAs and their previously, with minor modifications (Tautz and Pfeifle, 1989; Ding
degradation (reviewed in Jacobson and Peltz, 1996; et al, 1993a,b). Digoxigenin-labeled antisense RNA probes were made

; ; ; using the Megascript RNA transcription kit (Ambion, Inc.) according to
Cooperstock and LIpShItZ, 1997)' In the eaﬂwSOph”a the manufacturer’s instructions, and included digoxigenin-labeled UTP

em_bryo- the_ best studied examplenanos nanostran- (Boehringer Mannheim). The RNA probes were subjected to limited
scripts outside of the posterior polar plasm are transla- alkaline hydrolysis by incubation in an equal volume of 200 mM NgCO
tionally repressed and are also unstable (Figure 4, and se@H 10.2 for 1 h at 60°C followed by ethanol precipitation. Pre-
also Dahanukar and Wharton, 1996: Gagtsal., 1996; hyzridization a?d hybridizatign werega&ried out at !‘;5hC for Rt’)\lA probes

. . - . - and at 48°C for DNA probes, and detection of the probe was as
Smibertet al, 1996_)' Deletion O,r mutation Gf,ls'acung . _previously described (Tautz and Pfeifle, 1989). After hybridization, eggs
elements that mediate translational repression results iNor embryos were cleared in 50% glycerol followed by 70% glycerol.
transcript stabilization (Dahanukar and Wharton, 1996; For exact staging, nuclei were visualized withug/ml 4',6-diamidino-
Smibertet al., 1996; this study). Despite this correlation, 2-phenylindole (DAPI) in phosphate-buffered saline (PBS) for 5 min
our data demonstrate that there is no obligatory link prior to clganng of the embryo's. Eggs orembryoswere'then|nd|V|duaIIy

. . : mounted in 70% glycerol and images were captured using a Spot cooled-

bEtween tra_n3|at|0na| repression and transcript degrada-ccp camera (Diagnostic Instruments, Inc.) mounted on a Zeiss Axioplan
tion. Replacing the element from tlmanos3’-UTR that microscope. Adobe Photoshop software was used to process the images.
mediates translational repression and degradation (theFor transgenic lines, at least two independently derived lines were
TCE) with the Hsp83 degradation element (the HDE) analyzed for each construct.
is sufficient to allow_ maternal degradation cmbno_s Drosophila RNA extraction and analysis
[ATCE+HDE] transcripts. However, at the same time, RNA samples were isolated from staged egg collections by phenol
the presence of severe head defects demonstrates that thigtraction using Trizol (BRL). Equal amounts of total RNA were
transgenic RNA is in fact highly translated. Thus, transcript electrophoresed in 1.2% agarose/formaldehyde/MOPS gels (Sambrook
degradation can be unlinked from translational repression. et al, 1989), and transferred onto nylon membranes (Amersham). Filters

: were pre-hybridized for at least 1 h at 63°C in hybridization buffer
There are several examples of a correlation betweencontaining 0.5 M Na-phosphate/7% SD%P-Labeled random primed

polyadenylation status and transcript stability (reviewed pna probes were added and hybridization was performed overnight at
in Jacobson and Peltz, 1996). In particular, long poly(A) the same temperature. Filters were rinsed twice at 60°C in 30 mM Na-
tails are associated with translational activation and tran- phosphate/0.1% SDS, and exposed to Kodak XARS5 film at —80°C with
script stabilization, while short pon(A) tails are associated a" intensifying screen. Films were also exposed to a Mole_cular Dynamics
. . - . e phosphor screen, and quantitation was performed using ImageQuant
with tranSIat'or],al repressm_)n and transcript destabilization. software.Hsp83 string and nanostranscript levels were normalized to
In the Drosophilaembryo, it has been shown that several pa1 mRNA levels to control for variations in loading. The number of
classes of maternal transcripts are cytoplasmically poly- repetitions of each experiment was as followssp83 endogenous
adenylated after fertilization, correlating with initiation of transcripts, fertilized= 3; Hsp83endogenous transcripts, unfertilized

: : 2; Hsp83 AHDE transcripts, fertilized= 2; Hsp83 AHDE transcripts,
their translation (Salfe et al, 1994). Thecortex and unfertilized = 1; string transcripts, fertilized= 2; string transcripts,

grauzonemutations perturb cytoplasmic polyadenylation nfertilized = 2; nanostranscripts, fertilized= 1; nanostranscripts,
(Lieberfarbet al, 1996), but transcript stability was not unfertilized = 1.
assayed in those studies. We have shown here that maternal ) ) )
transcripts are stabilized lmprtexandgrauzonemutations. fons';f"“";'] of transgenes for Drosophila germline

; ; ransformation
The primary cause of the dgfects in embrygs produced by Standard protocols were used (Sambreolal,, 1989)
cortexandgrauzondemales is unknown; their phenotypes Hsp83-lacZ transgenesThe following approach was taken to
are comple>§ and several aspepts of €gg activation aregenerate the series ¢dcZ-Hsp833'-UTR constructs that include the
abnormal (Lieberfartet al,, 1996; Page and Orr-Weaver, s _pspg3enhancer sequences and promoter (Figure 3B). Previous reports

1996). Thus it is not yet possible to draw firm conclusions (Kim-Ha et al., 1993) suggested that a full-lengticZ ORF might not
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be completely transcribeid vivo. Therefore, we inserted tHésp833'-
UTR fragments downstream of a truncatedZ tag. We accomplished
this by constructing pB83Z, a Bluescript subclone that contains all of
the Hsp835' upstream region, the first exon, the intron and the first 111
codons of the ORF fused to 603 bp latZ sequence (Halsell, 1995).
At the 3 end of thelacZ sequence ar@atll, HindlIl and Kpnl cloning
sites for inserting théHsp833'-UTR fragments. The template for the
PCR was Eco9, an 8 kkcaRl fragment subcloned in Bluescript that
contains the full-lengttHsp83transcription unit. 5 Fragments of the
3'-UTR were PCR amplified and were flanked witlatl and Hindlll
restriction sites, while 3fragments of the 3UTR were flanked with
Hindlll and Kpnl restriction sites. The position of ti&ndlll restriction

site within the amplified fragments allowed us to generate nested 5
deletion constructs, the 1.350h$ @eletion construct and a series of
internal deletions within the’8UTR. 3-UTR constructs with internal
deletions (the A’ series) were generated by first subcloning Aeril—
Hindlll 5" fragment into pB83Z and subsequently addingdiadIll—
Kpnl 3’ fragment. After subcloning into pB83Z, Moti—Kpnl fragment
was isolated and subcloned itiot—Kpnl-digested CaSpeR4 (Thummel
and Pirrotta, 1991). As a control, thésp703'-UTR was also cloned
independently of anyHsp833'-UTR sequence (Figure 3AHsp70).
TheHsp70fragment was generated by PCR from a CaSpeR-hs template
(Thummel and Pirrotta, 1991).

nanos-Hsp83 hybrid transgenegi) nanosPTCE]: a genomic 3 frag-
ment Bglll-EcaRl) containing ananos3'-UTR lacking the TCE was

Maternal transcript degradation in Drosophila

whereas for comparative analysis®HDE andAHDE 3'-UTRs (Figure

8B), ~100 ng of RNA was injected. Total RNA was prepared from
injected oocytes or embryos, separated on a formaldehyde gel and blotted
as previously described (Kloet al., 1989). The blot was blocked for

1.5 hin 2% blocking solution (BMB, Genius kit) and was then incubated
for 1.5 h with a 1:5000 dilution of anti-digoxigenin—alkaline phosphatase
antibody in 2% blocking buffer. Subsequently blots were washed twice
for 15 min each wash in G1 buffer and stained in NBT/BCIP solution.
All of the preceding used BMB Genius kit reagents and protocols.
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a genomic 5fragment BanHl) extending from theanos cisregulatory
sequences to the end of the ORF was inserted.n@osPTCE +
HDE]: a genomic 3 fragment Bglll-EcoRl) containing ananos 3'-
UTR lacking the TCE was subcloned into pCaSpeR2. Fisp83HDE
was PCR amplified incorporating’-Bant| and 3-Bglll sites. This
fragment was subcloned upstream oftlamos3’ fragment. Subsequently
a genomic 5fragment BanHl) extending from thenanos cisregulatory
sequences to the end of the ORF was inserted. Hiip83AHDE +
TCE]: thenanosTCE was amplified by PCR incorporatittjndlll sites
at the ends, and inserted intxZ-tagged pBSHsp83AHDE] (253A350)
at theHindlll site.

Drosophila germline transformation

Germline transformation was carried out using standard procedures

(Rubin and Spradling, 198218 embryos were co-injected with
500 pg/ml of the Hsp83-lacZconstruct and 10@ug/ml of pHST helper
plasmid (Steller and Pirrotta, 1985). All transgenic insertions were
homozygosed or balanced ow@yO or TM3.

Drosophila stocks and egg collection

Drosophila melanogaste®regon-R andw'*®stocks are described in
Lindsley and Zimm (1992). The following ‘class 2’ and ‘class 3’ maternal
effect lethal mutants (Scipbach and Wieschaus, 1989) were assayed for
transcript degradation in unfertilized eggsll-PK42 cell-RH36 cortex
cribble, grauzoneluckenhaftsyn-HilQ prestq scraps valois For collec-

tion of unfertilized eggs, males of genotypey;2)bwPReV#1L cn pypPRev#ll
mr2/SM6awere crossed to appropriate females (Reed and Orr-Weaver,
1997). Terminal duplication segregants are male sterile (Reed and
Orr-Weaver, 1997).

Drosophila embryo cuticle preparations
For cuticle preparations, wild-type and mutant embryos were

dechorionated, devitellinized and mounted as described previously (Raz

and Shilo, 1993).

RNA analysis in Xenopus

Drosophila Hsp83full-length 3-UTR (1.407, see above and Figure 3)
was transcribed from a pBluescriptSK subclone using T3 RNA poly-
merase after linearization at thépnl site. AHDE 3'-UTR (2521350,

see above and Figure 3) was transcribed from a PCR-amplified fragment

that included the T3 RNA polymerase promoter at thieeBd of the
3'-UTR sequence. Transcription was carried out in the presence of
digoxigenin-11-UTP (Klocet al., 1996). For oocyte injections, ovaries
were surgically removed from anaesthetized.laevis females,
stage 6 oocytes were manually defolliculated in calcium-deficient buffer
(1x OR2) and were stored, injected and cultured for 0.5, 3, 6 or 24 h
in 1X modified Barth’s buffer. For embryo injections, recently fertilized
eggs were collected, injected and allowed to develop to stage 12

National Science Foundation (IBN-9418453 to H.D.L.) and the Medical
Research Council of Canada (MT13208 and, currently, MT14409, both
toH.D.L).
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