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Abstract

Background: The modulation of mRNA levels across tissues and time is key for the establishment and operation of
the developmental programs that transform the fertilized egg into a fully formed embryo. Although the
developmental mechanisms leading to differential mRNA synthesis are heavily investigated, comparatively little
attention is given to the processes of mRNA degradation and how these relate to the molecular programs
controlling development.

Results: Here we combine timed collection of Drosophila embryos and unfertilized eggs with genome-wide
microarray technology to determine the degradation patterns of all mRNAs present during early fruit fly
development. Our work studies the kinetics of mRNA decay, the contributions of maternally and zygotically
encoded factors to mRNA degradation, and the ways in which mRNA decay profiles relate to gene function, mRNA
localization patterns, translation rates and protein turnover. We also detect cis-regulatory sequences enriched in
transcripts with common degradation patterns and propose several proteins and microRNAs as developmental
regulators of mRNA decay during early fruit fly development. Finally, we experimentally validate the effects of a
subset of cis-regulatory sequences and trans-regulators in vivo.

Conclusions: Our work advances the current understanding of the processes controlling mRNA degradation
during early Drosophila development, taking us one step closer to the understanding of mRNA decay processes in
all animals. Our data also provide a valuable resource for further experimental and computational studies
investigating the process of mRNA decay.

Background
The process of embryonic development, that is, the
transformation of the egg into a fully formed embryo, is
a heritable feature that relies on the establishment of
distinct programs of gene activity in different sub-
regions of the developing organism. Given that the spe-
cification and implementation of such gene regulatory
programs requires as well as triggers particular spatio-
temporal modulations in mRNA levels, the full under-
standing of the mechanisms regulating mRNA abun-
dance is central to determine how development is
molecularly controlled.
In this context, much attention has been focused on

the study of transcriptional regulation, leaving the pro-
cesses that degrade mRNA molecules relatively

unexplored; this bias does not seem fair given that the
abundance of each mRNA species in the embryo is
determined not only by the transcriptional rate at which
it is produced, but also by the rate of its degradation.
Importantly, mRNA degradation rates will ultimately
not just dictate the absolute concentration levels of a
given mRNA at a given time, but also determine how
promptly these levels will react to a change in transcrip-
tional rates: no matter how sensitive and swift a tran-
scriptional switch might be, if the resulting mRNA
transcripts have prolonged half-lives, the cell will be
indifferent to a change in transcriptional state as long as
the transcripts remain stable.
An indication of the potential impact of mRNA degra-

dation can be inferred from the variety of factors con-
trolling mRNA degradation (or decay) rates, including
hormones [1,2], viral infections [3], iron levels [4,5], cell
cycle progression [6,7] and cell differentiation [8,9]. In
spite of this, very little is known about the rules
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controlling mRNA decay in a transcript-specific manner,
and how such rules interface with the developmental
programs encoded in the genome of multi-cellular
animals.
We envisage two main reasons for this. Firstly, the

rather limited set of examples for which we have both
high quality mRNA decay data and precise mapping of
decay motifs makes it difficult to infer general principles
useful in the identification of general regulatory modules
controlling mRNA decay and the factors operating
them. Larger datasets would - in principle - allow the
systematic search for common features present in tran-
scripts with similar mRNA decay patterns and establish
whether functionally related genes share common regu-
lation by mRNA degradation. Secondly, for a successful
investigation of mRNA degradation in the physiological
environment of animal development, the separate con-
tributions of mRNA synthesis (transcription) and
mRNA degradation must be teased apart. This generally
implies the need to implement transcriptional shut-off
regimes [10-13], which may cause a full spectrum of
non-specific effects and developmental arrest, fail to
stop transcription uniformly across different tissues
[14-17], and, not least, might affect the process of RNA
degradation itself by eliminating gene transcription of its
regulators.
In this study, we circumvent these problems by carry-

ing out a genome-wide expression analysis during Dro-
sophila melanogaster early development, as this
developmental window provides a natural system largely
devoid of transcription: developing oocytes pause tran-
scription well before the moment of egg laying [18], and
embryos start their transcriptional programs not earlier
than 1.5 to 2.0 h after egg laying (AEL) [19-21]. There-
fore, in our experimental design, early modulations in
mRNA levels directly reflect mRNA decay. Furthermore,
the molecular and cellular events of early Drosophila
development (Figure 1a) provide a uniquely character-
ized framework to address how mRNA decay relates to
gene and cell function, as well as the ways in which
RNA decay relates to other levels of gene control.
In Drosophila, two machineries of distinct origin - and

largely unknown composition - act to remove tran-
scripts of maternal origin from the early Drosophila
embryo. One of them, termed the maternal machinery,
is entirely driven by maternally encoded factors [22,23]
and its activity is triggered by egg activation - a molecu-
lar process that prepares the oocyte for embryogenesis
[24-26]. The second degradation system is termed the
zygotic machinery and becomes active with the onset of
zygotic transcription after fertilization. As unfertilized
eggs never initiate their own transcriptional programs,
all degradation processes active in them will be of
maternal nature. Separate maternal and zygotic decay

machineries act during early embryonic stages not only
in flies but across the bilateria, including nematodes,
zebra fish, frogs and mice [27].
A large body of evidence in the literature demon-

strates the normal initiation and progression of various
post-transcriptional events in unfertilized Drosophila
eggs: these include translation [28-31], cytoplasmic poly-
adenylation [25,32], RNA interference activation [33,34],
phosphorylation [29] and, notably, the degradation of
several mRNAs [22,35-39]. During the first few hours
after egg laying these post-transcriptional events occur
with similar kinetics in unfertilized eggs and embryos
(see [25,27,40,41] for recent reviews). Interestingly,
many of these processes appear associated with fertiliza-
tion in other model organisms. Due to these considera-
tions, the unfertilized egg system continues to be widely
used to study post-transcriptional processes in early
Drosophila development [23,28,31,38,39,42-49].
Here we use synchronized samples of Drosophila

unfertilized eggs and early embryos in combination with
genome-wide microarray technology to study the regula-
tion of global mRNA decay patterns during early fly
development. Our analysis led us to (i) determine the
diversity in mRNA decay patterns and mRNA decay
rates during early fly embryogenesis, (ii) tease apart the
maternal and zygotic contributions to mRNA turnover,
(iii) establish a relationship between mRNA decay pat-
terns and gene functional classes, (iv) explore how
mRNA degradation profiles relate to mRNA localization
during early fly development, (v) reveal a coordination
of mRNA and protein turnover, (vi) address how parti-
cular decay classes relate to target sets for known
mRNA decay factors and (vi) identify putative novel cis-
and trans-regulators and experimentally validate a sub-
set of them. Our work thus makes a significant contri-
bution to the current understanding of the process of
mRNA stability control during early animal
development.

Results
Establishing genome-wide mRNA decay profiles during
early Drosophila development
Our experimental design compares the transcriptomes
derived from Drosophila embryos and unfertilized eggs
using a microarray approach. This strategy allows the
study of mRNA decay in vivo in the absence of tran-
scriptional inhibition treatments that may affect embryo-
nic development and the processes underlying RNA
degradation themselves. Given that during early Droso-
phila embryogenesis mRNA degradation is controlled by
both maternal and zygotic systems, collection of parallel
samples from tightly synchronized embryos and unferti-
lized eggs (Figure 1a) enabled us to tease apart mater-
nally and zygotically controlled mRNA decay processes.
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Figure 1 Genome-wide expression profiles in early Drosophila embryos and unfertilized eggs. (a) Microarray time course. Experimental
design: sampling intervals, morphological features of embryos, cell cycles (black bars), developmental stages after Hartenstein [111] (grey bars)
and hallmarks of early fly development (grey boxes) are indicated. Confocal embryo images: DAPI/FITC-phalloidin stain to highlight cell nuclei
(blue) and cell cortices (actin, red). Four replicate samples were analyzed for each treatment. (b) Microarray data quality assessment. Hierarchical
clustering (Pearson correlation distance) grouped 24 microarrays (x-axis) into 6 replicate groups (see (a)). Expression levels for approximately
19,000 probe sets (y-axis) are shown in relation to median expression for each probe set across all microarrays. (c) Sample microarray expression
profiles. Median log2 expression of four biological replicates; 1 Unit = log2 fold-change 1; error bars represent standard error of the mean over
replicates.
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We began our study sampling mRNAs from three
time points during early embryogenesis (30 to 60 min-
utes (E1), 90 to 120 minutes (E2), and 150 to 180 min-
utes (E3) AEL) as well as matching samples from
unfertilized eggs (U1, U2 and U3) (Figure 1a). Both
embryos and unfertilized eggs were wild type (Oregon
Red). Four biological replicates were collected from each
time point and analyzed using Drosophila Genome 2.0
GeneChips. We used Bioconductor software to pre-
process and assess the quality of our data. Hierarchical
clustering showed that biological replicates always
formed tight clusters, reflecting the quality and reprodu-
cibility of our methods for sample isolation and analysis
(Figure 1b); further quality assessments using spatial and
numeric diagnostics corroborated that our microarray
data were of high quality (Supplementary Figure 1 in
Additional file 1).
Previous microarray expression analyses [46,50,51]

and studies measuring incorporation of radioactively
labeled monomers into nucleic acids [30,52-54] had
reported undetectable rates of RNA decay or synthesis
prior to our first time point (30 to 60 minutes, U1 +
E1). To further confirm this, we investigated the pre-
sence of early RNA decay and synthesis by comparing
expression levels in U1 and E1 samples to stage 14 egg
chambers; the latter comprise both the unactivated
oocyte and somatic follicle cells (Supplementary Figure
3 and Supplementary materials and methods in Addi-
tional file 1). This analysis confirmed the absence of
significant transcription and RNA decay prior to our
first time point. Considering the unavoidable presence
of follicle cell transcripts in stage 14 egg chamber
RNA samples (Supplementary Figure 3b, d in Addi-
tional file 1), the finding of identical expression levels
in stage 14 egg chambers and U1 samples led us to
choose the latter as our reference time point zero for
subsequent analyses.
Normalized transcript expression levels were indepen-

dently validated by a comprehensive quantitative PCR
experiment monitoring the expression of 24 genes cho-
sen to represent the wide spectrum of expression pat-
terns seen in our dataset (Supplementary Figure 2a in
Additional file 1). Furthermore, our microarray data
profiles were coherent with previous degradation data
for specific mRNAs (for example, rp49, bicoid, nanos,
Hsp83) [22,55] and consistent with the expected tem-
poral sequence of expression for the Drosophila segmen-
tation cascade genes in late embryonic samples
(Krueppel, even-skipped, engrailed, abd-A) (Figure 1c).
Given that in our system modulations of transcript

abundance reflect the course of mRNA decay processes,
once the quality of our microarray experiment was con-
firmed, we went on to examine the spectrum of mRNA
decay profiles in our biological samples.

To determine the diversity of mRNA decay patterns in
the embryonic samples, we first identified all unstable
transcripts in embryo collections with a significant
reduction between E1 and E3 and performed a hierarch-
ical clustering of their expression profiles. We show the
behavior of several sub-clusters of mRNAs with compar-
able initial expression levels in Figure 2a. We observed a
wide diversity in net decay amplitudes between E1 and
E3 (Figure 1a) as well as in the particular temporal pro-
files of individual transcripts. We note that within the
sampled period some transcripts experienced only a
modest net decay while others demonstrated a severe
reduction in concentration; in addition, some mRNAs
showed significant degradation between E1 and E2
(early decay; Figure 2a(i,iii,iv)) while others were initially
stable and then decayed swiftly between E2 and E3 (late
decay; Figure 2a(ii)).
These initial observations prompted us to quantify net

decay values and to explore early and late decay contri-
butions to individual decay profiles genome-wide (Figure
2b, c). Note that decay values reported here are differ-
ences of log2 expression values; hence, they represent
the log2 change-folds (or ratios of expression) between
the respective time points. For instance, a net decay of
-1 is equivalent to a decrease of 50% in transcript signal.
Studying the distribution of global net decay values in
embryos for all unstable transcripts (Figure 2b), we
found a maximum net decay of -5.8, equivalent to a
reduction to less than 2% of the initial expression value
(Figure 2b, note lower whisker in the boxplot) and a
median net decay of -1.3, equivalent to a reduction to
approximately 40%. The majority of probes (75%)
detecting destabilized transcripts showed a significant
reduction in mRNA abundance of at least 35% (log2
change-fold -0.6; Figure 2b, boxplot upper percentile).
To determine the proportion of transcripts following

an early or late mode of degradation, we then parti-
tioned net decay values into early and late decay and
plotted them against each other (Figure 2c). This analy-
sis indicated that while hundreds of transcripts experi-
ence significant early decay between 0.5 and 2 h AEL,
most mRNAs were degraded late between 1.5 and 3 h
AEL.

Resolving maternal and zygotic contributions to mRNA
decay
Having analyzed the salient features of global mRNA
decay profiles in embryos, we turned to study the fac-
tors controlling global embryonic mRNA behavior. For
this, we made use of to the microarray data derived
from unfertilized eggs (Figure 1a): to investigate the
contributions of the maternal and zygotic machineries
to mRNA degradation, we compared the mRNA decay
patterns obtained in embryos with those recovered from
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unfertilized eggs, a system solely relying on the maternal
machinery. We reasoned that for each mRNA species in
the embryo, the concentration of its mRNA X at a parti-
cular time t AEL is determined by the following rela-
tionship:

Embryos X t X X t X t X tM T MD ZD( ) ( ) = + ( ) − ( ) − ( )Δ Δ Δ (1)

Here, XM is the initial concentration of mRNA that is
maternally provided during oogenesis, ΔXT is the
increase in concentration of mRNA as provided by
embryonic transcription, ΔXMD represents the decrease
in concentration as a consequence of mRNA decay
caused by maternal factors, and ΔXZD is the decrease in
concentration caused by zygotically encoded mRNA
decay factors. We summarize the sign (+/-) of the differ-
ent contributions to mRNA levels, their occurrence and
respective timing in embryos and unfertilized eggs in
Figure 3a (top left panel). Given that in unfertilized eggs
all contributions relying on de novo mRNA synthesis are

null, the concentration of mRNA Xs at time t AEL is
dictated by the simplified relationship:

Unfertilized eggs X t X X tM MD ( ) ( ) = − ( )Δ (2)

From this framework we considered that the integra-
tion of mRNA expression information from embryos
and unfertilized eggs at different time points would
make it possible to tease apart the contributions of
maternal and zygotic decay to individual mRNA species.
Given that our data (Supplementary Figure 3b in Addi-
tional file 1) as well as previous microarray results (see
above, and [46,50,51]) demonstrated that global RNA
levels in stage 14 oocytes and early unfertilized egg (U1)
are comparable, we assumed that mRNA concentrations
in the latter should be informing us about the levels of
maternal provision XM for each mRNA species. There-
fore:

Early unfertilized eggs U X U XM  , 1 1( ) ( ) = (3)

Figure 2 Diversity of mRNA decay patterns in Drosophila embryos. (a) Clusters of mRNA decay profiles in early embryos (E1, E2 and E3
(Figure 1a)). We show a selection of profiles with increasing net decay amplitudes (purple bar, filled) and differential contributions of early and
late decay (grey and black bars, respectively). (b) Global distribution of net mRNA decay (box plot with median and lower/upper quartile,
whiskers from minimum to maximum); we considered all probe sets where E3 is significantly lower than E1 (3,658 probe sets; Figure 1a). (c) Net
decay partitioned into early and late decay: major decay events took place late between 2 and 3 h AEL (note high density of points close to x-
axis); a subset of transcripts showed early decay between 1 and2 h AEL. Dotted lines indicate the ratio of early and late decay (1:1 or 1:4).
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Analysis of expression levels in unfertilized egg sam-
ples U1, U2 and U3 over time (Figure 1a) allowed us to
determine the effects of maternal decay factors (ΔXMD)
on each mRNA species present in these samples (Equa-
tion 2) and the comparison of mRNA levels in embryos
and unfertilized eggs enabled us to detect mRNA modu-
lations due to zygotic decay or transcriptional patterns
(ΔXMD, ΔXZD). We note that our system allowed us to
detect the dominant or net effect of transcription and
zygotic decay where they occur concomitantly
(Figure 3a, top-left panel; see Additional file 1 for dis-
cussion). This classification allowed us to establish five
major decay classes: stable (class I); exclusively mater-
nally degraded (class II); maternally degraded and tran-
scribed by the embryo (class III); exclusively zygotically
degraded (class IV); and both maternally and zygotically
degraded (mixed decay class V) (Figure 3a). In addition,

we detected mRNAs that are transcribed by the embryo,
either anew (purely zygotic) or as an addition to a
stable, preloaded pool (stable + transcription) (Figure
3b, c). The classifications for all probe sets have been
deposited in the ArrayExpress Database (see below).
We then determined the fraction of the transcriptome

represented in each mRNA class (Figure 3b). Our quan-
tification revealed that transcripts of the majority of
genes present in the embryo (60%) suffer degradation
during the first 3 h of development (classes II to V,
3,817 genes). Of these, more than one-third were tar-
geted by both maternal and zygotic decay factors (class
V, 24.8%, 1,571 genes). There were 1,377 mRNAs tar-
geted by exclusive zygotic decay activities (class IV,
21.7%), while 485 mRNAs suffered exclusive maternal
decay (class II, 7.6%). Another 384 transcripts were
maternally degraded but also transcribed by the embryo

Figure 3 Classification of mRNA expression profiles in early embryos. (a) mRNA pools in embryos are shaped by (i) maternal provision, (ii)
transcription, (iii) maternal decay activities and (iv) zygotic decay activities. The sign (+/-) of these contributions to RNA levels and their
differential timing is indicated on a time scale for both unfertilized eggs (centre to left, U1 to U3) and embryos (centre to right, E1 to E3). mRNA
expression profiles were classified into five major stability classes; clusters of prototypical example profiles are shown for classes I to V. (b)
Preloaded, maternal transcriptome: proportions and gene numbers (in square brackets) for classes I to V representing a total of 6,342 genes. (c)
Transcriptome of the early embryo: proportion and gene numbers of non-expressed, purely transcribed and maternally provided mRNAs
representing a total of 12,814 unique genes. n.c., non-classified and complex patterns.
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(class III, 6.1%). All in all we found that 40% of pre-
loaded transcripts were targeted by maternal decay
activities (classes II, III, V), a fraction much higher than
previously estimated [43]. We also noted that 45% of
transcripts in the embryo were targeted by zygotic decay
activities (classes IV, V).
We also detected wide overlaps of maternal provision,

decay and transcription - as > 20% of all maternally pro-
vided mRNAs were supplemented by transcription class
III, stable + transcription) - and that mRNAs for 50% of
the Drosophila genes were preloaded onto the egg dur-
ing oogenesis (Figure 3c); these findings are in good
agreement with previous estimates [28,43,46,56].

Maternal decay activities in early embryos are fast and
efficient
Having established the proportions of the transcriptome
that belong to each decay category, we explored the
kinetic features of decay processes within each class,
focusing on net decay values and half-lives.
We calculated net decay values as the difference

between log2 expression values of late time points (U3
or E3) and early unfertilized eggs (U1) (Figure 4a) and
show the distributions of net decay values in different
classes (Figure 4b). We also estimated individual tran-
script half-lives from expression levels in late embryos
or unfertilized eggs assuming an exponential decay
model, which we applied to samples taken from t2 and
t3 of the respective time series (U2 and U3 for classes II
and III; E2 and E3 for classes IV and V; Figure 4a). We
selected this model and temporal frame for our calcula-
tions because global RNA decay studies had shown a
good fit of data to exponential decay models
[13,16,57,58] and most decay events occur between 2
and 3 h AEL (Figure 2c), respectively. Inspection of
thousands of decay profiles suggested that mRNA decay
patterns generally exhibited a lag phase followed by a
decay phase of variable lengths (Figures 2a, c, 3a and 4a,
and data not shown). Ideally, these decay curves would
be mathematically modeled as a concatenation of a lag-
phase transitioning into an exponential decay curve.
However, fitting our data to this type of model would
have required more time points than the ones we had
available. We derived transcript half-life estimates for
3,817 mRNAs and report the distribution of half-lives in
all decay classes (Figure 4c). It should be noted that
half-lives and net-decay values reported here are lower
bound estimates (see Additional file 1 for discussion).
We saw that transcripts with maximum net decay and

lowest half-lives belonged to classes with maternal decay
contributions (II, III, V); for instance, degradation in
these classes could lead to more than 97% reduction of
mRNA levels (net decay less than -5; Figures 4b, c,
minimum values of lower whiskers). Median decay

values for classes II to V were -1.2, -2.4, -0.4 and -1.7,
translating into average mRNA level reductions of
approximately 57%, 80%, 25% and 70%. For the mixed
decay class (V) we saw that the median maternal contri-
bution was significantly higher than the median zygotic
contribution (Supplementary Figure 6a in Additional file
1) and that the maternal decay contribution outweighed
the zygotic one for the majority of mRNAs (64%; Sup-
plementary Figure 6b in Additional file 1). Median half-
lives for classes II to V are 64, 31, 133 and 38 minutes,
respectively. Net decay and half-lives for selected
mRNAs representing a wide range of kinetic profiles are
shown in Figure 4d, and the 50 genes with the highest
net decay in classes II to V are presented in Supplemen-
tary Table 2 in Additional file 1.
We also explored the origin of early and late mRNA

decay patterns detected in embryos (Figure 2c). Mater-
nal decay activity regulators are preloaded onto the egg
and, unlike zygotic activities, are independent of de novo
transcription in the embryo. In line with these features,
we found that early decay is detectable only in stability
classes with maternal decay contributions (II, III, V)
while exclusively zygotic decay (class IV) is generally
late (Figure 4e).
To explore the continuity of maternal and zygotic

decay activities beyond the time frame of our time series
(Figure 1a), we turned to data from a recent expression
study in embryos that provide high temporal resolution
during gastrulation stages [59] (Supplementary Figure 8
in Additional file 1). Following up the degradation of
hundreds of transcripts with exclusively maternal (class
II), exclusively zygotic (class IV) or mixed decay patterns
(class V), we observe that degradation continues beyond
3 h AEL only for mRNAs in zygotic decay classes (IV
and V) (see Additional file 1 for detailed analysis). This
suggests that maternal decay events are, overall, com-
pleted by the onset of gastrulation while zygotic decay
events continue throughout this developmental phase.
Taken together, we conclude that the dual action of

maternal and zygotic decay activities (class V) leads to
more pronounced decay patterns than maternal or zygo-
tic decay alone (classes II and IV), suggesting a lack of
redundancy between these machineries. We also note
that most severe decay patterns were mediated by
maternal decay activities acting on preloaded mRNAs
with parallel transcription (class III).

Relating mRNA decay to gene function
Studies in bacterial, yeast and mammalian cell culture
systems had shown that rates of transcript decay can
vary significantly across different functional categories
and that messages encoding components of multi-pro-
tein complexes decay at similar rates [12,16,60-65]. To
establish how mRNA stability relates to gene function in
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Figure 4 Kinetics of maternal and zygotic RNA decay activities. (a) Quantification of mRNA decay by measuring global net decay
amplitudes and estimating mRNA half-lives. The red line represents the assumed exponential decay between t2 and t3; dotted lines represents
the possible non-exponential decay kinetics. (b) Distribution of net decay amplitudes in classes I to V. (c) Distribution of transcript half-lives in
classes I to V. Significant differences in medians are indicated by brackets (pairwise comparisons, two-tailed Mann-Whitney test): ***P ≤ 0.001;
****P < 0.0001. All box plots are shown with median and lower/upper quartile, whiskers from minimum to maximum. (d) mRNA decay rates and
half-lives for selected genes. (e) Timing of mRNA decay: early versus late decay in classes II to V. Dotted lines indicate the ratio of early and late
decay (1:1 or 1:4). Class labels and color codes are as in Figure 3b.
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the physiological context of early fly development, we
identified the cellular components, gene functions and
biological processes associated with unstable or stable
mRNAs using Gene Ontology (GO; Tables 1 and 2).
This analysis revealed that the many short-lived tran-

scripts show associations with chromatin and the repli-
cation machinery. The specific gene functional and
biological themes associated with unstable mRNAs were
(i) cell cycle control, (ii) DNA metabolism, replication
and repair, (iii) establishment of localization in cells, and
(iv) non-coding RNA metabolic processes (Table 1).
This last finding prompted us to explore the stabilities
of transcripts encoding products related to mRNA
destabilization and the biochemistry of small RNAs
(Table 3). We found, indeed, that transcripts for key
players of the microRNA (miRNA) (dicer-1), the piwi-
interacting RNA (piRNA) (aubergine, piwi) and the
small interfering RNA (siRNA) pathway (dicer-2, r2d2,
vig, and so on) suffered significant degradation during
the first 3 h of development. We also noted significant
mRNA decay for genes of the nonsense-mediated
mRNA decay pathway and generic deadenylation, decap-
ping and decay factors. In addition, we found that
mRNAs of cortex (cort), grauzone (grau), wispy (wisp,
CG15737), pan gu (png), plutonium (plu) and giant
nuclei (gnu), all of which are required for maternal
mRNA decay activities [39], suffered considerable degra-
dation (see also Figure 4d). These findings were consis-
tent with a need to readjust expression levels of these
regulators once the zygotic genome resumes control
over the developmental program of the embryo.
Stable mRNAs showed strong associations with ribo-

somes and ribonucleoprotein complexes (Table 2).
Accordingly, enriched gene functions and biological pro-
cesses related largely to structural ribosome constituents
and various RNA transactions (mRNA binding, RNA
metabolic process, RNA processing). Further themes
related to translation control, posttranslational modifica-
tions and energy allocation (electron transport chain,
oxidative phosphorylation). These observations are con-
sistent with a constant requirement for these processes
throughout early development.

mRNA decay is linked to posterior mRNA localization
patterns
Our functional analysis of unstable mRNAs suggested a
link between mRNA decay and the establishment of
localization in the developing embryo (Table 1). To
explore the way in which mRNA decay may contribute
to localization and developmental patterning in the early
embryo, we studied the connections between mRNA
degradation and localization in more detail.
To do this, we used the Fly-FISH database [66,67],

which provides spatial information for more than 3,000

mRNAs over different stages of embryogenesis (Supple-
mentary Figure 8 in Additional file 1) at the whole
embryo and subcellular levels (Figure 5).
We first asked whether genes with particular localiza-

tion patterns are overrepresented or depleted in any of
our transcript classes. Figure 5 shows respective enrich-
ment and depletion patterns for 26 localization terms as
a heatmap sorted by general themes: (i) anterior locali-
zation, (ii) localization at the posterior of the embryo
and in pole cells, (iii) localization patterns related to
nuclear and transcriptional patterns, and (iv) degrada-
tion patterns. This analysis revealed strong correlations
between mRNA decay and localization.
Localization terms related to posterior localization

were highly enriched in several mRNA decay classes
(posterior localization, pole buds, RNA islands, pole cell
localization, pole cell enrichment and pole plasm; see
Supplementary Table 4 in Additional file 1 for a full list
of unstable mRNAs in these categories). We saw stron-
gest enrichments in decay classes with exclusively zygo-
tic or mixed decay patterns (classes IV and V); note, for
instance, the strong enrichment patterns for the locali-
zation term ‘pole cell localization’ in decay classes IV
and V (Supplementary Figure 7 in Additional file 1).
The links between posterior mRNA localization and
mRNA decay are further validated by the fact that
unstable transcripts of decay classes II, IV and V are sig-
nificantly depleted for the terms ‘pole plasm excluded’
and ‘pole cell exclusion’ (Supplementary Figure 7 in
Additional file 1). In summary, we observed a strong
positive correlation between mRNA decay and posterior
mRNA localization patterns.
Four out of five genes listed in Fly-FISH with anterior

localization (bcd, CycB, lok, milt, asp) showed zygotic or
mixed decay patterns (see classification data deposited
at ArrayExpress); however, due to the low number of
genes, this observation was not considered significant at
a 10% false discovery rate. Nuclear and transcriptional
patterns (theme (iii)) were exclusively enriched in classes
with transcription (class III, purely zygotic, stable +
transcription) while degradation-related expression pat-
terns (theme (iv)) were enriched in decay classes. Taken
together, Fly-FISH mRNA annotations are consistent
with our own mRNA classification and provide indepen-
dent support for its validity.

mRNA and protein turnover are coordinated in early
embryos
Ultimately, most protein-encoding mRNAs exert their
function at the protein level. Having established that a
large proportion of the preloaded mRNA pool is being
removed from the early embryo by RNA decay, we won-
dered whether these changes in RNA levels - perhaps
reflecting a need to reduce or eliminate the expression
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of certain gene products - were mirrored at the level of
protein production or turnover.
To do this comparison between RNA and protein

levels, we turned to two recent genome-wide studies
addressing translation rates and protein level changes in
early Drosophila embryos. In the first study the authors
used a ribosomal profiling approach to identify transla-
tionally active or silent mRNAs in embryos at 0 to 2 h
AEL [68]; the second study investigated protein levels in
embryos at 0 to 90 minutes AEL and 180 to 270 min-
utes AEL [69] (see Supplemental Figure 8 in Additional
file 1). Having extracted the respective gene lists from
these studies, we performed an enrichment analyses for
actively translated and translationally silent mRNAs as
well as up- and down-regulated proteins within our
transcript classes (Figure 6).

Table 1 Relating mRNA decay to gene function

GO term P-value

Cellular component

Replication fork 2.38E-06

Nuclear chromosome 5.18E-05

Nuclear chromosome part 6.91E-05

Chromosome 4.95E-04

Microtubule organizing centre part 1.78E-03

Replisome 1.96E-03

Nuclear replisome 1.96E-03

Nuclear replication fork 1.96E-03

Endoplasmic reticulum membrane 2.77E-03

Nuclear envelope-endoplasmic reticulum network 3.35E-03

Endomembrane system 4.43E-03

Rough endoplasmic reticulum membrane 9.11E-03

Gene function

Rough endoplasmic reticulum membrane 9.11E-03

Transferase activity 4.13E-11

Lipid binding 4.88E-06

Zinc ion binding 1.37E-05

Cofactor binding 2.37E-05

Nucleoside-triphosphatase activity 3.97E-05

DNA-dependent ATPase activity 4.66E-05

Pyrophosphatase activity 8.22E-05

Metal ion binding 8.64E-05

DNA-directed DNA polymerase activity 1.09E-04

Cation binding 1.14E-04

Ion binding 1.18E-04

Aminoacyl-tRNA ligase activity 1.18E-04

Ligase activity, forming aminoacyl-tRNA and related
compounds

1.18E-04

Ligase activity, forming carbon-oxygen bonds 1.18E-04

Hydrolase activity, acting on acid anhydrides, in
phosphorus-containing anhydrides

1.21E-04

Transferase activity, transferring phosphorus-
containing groups

2.20E-04

Hydrolase activity, acting on acid anhydrides 2.40E-04

DNA polymerase activity 2.94E-04

DNA binding 3.42E-04

Ligase activity 6.84E-04

Transition metal ion binding 1.28E-03

ATPase activity 2.13E-03

Nucleotidyltransferase activity 3.77E-03

Phosphoinositide binding 6.49E-03

DNA helicase activity 6.87E-03

Coenzyme binding 7.56E-03

Biological process

DNA metabolic process 3.34E-13

Cellular ketone metabolic process 1.19E-11

Oxoacid metabolic process 3.59E-11

Organic acid metabolic process 3.59E-11

Carboxylic acid metabolic process 3.59E-11

Table 1 Relating mRNA decay to gene function (Continued)

DNA replication 7.52E-10

Macromolecule localization 8.71E-07

Cellular localization 1.35E-06

Cellular response to stress 1.44E-06

Cellular response to stimulus 2.09E-06

Cellular amine metabolic process 3.25E-06

Cellular amino acid metabolic process 3.25E-06

Cellular macromolecule localization 8.09E-06

Cellular response to DNA damage stimulus 1.00E-05

Response to DNA damage stimulus 2.21E-05

Response to stress 7.37E-05

Cellular carbohydrate metabolic process 1.20E-04

DNA repair 1.43E-04

Cofactor metabolic process 2.09E-04

Cellular amino acid and derivative metabolic process 2.14E-04

Localization 2.24E-04

Establishment of protein localization 2.52E-04

Protein transport 3.45E-04

Regulation of cellular component organization 3.67E-04

Cellular catabolic process 3.77E-04

Establishment of localization 8.90E-04

tRNA aminoacylation for protein translation 1.69E-03

tRNA aminoacylation 1.69E-03

Regulation of cell cycle 1.69E-03

Amino acid activation 2.11E-03

Organelle fission 2.67E-03

Establishment of localization in cell 3.75E-03

DNA-dependent DNA replication 3.84E-03

ncRNA metabolic process 5.46E-03

Pyruvate metabolic process 5.86E-03

Transport 7.27E-03

Monocarboxylic acid metabolic process 8.38E-03

Anatomical structure formation 8.67E-03

Gene ontology (GO) analysis for the top 1,000 unstable mRNAs in early
embryos using GO::TermFinder. We report significant GO terms and associated
P-values unique to unstable mRNAs. Cutoff P-value = 0.01.
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Table 2 Relating mRNA stability to gene function

GO term P-value

Cellular component

Ribosomal subunit 2.99E-53

Cytosolic ribosome 6.21E-53

Ribosome 2.54E-47

Cytosolic part 6.46E-44

Ribonucleoprotein complex 5.29E-41

Large ribosomal subunit 1.75E-33

Cytosolic large ribosomal subunit 5.77E-33

Small ribosomal subunit 1.10E-18

Cytosolic small ribosomal subunit 8.11E-18

Cytosol 4.65E-16

Nuclear part 4.04E-10

Organelle lumen 3.29E-08

Intracellular organelle lumen 3.29E-08

Mitochondrial ribosome 4.31E-06

Organellar ribosome 4.31E-06

Respiratory chain 1.02E-04

Mitochondrial respiratory chain 1.02E-04

Mitochondrial membrane part 1.06E-04

Organelle envelope 4.06E-04

Envelope 4.52E-04

Mitochondrial large ribosomal subunit 6.59E-04

Organellar large ribosomal subunit 6.59E-04

Mitochondrial membrane 9.60E-04

Mitochondrial envelope 3.29E-03

Organelle inner membrane 3.70E-03

Mitochondrial inner membrane 5.89E-03

Nuclear lumen 9.34E-03

Gene function

Structural constituent of ribosome 3.24E-49

Structural molecule activity 5.11E-28

mRNA binding 6.43E-04

Enzyme binding 8.66E-04

General RNA polymerase II transcription factor
activity

1.84E-03

Translation regulator activity 6.07E-03

Translation factor activity, nucleic acid binding 7.38E-03

Biological process

Cellular protein metabolic process 1.74E-32

Mitotic spindle elongation 9.89E-29

Spindle elongation 2.47E-28

Gene expression 2.44E-27

Cellular biopolymer biosynthetic process 3.35E-23

Cellular macromolecule biosynthetic process 3.40E-23

Biopolymer biosynthetic process 3.90E-23

Table 2 Relating mRNA stability to gene function
(Continued)

Macromolecule biosynthetic process 4.56E-23

Translation 2.21E-19

Protein metabolic process 3.94E-18

RNA metabolic process 6.51E-09

Biopolymer modification 2.33E-08

Protein modification process 3.57E-08

Phosphorylation 4.52E-07

Regulation of metabolic process 5.02E-07

Phosphorus metabolic process 5.34E-07

Phosphate metabolic process 5.34E-07

Post-translational protein modification 1.51E-06

Regulation of macromolecule metabolic process 2.33E-06

Mitochondrial ATP synthesis coupled electron
transport

6.52E-06

ATP synthesis coupled electron transport 2.63E-05

Membrane invagination 3.03E-05

Endocytosis 3.03E-05

Electron transport chain 3.67E-05

Regulation of primary metabolic process 4.98E-05

Oxidative phosphorylation 5.61E-05

Respiratory electron transport chain 6.89E-05

RNA processing 7.50E-05

Regulation of cellular metabolic process 9.72E-05

Macromolecular complex assembly 1.33E-04

Macromolecular complex subunit organization 2.36E-04

Cellular macromolecular complex assembly 2.42E-04

Membrane organization 4.64E-04

Cellular macromolecular complex subunit
organization

5.06E-04

Regulation of cellular process 5.24E-04

Regulation of gene expression 6.81E-04

Cellular component assembly 8.16E-04

Cellular respiration 1.78E-03

Proteolysis involved in cellular protein catabolic
process

2.76E-03

Cellular protein catabolic process 2.76E-03

Generation of precursor metabolites and energy 3.36E-03

Energy derivation by oxidation of organic
compounds

3.36E-03

Ribonucleoprotein complex biogenesis 3.65E-03

Vesicle-mediated transport 5.40E-03

Regulation of alternative nuclear mRNA splicing, via
spliceosome

7.43E-03

Transcription initiation from RNA polymerase II
promoter

8.09E-03

Cellular biopolymer catabolic process 9.24E-03

Gene Ontology (GO) analysis for stable transcripts (class I in Figure 3) in early
embryos using GO::TermFinder. We report significant GO terms and associated
P-values unique to stable mRNAs. Cutoff P-value = 0.01.
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Actively translated mRNAs were enriched in stable
mRNA classes (I, stable + transcription) and depleted in
decay classes (II to V, decay superclass II-V) (Figure 6a).
Conversely, translationally silent mRNAs were enriched
in unstable mRNA classes. We concluded that stable
mRNAs tend to be translated while mRNAs that suffer
degradation are translationally silent; this pointed to a
coordinated down-regulation of genes at both the
mRNA stability and translation level.
A similar enrichment profile was observed for up- and

down-regulated proteins (Figure 6b): genes encoding
up-regulated proteins were enriched in stable mRNA
classes (I, stable + transcription) and depleted in RNA
decay classes (II, III, V; superclass II-V). Conversely,
genes of down-regulated proteins were enriched in
decay classes (III, V; superclass II-V). Overall, RNA sta-
bility was positively correlated with active translation
and rising protein levels, while RNA decay was asso-
ciated with translational silence and protein degradation.
These observations suggested a coordination of several
post-transcriptional regulatory events to promote the
rapid removal of maternally provided gene products
(both mRNA and protein) during the first hours of Dro-
sophila development.

Analysis of cis-regulatory motifs mediating RNA
degradation
Our transcript classification system informs us about the
degradation behaviors of various sets of transcripts situ-
ated in distinct biochemical environments within unfer-
tilized eggs and embryos. Such transcripts are expected
to possess particular sequence elements (motifs) that
allow them to engage in specific RNA degradation pro-
cesses or be immune to them. We reasoned that the
partitioning of all mRNAs according to maternally and
zygotically provided decay activities (Figure 3a) might
facilitate the discovery of motifs related to transcript sta-
bility and degradation. To test this, we analyzed the 3’

UTRs in different transcript classes using SYLAMER
software [70]. Here, lists of mRNAs, ranked by net
decay (Figures 2 and 4), were linked with their 3’ UTRs
as retrieved from the ENSEMBL database. We then ana-
lyzed the resulting lists of ranked 3’ UTRs for overrepre-
sented motifs of word lengths 6 or 8. We show -log10 of
the P-values for motifs enriched in instable mRNAs as a
landscape over 40 cumulative bins (Figure 7a-c).
Comparing across 3’ UTRs of all preloaded transcripts,

this analysis did indeed detect several motifs associated
with severe decay patterns (Figure 7a; see also Figure
3c). By limiting ranked 3’ UTR lists to only stable and
maternally degraded mRNAs as detected in unfertilized
eggs (Figure 7b) or zygotically degraded mRNAs
detected in embryos (Figure 7c), we were able to detect
further motifs, some of which were associated with
exclusively maternal or zygotic degradation. In total, 27
motifs were recovered using the SYLAMER approach.
Notably, all (27 of 27) these motifs were complementary
to miRNAs identified in Drosophila or other metazoans
(Supplementary Table 6 in Additional file 1), suggesting
that miRNAs might contribute to the degradation of
instable mRNAs. Furthermore, GO analysis of groups of
transcripts including decay-associated motifs 1 to 27
showed that almost 50% of these transcript groups (13
of 27) shared enriched GO terms with unstable mRNAs
(Supplementary Figure 9 in Additional file 1, Table 1).
Focusing on those transcript groups with higher repre-
sentation (≥100 transcripts), we saw that the proportion
of groups sharing GO terms with unstable transcripts
rose to > 75% (13 of 17). These observations strength-
ened the possibility that the recovered motifs were bona
fide cis-regulatory elements associated with RNA
instability.
AU-rich elements (AREs) have been shown to elicit

mRNA decay in early frog development and Drosophila
S2 cells [40] and are positively correlated with mRNA
decay in human cells [13]. To explore their role during
the first 3 h of fly development, we linked transcripts
with AREs as identified in a recent genome-wide screen
[71] to our mRNA decay classes and found that mRNAs
with AREs were enriched in decay classes II, IV and V
(Figure 7d). This observation suggests that AREs might
act as cis-regulators of mRNA turnover in early fly
embryos, and would be consistent with a previous study
reporting an enrichment of ARE-like motifs in the 3’
UTRs of degraded transcripts [46].

Analysis of trans-regulators of RNA decay
Only a handful of trans-acting factors of mRNA decay
turnover are known in Drosophila; these include the
mRNA binding proteins (RBPs) Pumilio and Smaug
(reviewed in [40]) as well as miRNAs of the miR-309
cluster [72].

Table 3 Regulating the regulators

Process or pathway mRNA decay targets in embryos

miRNA pathway Dcr-1

piRNA pathway aub, piwi

RNAi/siRNA pathway Dcr-2, r2r2, vig, spn-E, armi, Fmr1

Nonsense mediated mRNA decay Upf1, btz, Smg6

5’ -to-3’ mRNA decay pcm (Xrn1), Dhh1

3’ -to-5’ mRNA decay Rrp4, Rrp42, Rrp45

Deadenylation twin (ccr4), pop2, Not1

Decapping Dcp2

Transcripts of key proteins in mRNA decay pathways are degraded in early fly
embryos. miRNA, microRNA; piRNA, piwi-interacting RNA; RNAi, RNA
interference; siRNA, small interfering RNA.
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Figure 5 Relating mRNA decay to mRNA localization. Groups of genes sharing common RNA localization terms were recovered from the Fly-
FISH database and grouped into four localization themes (i to iv). Enrichment analyses (Fisher’s exact test) of co-localized mRNAs within our
established transcript classes (Figure 3) were performed to address the correlation of particular RNA localization patterns with RNA stability. A
heatmap was constructed to indicate odds ratios (enrichment and depletions). Note that posterior mRNA localization patterns are positively
correlated with mRNA decay patterns (classes III to V).
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To investigate the ways in which the behavior of
mRNAs in our degradation classes relate to the known
targets of trans-acting mRNA decay regulators, we per-
formed an enrichment analysis for experimentally vali-
dated mRNA target sets of these regulators in our
mRNA stability classes (Figure 8a-c). The expression
patterns of these regulators as described in the literature
are shown in the insets [28,40,72,73].
We found significant enrichment for Pumilio targets

only in classes with zygotic decay contributions (classes
IV and V; Figure 8a), consistent with its proposed role
in zygotic decay activities [46]. The minor enrichment
in Pumilio targets within the stable mRNA class (class I)
was statistically insignificant.
Smaug targets were significantly enriched in classes III

and V, both of which show maternal decay activities,
while no enrichment is seen in the exclusively zygotic
decay class IV (Figure 8b). These observations are in
line with the maternal origin of Smaug [28]. Given that
Smaug had been shown to be an important, maternally
provided mRNA decay factor [43,74], the absence of sig-
nificant (P = 0.42) enrichment of its targets within the
‘maternal decay only’ class (II) was somewhat unex-
pected. The maximum enrichment (13-fold) of Smaug
targets was detected in the ‘mixed decay’ class (V). A
plausible explanation for these observations might be
that Smaug requires additional, zygotic decay factors to
perform its normal functions; alternatively, Smaug tar-
gets might be targeted by zygotic factors in a Smaug-
independent fashion.
We found enrichments for miR-309 cluster targets

only in classes with zygotic decay contributions (classes
IV and V), consistent with the strictly zygotic provision
of miR-309 cluster miRNAs [28]; the strongest enrich-
ment was observed in the mixed decay class (V). This
latter finding suggested to us that miR-309 cluster tar-
gets might be targeted by additional, maternally pro-
vided mRNA decay factors. To investigate this further,
we separately computed maternal and zygotic decay
contributions for approximately 400 miR-309 cluster
targets [72] and show them for all genes as a scatter-
plot (Figure 8d). This demonstrated that most of the
miR-309 cluster targets show, indeed, maternal decay
contributions. This points to a common interaction of
miRNAs of zygotic origin with preloaded, maternal
mRNA decay factors.
We note that there was generally no significant

enrichment of any decay targets in the stable mRNAs
(class I) or transcribed, non-degraded mRNAs (purely
zygotic, stable + transcription). In contrast, we often
observed highly significant depletion for decay targets in
these classes (Figure 8a-c).
Taken together, the specific target enrichment pat-

terns for experimentally validated RNA decay regulators

Figure 6 Coordination of RNA and protein turnover. (a) Groups
of genes with actively translated or translationally silent mRNAs in
early Drosophila embryos were recovered from a genome-wide
ribosomal profiling study [68]. Enrichment analyses (Fisher’s exact
test) were performed to address the correlation between translation
rate and RNA stability. Odds ratios (enrichments and depletions)
within transcript classes (Figure 3; II-V, union of classes II to V) are
shown on a log2 scale (y-axis); color code is as in Figure 5;
significance of enrichments are indicated by multiple testing
corrected P-values (q-values). (b) A recent proteomics screen
identified up- and down-regulated proteins in early fly embryos [69].
Enrichment analyses were performed to address the correlation
between protein level changes and RNA stability. Note that RNA
decay is negatively correlated with active translation and protein
up-regulation.
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Figure 7 Cis-regulators of mRNA decay in early Drosophila embryos. (a-c) Motif discovery in 3’ UTRs using SYLAMER [70]. Genes were
ranked by mRNA net decay values (Figure 2) and enrichment analyses for words of lengths 6 and 8 were performed; -log10 of enrichment P-
values (y-axis) are plotted for words enriched in 3’ UTRs of unstable mRNAs (x-axis). P-value profiles for the top five enriched motifs are
highlighted and shown for each enrichment analysis; a total of 27 unique motifs is shown (asterisk indicates motifs recovered in more than one
enrichment). For a peak occurring on the positive y-axis, the corresponding word is overrepresented in the 3’ UTRs for the genes to the left of
that peak (colored brackets) while the word is underrepresented in the genes to the right. Note that all motifs (1 to 27) are complementary to
seed sequences of characterized miRNAs (Supplementary Table 6 in Additional file 1). Enrichment analyses are shown for: (a) all transcripts
preloaded onto the oocyte (Figure 3); (b) stable and maternally degraded mRNAs; and (c) stable and zygotically degraded mRNAs (compare
Figure 3). (d) mRNAs with AU-rich elements (ARE) were recovered from a genome-wide screen [71]. An enrichment analysis (Fisher’s exact test)
was performed to address the correlation between AREs and RNA stability. We found that RNA decay (classes II, IV and V) is positively correlated
with the presence of AREs in transcript 3’ UTRs. Odds ratios (enrichments and depletions) within transcript classes (Figure 3) are shown on a log2
scale (y-axis); color code as in Figure 5; significance of enrichments is indicated by multiple testing corrected P-values (q-values).
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Figure 8 The relationship between mRNA decay, mRNA binding proteins and miRNAs. (a-c) Enrichment analyses (Fisher’s exact test) were
performed for genome-wide mRNA target sets of Pumilio [109], Smaug [43] and miR-309 cluster miRNAs [72] within our transcript classes
(Figure 3). Expression dynamics of the regulators during the first 3 h AEL are indicated (see insets; units on x-axis are hours AEL). Odds ratios
(enrichments and depletions) are shown on a log2 scale (y-axis); color code as in Figure 5; significance of enrichments is indicated by multiple
testing corrected P-values (q-values). (d) miR-309 cluster targets: maternal decay plotted against zygotic decay. Note that most of the mRNA
targets show maternal decay contributions. The dotted line represents the 1:1 ratio of maternal and zygotic decay. (e) miRNAs with strong
expression restricted to early embryos; odds ratios of miRNA target set enrichment within the mixed decay class (V) and significance levels (q-
values) are indicated. Embryonic expression modified after Ruby et al. [75]. (f) mRNA binding proteins (RBP) with dynamic expression (short
mRNA half-life, protein log2 fold-change) in early embryos (see text for details). Grey shading highlights RBPs with both low mRNA half-lives and
drops in protein levels.
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in the stability classes established in this study (Figure 3)
are in good agreement with their well-known expression
dynamics; these findings supported the biological rele-
vance of our classification.
Given the great diversity of mRNA decay patterns

detected in this study (Figure 2), the lack of significant
overlap of target sets for Pumilio, Smaug and miR-309,
and the fact that these regulators do not seem to target
thousands of unstable transcripts (data not shown) led us
to predict that other, yet uncharacterized mRNA regula-
tors must be active during early Drosophila embryogen-
esis. To advance these considerations, we searched for
candidate miRNA and protein regulators whose expres-
sion is consistent with a role in mRNA turnover during
the first hours of fly development (Figure 8e, f). An essen-
tial condition for a functional mRNA decay regulator is
that it temporally co-exists with its targets, and that upon
action on them, these are reduced in their expression
level. After functional contact with targets occurs, expres-
sion of the regulator is unrestricted and may diminish or
vanish altogether. For example, previous work reported
that miRNAs from the miR-309 cluster are synthesized
anew in early Drosophila embryos (Figure 8c), triggering
the decay of hundreds of mRNAs [72]; genetic removal of
the miR-309 cluster leads to a stabilization of these targets.
To identify other miRNAs with a potential role in mRNA
decay control, we turned to recently published miRNA
RNA-Seq data collected from a Drosophila developmental
series including early, mid- and late embryogenesis; here,
the authors isolated total RNA including small RNA col-
lections and applied a next-generation-sequencing
approach to identify and quantify miRNAs expressed
throughout development [75].
As miR-309 cluster miRNAs are expressed only in

early embryos, we filtered the published dataset for miR-
NAs with similar expression dynamics. Here, we
selected miRNAs with significant expression in early
embryos (> 100 sequencing reads at 0 to 6 h) and a
decrease in expression at mid- to late embryonic stages
and found 17 miRNAs that pass these criteria (Figure
8e). To explore the possible effects that these miRNAs
might have on mRNA decay processes in fly embryos,
we recovered full lists of predicted targets of these 17
miRNAs from miRBase [76,77] and performed an
enrichment analysis for these targets in our decay
classes. We found that target sets for the majority of
our short-listed miRNAs (10 out of 17) show significant
enrichment in our mixed decay class V (Figure 8e); this
includes predicted targets for miR-6, miR-5 and miR-
309, all of which belong to the miR-309 cluster, and is
in agreement with the enrichment patterns of their
experimentally validated targets (Figure 8c). Notably, for
decay classes other than V, we did not detect any signif-
icant enrichments. Two scenarios could explain the

exclusive miRNA target set enrichments in the mixed
decay class. One possibility is that factors of maternal
origin must be complemented by freshly transcribed
miRNAs to elicit effective mRNA degradation; alterna-
tively, miRNAs themselves might represent the maternal
component that would require the zygotic production of
additional decay factors. Excluding the miR-309 cluster
miRNAs, for which zygotic transcription has been
demonstrated as the only source [72], we are at present
unable to distinguish which one of these possibilities
should be the most likely. Recent experiments in the
mouse demonstrating the suppression of miRNAs in
mature oocytes [78,79] would suggest that - should both
systems be comparable - the miRNA component is only
active after the onset of zygotic transcriptions.
We also looked at candidate protein regulators seeking

to identify RBPs whose expression is consistent with a
role during mRNA turnover in Drosophila embryos. A
recent survey of the literature found that many yet
uncharacterized RBPs are expressed during fly embryo-
genesis [80]; studies in yeast suggest that RBPs targeting
large groups of mRNAs show generally high protein
abundances [81].
Here, we had to confront the fact that beyond their

need for mRNA binding properties, not much is known
about the common features of protein regulators of
mRNA decay. Nevertheless, one salient attribute of the
few proteins with proven roles in mRNA degradation
appears to be the dynamic nature of their expression
patterns [81]. An example of this in flies is Smaug, a
major contributor to maternal mRNA decay activities
[28,43]. Although the ultimate explanation of how a
highly dynamic expression pattern relates to the mole-
cular function of an mRNA regulator is still missing, we
used this correlation do develop an approach to identify
those RBPs with a potential role in mRNA turnover. For
this, we first recovered a list of all annotated and pre-
dicted mRNA binding proteins (GO:0003729) from Fly-
base [82] (December 2009) and linked these to their
respective mRNA half-lives and protein turnover rates
(transcript half-lives were calculated in this study (Figure
4) and protein log2 fold-changes between 0 and 90 min-
utes AEL and 180 and270 minutes AEL were obtained
from a recent proteomics screen in Drosophila embryos
[69]; Supplemental Figure 8 in Additional file 1). We
retained genes for which mRNA and protein data were
available, that had mRNA half-lives below 150 minutes,
and for which at least five quantified peptides were
reported in the proteomics study. We then plotted
mRNA half-lives against protein log2 fold-changes for
this subset of genes (Figure 8f).
This analysis recovered smaug (smg) as one of the

most dynamically expressed genes at both the protein
and mRNA level and identified approximately 20
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additional RBP encoding genes with dynamic expression
at the RNA level in early embryos. Two of these (BicC,
yps) showed in addition a significant drop in protein
levels similar to smg. It will be important to establish
whether these well-characterized post-transcriptional
regulators, which have previously been implicated with
translational repression, RNA localization and, in the
case of yps, splicing [83-89], play an additional role in
RNA stability control.
Overall, we identified candidate miRNAs and RBPs

whose expression is consistent with a role in mRNA
degradation (Figure 8e, f) and present evidence that ten
miRNAs expressed in early embryos negatively affect
mRNA levels during the first hours of development (Fig-
ure 8e). The strong and often exclusive enrichments for
experimentally validated or predicted targets of both
RBPs (Figure 8b) and miRNAs (Figure 8c, e) within the
mixed decay class (V) are consistent with the notion
that mRNAs are commonly targeted by more than one
decay regulator of maternal or zygotic origin.

Experimental validation of cis- and trans-mRNA decay
regulators
To experimentally validate our bioinformatic analyses,
we focused on two sets of experiments aimed at estab-
lishing the roles of cis- and trans-regulators of RNA
degradation in an in vivo system.
To investigate cis-regulation we selected the gene cor-

tex (cort), whose mRNA is one of the most severely
degraded and most short-lived species detected in our
analysis (Figure 4d). To determine the primary
sequences contributing to the adoption of the cort RNA
pattern, we developed an in vivo assay that combines
microinjection of supercoiled plasmid DNA luciferase
reporter constructs into Drosophila embryos with lumi-
nometric quantification of reporter expression deter-
mined in protein extracts derived from single
Drosophila embryos (Figure 9a). We used this system to
test the performance of two firefly-luciferase (F-luc)
constructs: one in which coding sequences for F-luc
were coupled to the 3’ UTR of a-tubulin 84B (a-tub), a
very stable mRNA according to our study; and another
construct in which F-luc coding sequences were linked
to the 3’ UTR of cort, a very unstable mRNA in our
study (Figure 9b, c). Both these constructs were driven
by a sisA promoter that supports expression in early
embryos (Figure 9b) [90]. Enzymatic activity derived
from these two constructs was compared to that of a F-
luc control carrying only an SV40 3’ UTR sequence
(Figure 9c). To control for embryo-to-embryo variation
affecting total injected volumes of plasmid solutions, we
compared the performance of the F-luc constructs
described above with a co-injected reference construct
encoding Renilla-luciferase (R-Luc) (Figure 9c).

These experiments revealed that the presence of a-tub
3’ UTR sequences did not affect the median reporter
activity compared to the control constructs (Figure 9d).
In contrast, cort 3’ UTR sequences significantly
decreased reporter activity (Figure 9d). We therefore
concluded that the transfer of cort 3’ UTR sequences to
a heterologous reporter system is able to mimic the
expression dynamics of cort transcripts detected in our
genome-wide analysis (Figure 9b).
Our study suggested that several miRNAs might be

involved in the control of RNA degradation during early
Drosophila development (Figure 8e). To establish
whether modulations of miRNA level had an impact on
RNA degradation patterns in vivo, we focused on miR-
14, which is known to be present during early embryo-
genesis [75] and has multiple predicted targets within
our instable RNA classes. If during normal development
a particular miRNA promotes the degradation of its tar-
get mRNAs, we inferred that genetic removal of such
miRNA from the system would lead to the stabilization
of its mRNA targets. To test this hypothesis, we studied
the expression of Hr78, an unstable mRNA (Figure 10a)
predicted to be targeted by miR-14 (Figure 10b) in
embryos with two (wild type), one (heterozygous
mutant) and no genomic copies (homozygous mutant)
of miR-14 (Figure 10c). Analysis of the expression levels
of Hr78 by semi-quantitative RT-PCR revealed that,
indeed, Hr78 mRNA stabilization depends on miR-14
dosage, with highest expression in the homozygous
mutant background, intermediate expression in the het-
erozygous condition and lowest expression levels in the
wild type (Figure 10c). These results are consistent with
an active role of miR-14 in RNA stability control during
early Drosophila development, as predicted by our
study.

Discussion
This study investigates how mRNA degradation is con-
trolled during Drosophila early development. Our
experimental design, involving the sampling of mRNAs
from embryos and unfertilized eggs, allowed us to deter-
mine the degradation patterns of all transcripts present
during early fruit fly development, and to tease apart the
contributions of maternally and zygotically encoded fac-
tors to the process of mRNA decay. Our results provide
kinetic parameters for the degradation of thousands of
mRNAs, and establish the ways in which mRNA decay
relates to mRNA localization, protein turnover and gene
function in Drosophila. We also detected enrichments
for cis-regulatory sequences in transcripts showing com-
mon degradation patterns and propose specific proteins
and miRNAs as developmental regulators of mRNA
decay during early embryogenesis. We also validate the
roles of some of these regulators and 3’ UTR regions
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experimentally. Here, we discuss how our work relates
to previous studies investigating mRNA degradation in
cell culture systems and to what is known about mRNA
degradation control in Drosophila, and the ways in
which our study contributes to the understanding of the
molecular mechanisms of mRNA decay.

mRNA degradation in cell culture systems
Previous work in cell culture revealed important features
of the process of prokaryotic and eukaryotic mRNA
decay. Genome-wide studies in bacterial cultures
[60,64], yeast [12,16], Drosophila Schneider cells [11,91]
and various human cell lines [13,57,62] showed that (in

Figure 9 3’ UTRs harbor cis-acting elements that dictate specific mRNA fates. (a) Experimental design. Plasmids encoding firefly-luciferase
(F-luc) or Renilla-luciferase (R-luc) driven by early zygotic promoters were co-injected into embryos 0 to 1 h AEL (stages 1 to 2). Embryos were
aged at 25°C for 4 h and homogenized in lysate buffer. Luciferase activities in lysates were quantified through luminometry. We analyzed 12 to
16 embryos for each reporter construct. (b) mRNA expression of endogenous genes: scute and sisA promoters support expression in early
embryos [90] (see (c)); 3’ UTRs of stable a-tubulin 84B (a-tub) and unstable cortex mRNAs were tested for their effect on luciferase expression (see
(c,d)). Median microarray expression levels for each time point are shown (compare Figure 1). (c) Reporter gene construction. 3’ UTRs of stable
a-tub and unstable cortex mRNAs were coupled to coding sequences for F-luc; all DNA constructs share a SV40 terminator sequence (SV40 pA).
(d) Reporter gene activity. Average median activities (ratio F-luc/R-luc) and standard error of the mean for three independent, biological
replicates are shown (12 to 16 embryos analyzed for each replicate). A statistical test (two-tailed Mann-Whitney) for each replicate consistently
showed a lack of significant changes in luciferase activity for the a-tub reporter and significantly lower levels for the cortex 3’ UTR reporter. N.s.,
not significant.
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every system) mRNA half-lives are very diverse. For
instance, half-lives from circa 3 minutes to > 100 min-
utes were observed in yeast [12] while in human cells
they ranged from < 30 minutes to > 24 h [13]. This
level of diversity in mRNA degradation rates would be
consistent with significant and dynamic regulation of
mRNA decay across a wide range of organisms.
These experiments in cultured cells also revealed that

unstable transcripts tend to encode products with speci-
fic cellular functions or processes, as similar functional
themes appear related to unstable transcripts in organ-
isms as diverse as yeast and humans. For example,

mRNAs encoding products related to cell cycle control,
transcription and mRNA processing are generally
unstable while genes encoding factors involved in pro-
tein synthesis produce stable mRNAs in human and
yeast [13,58]. The similarities observed across these stu-
dies could, in principle, be the result of evolutionary
conservation in the ways mRNA degradation relates to
gene function. Alternatively, they may reflect common
adaptations developed by each system to the conditions
of cell culture. Our results showing that unstable
mRNAs are associated with the replication machinery
and enriched for cell cycle regulators in fly embryos

Figure 10 Effects of miR-14 on mRNA expression during early Drosophila embryogenesis. (a) Hr78 mRNAs suffered degradation during
the first 3 h of development. Microarray time course data (compare Figure 1a). (b) Hr78 mRNAs are predicted to be targeted by five miRNAs,
including miR-14 (MicroCosm [112]). (c) Lowering the dose of miR-14 led to significant stabilization of Hr78 mRNAs in early embryos. Semi-
quantitative RT-PCR experiments for Hr78 were carried out on RNA samples from wild-type (+/+) and embryos heterozygous (ΔmiR-14/+) or
homozygous (ΔmiR-14/ΔmiR-14) for a miR-14 deletion. Lowering the dose of miR-14 led to stabilization of Hr78 mRNAs in a dose-dependent
manner. Hr78 signals in agarose gels were normalized to RpL32 (aka Rp49) signals; gels were analyzed using ImageJ software. Error bars, standard
error of the mean (SEM).
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(Table 1) provide support to the first interpretation. The
lack of departure from ancient associations between
mRNA decay and gene function, in turn, implies an
important role of mRNA degradation in cellular func-
tion, as genes encoding products with particular func-
tions appear forced to retain common mRNA decay
patterns.
We hypothesize that, in the Drosophila embryo, the

low stability of mRNAs encoding cell cycle and DNA
replication factors might be linked to the timely elimina-
tion of cell cycle regulators known to be crucial for the
slowing down of mitotic cycles at the onset of gastrula-
tion [27,28] (Figure 1a) and reflect a need to readjust
their expression levels once cell divisions become
restricted to particular subdomains of the embryo
[92,93].

mRNA degradation during Drosophila development
Microarray experiments in Drosophila embryos estab-
lished that major developmental transitions (for exam-
ple, gastrulation, end of the dorsal closure, imaginal
disc formation) are mirrored by global changes in gene
expression. In particular, these studies showed that
down-regulation of maternally provided mRNAs occurs
in two distinct temporal waves taking place at early
and mid-embryonic stages [50,51]. Further genome-
wide studies in Drosophila provided the first hints on
the causes underlying the temporal control of maternal
mRNA decay. Tadros et al. [43] detected some of the
targets of the maternal RNA decay machinery in unfer-
tilized Drosophila eggs and, notably, identified the RBP
Smaug as an important factor controlling maternal
mRNA decay; unfortunately, the wide temporal win-
dows used for sampling in this study (2 h) lacked the
needed resolution for the analysis of dynamic early
mRNA decay events (Figures 2, 3 and 4). De Renzis et
al. [46] employed compound chromosomes to produce
embryos lacking single chromosomes (or chromosome
arms) to look at the effects of these deficiencies on the
transcriptome at a single time point (mitotic cycle 14;
Supplementary Figure 8 in Additional file 1), allowing
the identification of maternal and zygotic contributions
to total mRNA levels at this particular stage. However,
this study provided no information on how these
results relate to earlier or later events. Although these
studies significantly advanced our understanding of the
mRNA degradation processes taking place during early
Drosophila development, they did not determine the
separate contributions of maternal and zygotic decay
factors to mRNA turnover during early development.
The first study focused on unfertilized eggs and mater-
nal decay activities only [43]; in contrast, the experi-
mental design used in our present study (sampling
both embryos and unfertilized eggs) allowed us to

capture the full complement of maternally and zygoti-
cally controlled RNA decay patterns at high temporal
resolution and to tease apart the contributions of
maternal and zygotic factors to mRNA turnover during
early development.
Our analyses revealed that most (60%) of the pre-

loaded mRNAs suffer rapid degradation during the first
3 h of development (Figure 3b), frequently leading to
reductions below 50% of initial mRNA levels (Figure 2
and 4). Notably, we show that more than 1,500 mRNAs
are targeted by both maternal and zygotic decay factors
(one-third of all decay events; Figure 3b, class V); con-
sistent with additive effects of this dual action and in
line with previous observations on specific genes [22],
mixed decay patterns are more severe than exclusively
maternal or zygotic decay patterns (Figure 4b, c). In
addition, we found that mRNA decay during the first 3
h is largely dominated by maternal decay activities as
mRNA classes with maternal decay contributions show
the most severe decay patterns (Figure 4b, c).
We also showed a linkage between mRNA stability

control and mRNA localization (Figure 5). Notably, 125
out of 198 (63%) transcripts with annotated posterior
localization in the Fly-FISH database show detectable
levels of degradation during the first 3 h AEL, suggest-
ing that mRNA decay might contribute to their localized
expression in embryos. These results are coherent with
previous observations on specific mRNAs that are loca-
lized to the posterior of the embryo by a ‘degradation/
protection’ mechanism [22,39].
Secondly, we detected approximately 400 mRNAs with

particularly strong degradation and concomitant tran-
scription (Figures 3b (class III) and 4b, c), supporting
the idea that the removal of ubiquitously distributed
maternal mRNAs combined with localized, albeit limited
(Supplementary Figure 5 in Additional file 1), zygotic
transcription is an efficient way to create localized pat-
terns of gene activity in the early embryo [46].
Our analyses also revealed a coordination of protein

and RNA turnover in early embryos as genes encoding
translationally silent mRNAs and proteins with decreas-
ing levels in early embryos are enriched in unstable
transcript classes (Figure 6). This points to a concerted
effort at several post-transcriptional levels to rapidly
remove a subset of maternally provided gene products
from the developing embryo during early development.

Mechanisms of mRNA turnover in Drosophila embryos
In mechanistic terms, the control of mRNA degradation
requires the binding of trans-regulators to cis-regulatory
motifs in target mRNA sequences; until now, very few
cis- and trans-regulators of mRNA turnover have been
identified in Drosophila embryos (reviewed in [40]); this
is also true for most other systems.
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The difficulties in identifying and predicting novel cis-
regulatory motifs of mRNA decay could be due to sev-
eral reasons. They could be a manifestation of the lack
of a simple molecular code relating the mRNA decay
regulators with primary sequence elements in their tar-
gets: perhaps efficient mRNA decay regulation requires
a specific combination of primary sequence and mRNA
secondary structure adopted by mRNA targets. Alterna-
tively, a complex mixture of RBPs and miRNAs might
be needed to determine a specific mRNA decay output:
as many regulators are needed, sequences and structures
in target mRNAs must conform with various overlaying
sets of rules that are not easy to unveil. In all cases,
refinement of software packages able to scan for both
primary and secondary structure motifs, perhaps linked
to simultaneous co-variance analysis associated with
stem regions within hairpin-loop structures, might be
able to decode the cis-elements responsible for mRNA
decay. A condition for the development of these compu-
terized approaches is the availability of large datasets
grouping transcripts with common mRNA decay pat-
terns. Our work here modestly contributes to this, pro-
viding high-resolution mRNA decay profiles for
approximately 4,000 genes (Figure 3) obtained in the
physiological context of Drosophila development.
Regarding cis-regulators of mRNA decay, we demon-

strated that unstable mRNA classes are enriched for
transcripts with AREs (Figure 7b); this is consistent
with a conserved role for AREs in mRNA decay con-
trol during early embryogenesis in both flies [46] and
frogs [94]. We also detected motifs enriched in 3 ’
UTRs of unstable mRNAs (Figure 7a-c), many of
which are complementary to miRNA seed regions
(Supplementary Table 6 in Additional file 1). For
selected genes we demonstrated that 3’ UTR sequences
are sufficient to recapitulate the fate of the endogenous
mRNA when coupled to a heterologous reporter in
early embryos (Figure 9), suggesting that crucial cis-
regulatory elements for RNA stability control are likely
to reside in this part of the transcripts.
Previous work had identified a few trans-regulators of

mRNA decay in early embryos, including the RBPs
Pumilio and Smaug and miRNAs of the miR-309 cluster
(Figure 8a-c) [43,72,73,95]. Mining previously published
miRNA deep sequencing data [75] and linking RNA
decay parameters (this study) with proteomics data for
individual genes, we identified several other miRNAs
and RBPs whose expression is consistent with a role in
mRNA decay control (Figure 8e, f) and present evidence
linking candidate miRNAs with mRNA decay patterns
in early embryos (Figure 8e). We confirmed the activity
of one predicted RNA decay regulator, miR-14, in early
embryos experimentally (Figure 10).

Importantly, we show that targets of both RBPs (Fig-
ure 8b) and miRNAs (Figure 8c, e) are enriched in
mixed decay classes, and that the majority of transcripts
targeted by zygotic miRNAs derived from the miR-309
cluster were concomitantly targeted by maternal decay
factors (Figure 8d). In addition to this, we found that
more than 1,500 mRNAs require a combination of
degradation factors encoded by the mother and the
zygote (Figure 3b). Altogether, these results support the
hypothesis of a complex mixture of RBPs and miRNAs
determining particular mRNA decay outputs.
Alternatively, the maternal machinery may provide a

ground-state decay mechanism with few specificity fac-
tors, and zygotic components could provide specificity
molecules that lead to recognition of certain subsets of
mRNAs, enhancing their association with the maternally
provided decay machinery. This model has the attribute
of requiring just a single regulatory molecule for the
degradation of a message in a manner dependent on
maternal or zygotic factors. A third explanation could
be that mRNAs degraded by both zygotic and maternal
factors interact with generic mRNA destabilizing factors,
which enhance both maternal and zygotic decay path-
ways, rather than specific ones that preferentially use
one pathway over the other.
In sum, our work advances the current understanding

of the processes controlling mRNA degradation during
early Drosophila development, taking us one step closer
to the understanding of mRNA decay processes in all
animals. Our data should also provide a fruitful ground
for further experimental and computational studies
investigating the process of mRNA decay.

Conclusions
Spatio-temporal modulations in mRNA levels are cen-
tral for animal development. These modulations in
transcript concentration come as a result of two
opposing processes: mRNA synthesis and degradation.
Our work here combined developmentally timed col-
lections of Drosophila embryos and unfertilized eggs
with genome-wide microarray technology to determine
the degradation patterns of all transcripts present dur-
ing early development. Our experiments revealed the
kinetics of mRNA decay at early development, the
contributions of maternally and zygotically encoded
factors to mRNA degradation, and the ways mRNA
decay profiles relate to gene functions, mRNA locali-
zation patterns, translation rates, and protein turnover.
Our transcript catalogues also allowed us to detect cis-
regulatory sequences enriched in transcripts with
common degradation patterns, as well as to propose
several proteins and miRNAs as developmental regula-
tors of mRNA decay during early fly development.
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Finally, we validated experimentally the effects of a
subset of cis-regulatory sequences and trans-regulators
in vivo. In sum, our work advances the current under-
standing of the processes controlling mRNA degrada-
tion during early Drosophila development, taking us
one step closer to the understanding of mRNA decay
processes in all animals. Our data should also provide
a valuable resource for further experimental and com-
putational studies investigating the process of mRNA
decay.

Materials and methods
Fly stocks and culture
Wild-type embryos were recovered from Oregon Red
(OR) flies. Sterile males were recovered from tud[1] bw
[1] sp[1] virgins crossed to OR males (Sons of tudor,
SOT) [96,97]. To collect unfertilized eggs, wild-type OR
virgins were mated to SOT males. Hence, both embryos
and unfertilized eggs were of identical, wild-type geno-
type (OR). miR-14 heterozygous and homozygous
embryos were recovered from miR-14 Δ[1]/CyO [98] (a
gift from Stephen Cohen).

Confocal imaging
Embryos were stained with 4’,6-diamidino-2-phenylin-
dole (DAPI) and fluorescein isothiocyanate (FITC)-phal-
loidin following standard procedures and imaged on a
Leica TCS SP5.

RNA sample collections
Embryos or unfertilized eggs were collected and aged at
25°C using standard methods. Mature oocytes were iso-
lated from wild-type fly cultures by a combined blender/
sieving method that allows specific and efficient enrich-
ment of stage 14 oocytes [45,99-101]. Oocyte staging was
verified according to King (1970) [102]; the non-activated
state was controlled by bleach treatment [44,45] on ali-
quots of egg collections. RNA was purified using Qiagen
(Crawley, United Kingdom) RNeasy Mini Kit.

Microarray hybridization and data analysis
Microarray hybridizations
Affymetrix Drosophila GeneChip 2.0 microarray hybridi-
zations were carried out at the UK Drosophila Affyme-
trix Array facility at the Sir Henry Wellcome Functional
Genomics Facility of the University of Glasgow, UK.
Excess RNA was kept for quantitative PCR validation
experiments.
Data preprocessing, quality assessments, profile
classification and enrichment analyses
Data preprocessing, quality assessments, profile classifi-
cation and enrichment analyses were carried out using
R [103] and Bioconductor [104]. In brief, raw data were
pre-processed applying variance stabilization and

normalization (vsn) [105,106], followed by a LOESS
regression and probe set summary using robust multi-
chip average (RMA) [107]. Microarray data quality
assessments confirmed high data quality (Supplementary
materials and methods and Supplementary Figure 1 in
Additional file 1). For Figure 1b, a hierarchical clustering
(complete linkage, Pearson’s correlation) was performed
with RMA pre-processed data for all probe sets.
Classification of probe set profiles
Classification of probe set profiles and the collapsing
into classifications for unique genes is described in
detail in the Supplementary materials and methods in
Additional file 1.
mRNA half-lives
Decay constant k and half-lives t1/2 (Figure 4b, d) were
computed assuming exponential decay between t2 and t3
of the respective time series (Figure 4a) as k = -ln
((Expression t3)/(Expression t2))/Δt2,3, with Δt2,3 = 60
minutes (Figure 1a), and t1/2 = ln(1/2)/-k [1].
Gene Ontology analyses
The top 1,000 decay targets with lowest half-lives were
identified (Figure 4, t1/2 < 30 minutes); 1,677 stable class
I (Figure 3) probe sets were collapsed into 1,616 unique
genes. The complete set of Flybase annotated genes (n =
16,085) was considered as background universe. GO
analyses were performed using GO::TermFinder [108].
A Bonferroni-correction for multiple testing was applied
to enrichment P-values.
Enrichment analyses
An mRNA localization annotation matrix for > 3,000
genes was recovered from the Fly-FISH website (May
2008) [66,67]. We collapsed Fly-FISH annotations for
developmental stages covering and slightly exceeding
our time series time frame (approximately 0 to 3.5 h
AEL, developmental stages 1 to 7; Supplementary Figure
8 in Additional file 1), yielding groups of genes anno-
tated for 111 different localization terms. We report
enrichments for 26 localization terms. Target sets for
Pumilio [109], miR-309 cluster miRNAs [28], lists of
mRNAs with active or no translation [68], lists of up-
and down-regulated proteins [69] and a list of genes
with AREs [71] were obtained from the literature; for
Smaug, we reanalyzed available raw data from the Gene
Expression Omnibus [GEO:GSE8910] as described [43]
and considered 260 genes with the highest differential
expression as targets. For all lists, we retained only
genes represented on Drosophila Genome 2.0 Gene
Chips. Enrichment analyses were performed using Fish-
er’s exact test; multiple testing was controlled for at a
false discovery rate of 10% [110].

Quantitative and semi-quantitative RT-PCR
For each experimental condition, a minimum of three
technical replicates were performed on at least two
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biological replicate samples. For quantitative RT-PCR,
we used SYBR Green I detection format on a Roche
Lightcycler 480 platform. Primer sequences are listed in
Supplementary Table 1 in Additional file 1. Transcript
levels were determined as expression ratios using stable
transcripts as reference (Rpl32, Rpl21).

Dual-luciferase assays
Reporter assays were performed essentially as described
[90] (see Additional file 1 for details). 3’ UTR sequences
were amplified by PCR from cDNA and inserted into a
F-luc reporter construct; firefly reporter constructs were
co-injected into 0 to 1 h embryos with a reference R-luc
construct (Figure 9) and aged for 4 h at 25°C. Single
embryos were homogenized in passive lysis buffer (Pro-
mega, Madison, USA); luciferase levels were quantified
through luminometry using a GloMAX Multi-detection
system (Promega).

Supplementary material and data
More details on experimental procedures are provided
in Additional file 1. Microarray raw and preprocessed
data, including probe set classification, have been sub-
mitted to the ArrayExpress database (accession numbers
E-MEXP-2580 and E-MEXP-2746).

Additional material

Additional file 1: Supplemental materials and methods,
Supplemental Figures 1 to 9 and Supplemental Tables 1 to 6.
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