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mTAIL-seq reveals dynamic poly(A)
tail regulation in oocyte-to-embryo
development
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Eukaryotic mRNAs are subject to multiple types of tailing that critically influence mRNA stability and translat-
ability. To investigate RNA tails at the genomic scale, we previously developed TAIL-seq, but its low sensitivity
precluded its application to biological materials of minute quantity. In this study, we report a new version of
TAIL-seq (mRNA TAIL-seq [mTAIL-seq]) with enhanced sequencing depth for mRNAs (by ∼1000-fold compared
with the previous version). The improved method allows us to investigate the regulation of poly(A) tails in
Drosophila oocytes and embryos.We found thatmaternal mRNAs are polyadenylatedmainly during late oogenesis,
prior to fertilization, and that further modulation occurs upon egg activation. Wispy, a noncanonical poly(A)
polymerase, adenylates the vast majority of maternal mRNAs, with a few intriguing exceptions such as ribosomal
protein transcripts. By comparingmTAIL-seq datawith ribosome profiling data, we found a strong coupling between
poly(A) tail length and translational efficiency during egg activation. Our data suggest that regulation of poly(A) tails
in oocytes shapes the translatomic landscape of embryos, thereby directing the onset of animal development.
By virtue of the high sensitivity, low cost, technical robustness, and broad accessibility, mTAIL-seq will be a potent
tool to improve our understanding of mRNA tailing in diverse biological systems.
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Eukaryotic mRNA experiences multiple types of modifi-
cations at its 3′ end throughout its life cycle. Newly
synthesized mRNA is known to acquire a long poly(A)
tail (up to ∼250 nucleotides [nt]) through canonical polya-
denylation coupled to transcription, which facilitates
mRNA export from the nucleus (Wahle and Keller
1996). In the cytoplasm, poly(A) tails are associated with
cytoplasmic poly(A)-binding proteins (PABPCs) that stabi-
lizemRNAby acting as a safeguard againstmultiple decay
machineries and promote protein synthesis (Eliseeva
et al. 2013; Norbury 2013). Once mRNA is deadenylated
to a certain threshold (∼25 nt), PABPC is released, and
mRNAbecomes translationally inactive and prone to deg-
radation. Poly(A) tails can be elongated post-transcription-
ally by noncanonical poly(A) polymerases, which can play
a particularly important role in cells with limited tran-

scriptional activity (Weill et al. 2012; D’Ambrogio et al.
2013). For instance, in neuronal synapses and oocytes,
deadenylated mRNAs are not degraded but are stored in
a dormant state until protein production is required (Weill
et al. 2012; D’Ambrogio et al. 2013). In response to cellular
signals during meiotic maturation or synaptic stimula-
tion, some deadenylated mRNAs are known to undergo
cytoplasmic polyadenylation, which enhances transla-
tion, promoting rapid accumulation of protein indepen-
dently of transcription. In such conditions, poly(A) tail
length serves as a determining factor in translational
reactivation.
Cytoplasmic polyadenylation has been mainly studied

withmaternal mRNAs stored in oocytes and early embry-
os of Drosophila, Xenopus, and mice (Salles et al. 1994;
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Mendez and Richter 2001; Richter 2007). Previous analy-
ses showed that cell cycle genes and embryo patterning
factors are regulated via polyadenylation, which is critical
for normal development. In vertebrates, the cytoplasmic
polyadenylation element (CPE) is enriched in the 3′ un-
translated regions (UTRs) of target mRNAs (Pique et al.
2008). GLD-2 (also known as TUTase2 or PAPD4 inmam-
mals) is a noncanonical poly(A) polymerase and acts on
mRNAs containing CPEs through the interaction with
CPE-binding protein (CPEB) (Kwak et al. 2004; Norbury
2013). In Drosophila, a GLD-2 homolog, Wispy, is known
to be required for poly(A) tail elongation (Benoit et al.
2008; Cui et al. 2008, 2013).

Our current knowledge of cytoplasmic polyadenylation
is mainly from analyses of individual genes using North-
ern blotting-based or RT–PCR-based methods (Salles et
al. 1999). Previous attempts at global analysis had to rely
on microarrays because current sequencing platforms
cannot sequence long homopolymers (Whiteford et al.
2009; Ledergerber and Dessimoz 2011; Zheng and Tian
2014). With differential elution from oligo(dT) columns
followed by microarray analyses, one can estimate the ra-
tio between long and short A tails (Du and Richter 2005;
Beilharz and Preiss 2007; Meijer et al. 2007; Novoa et al.
2010; Cui et al. 2013). This approach allowed genome-
wide estimation of poly(A) tail length, yet the resolution
and accuracy of the measurements were highly limited,
precluding deeper investigation of mRNA tailing. Thus,
many questions remain unresolved: (1) Which mRNAs
are affected by cytoplasmic polyadenylation? (2) At which
developmental stage does cytoplasmic polyadenylation
occur globally? (3) Is GLD-2 a main enzyme for cytoplas-
mic polyadenylation? (4) Does GLD-2 act specifically on
a subset of mRNAs, and, if so, how is the specificity
achieved?

Overcoming the technical difficulties for determining
poly(A) tail length, we recently developed amethod called
“TAIL-seq,”which enabled us to explore the 3′ extremity
of mRNA using the Illumina sequencing platform (Chang
et al. 2014). In brief, total RNA is depleted of rRNAs by us-
ing affinity beads and is ligated to the 3′ adaptor that con-
tains biotin residues (Supplemental Fig. S1A, left).
Following fragmentation by RNase T1, the 3′-most frag-
ments are purified by using streptavidin beads and are li-
gated to the 5′ adaptor. After reverse transcription and
PCR amplification, the library is sequenced following a
paired-end sequencing protocol: 51 cycles for read 1 (for-
ward direction) to identify the transcript, and 231 cycles
for read 2 (reverse direction) to examine the 3′ tail se-
quences. As the sequence quality of the homopolymeric
T [corresponding to the poly(A) tail] is very low, TAIL-
seq analyzes the raw fluorescence signals from read 2,
from which a machine learning algorithm detects the
transition from poly(T) to non-T sequences. Because the
transition occurs at the boundary between the poly(A)
tail and the 3′ UTR, one can use this information to pre-
cisely measure poly(A) tail length.

Apart from allowing high-resolution, genome-wide
measurement of poly(A) tail length, TAIL-seq has some
unique strengths. First, it uses the regular sequencing plat-

form, so one can run the library in any Illumina sequencer,
unlike “PAL-seq.” PAL-seq also offers a genome-wide
measurement of poly(A) tail length with high resolution
(Subtelny et al. 2014) but requires a special manipulation
of a Genome Analyzer II (a discontinued model) and
an additional imaging step. Second, TAIL-seq preserves
the sequence information of the 3′ end so as to reveal
3′ end modifications such as uridylation and guanylation.
TAIL-seq also detects numerous other types of 3′ ends
such as endonucleolytic cleavage sites and decay
intermediates.

The ability to cover the complex terminome is the
strength of TAIL-seq, but, at the same time, the wide cov-
erage of the TAIL-seq library inevitably reduces sensitiv-
ity, which limits the application of TAIL-seq. Thus, we
here modified TAIL-seq to increase the sensitivity. The
new method (“mTAIL-seq” [mRNA TAIL-seq]) allows us
to investigate poly(A) tail regulation in Drosophila oo-
cytes and eggswhere poly(A) tail length has not been accu-
rately measured yet. We discovered a major phase of
polyadenylation during late oogenesis and a modulation
of poly(A) tails upon egg activation. By comparing
mTAIL-seq data with ribosome profiling data, we further
found a strong coupling between poly(A) regulation and
translational activation in fly eggs.

Results

mTAIL-seq: a solution for limited materials

For the original version of TAIL-seq, a large amount of to-
tal RNA (∼100 µg) was needed to achieve enough se-
quencing depth for mRNA (Supplemental Fig. S1A, left;
Chang et al. 2014). In order to improve the sensitivity,
we decided to use splint ligation, which allowed us to
capture RNAs with a specific type of terminus. Note
that we did not use oligo(dT) affinity purification so as
to avoid a potential bias toward long poly(A) tails. Splint
ligation has been used to generate various cDNA librar-
ies, and it has been shown that splint ligation does not
cause a significant bias over a wide range of poly(A) tails
except for very short A tails (less than ∼8 nt) (Subtelny
et al. 2014).

For splint ligation, stable annealing of the bridge oligo
and the 3′ adaptor was a major issue because the TAIL-
seq 3′ adaptor contains degenerate sequences that are
used to improve sequencing performance andmonitor un-
even amplification (Chang et al. 2014). Initially, we used
splint ligation in a conventional way that uses a bridge
oligo between the 3′ adaptor and target RNA (Supplemen-
tal Fig. S1B, mTAIL-seq-1). However, ligation efficiency
was poor due to weak base-pairing between the 3′ adaptor
and bridge. To stably anchor the bridge to the 3′ adaptor,
we designed a hairpin adaptor instead of using two sin-
gle-stranded oligos (Fig. 1A; Supplemental Fig. S1B,
mTAIL-seq-2). The intervening random sequences are by-
passed by an ethylene glycol spacer. We confirmed that li-
gation was efficient and specific to A-tailed substrates
(Supplemental Fig. S1B).
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mTAIL-seq has several distinct features in the library
construction procedure (Fig. 1B; Supplemental Fig. S1A;
see the Materials and Methods). First, the 3′ hairpin adap-
tor specifically captures poly(A)+ RNA, sowe can omit the
rRNA depletion step, which is expensive and time-con-
suming. Second, the 3′ hairpin adaptor has two abasic
sites that can easily be cut by apurinic/apyrimidinic endo-
nuclease 1 (APE1). The cleavage helps elution of the ligat-
ed RNA from the bead and allows reverse transcription by
releasing the opposite strand. Third, we changed the range
of size fractionation from 500–1000 nt to 300–750 nt to in-
crease gel elution efficiency. The remaining steps of li-
brary preparation and data analysis are similar to the
previous version, with minor changes (see detailed infor-
mation in the Materials and Methods). We validated the
performance of the mTAIL-seq analysis pipeline by using
spike-ins of known poly(A) tail length (Fig. 1C).
Compared with TAIL-seq, mTAIL-seq provided signifi-

cantly more mRNA reads that are mapped to coding
sequences (CDSs) and 3′ UTRs (Fig. 1D). Expectedly,
the tags were derived mainly from near the annotated

3′ ends (Supplemental Fig. S1C). In terms of sensitivity,
mTAIL-seq detected ∼1250 genes per million reads on av-
erage, which is approximately five times greater than the
original TAIL-seq (Fig. 1E). It allowed us to analyze thou-
sands of genes even from a small scale run on Illumina
MiSeq, which reduces the cost of sequencing. It is note-
worthy that mTAIL-seq detected 643 genes with at least
50 poly(A)+ tags even from 33 ng of total RNA, which cor-
responds to ∼1000 HeLa cells. Four experiments covering
a broad dynamic range of input RNA showed reproducible
results, indicating that mTAIL-seq is a robust technique
(Fig. 1F; Supplemental Fig. S1D).
As expected,mTAIL-seqprovides longermedian lengths

than TAIL-seq (Supplemental Fig. S1E) because the splint
ligation used in mTAIL-seq cannot capture certain types
of tails such as very short A tails (below 8 nt) or those
with 3′ modifications. Uridylation is the most frequent
modification of poly(A) tails and is found mainly on short
tails <25nt (Changet al. 2014;Limet al. 2014).Monouridy-
lation anddiuridylation are themost prevalent uridylation
types. Since uridylated tails are not efficiently ligated to

Figure 1. Design and performance ofmTAIL-seq. (A) Design of the 3′ hairpin adaptor. (N) Random sequence. (B) Schematic description of
the experimental procedure. (Blue bars) mRNAs; (black bars) 3′ adaptors. Random sequence (N) and thymine (T) shown in 3′ adaptors are
abbreviated proportional to the original length (shown inA). (B) Biotin; (S) streptavidin bead. (C ) Accuracy assessment using poly(A) spike-
ins. A cumulative graph of poly(A) tail length of chemically synthesized spike-ins (A8, A16, A32, A64, and A118) measured by the TAIL-seq
algorithm. (D) A box plot showing the read proportion of coding sequences (CDSs) and 3′ UTRs in TAIL-seq and mTAIL-seq. For compar-
ison, 12 libraries of TAIL-seq and 13 libraries ofmTAIL-seqmade fromHeLa cells were used. The box indicates the first and third quartiles,
and the internal bar refers to the median. Whiskers denote the lowest and highest values within 1.5 times the interquartile range
of the first and third quartiles, respectively. (E) A box plot showing the number of detected genes that are normalized by 1 million reads
in TAIL-seq andmTAIL-seq. Box andwhisker plots are shown as inD. (F ) Global distributions of poly(A) tails (8–225 nt) from four different
amounts of HeLa RNA.
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the adaptor with eight Ts (Supplemental Fig. S1F, mTAIL-
seq-T8),wesought to captureuridylated tails by synthesiz-
ing and mixing two additional hairpin adaptors that carry
one or two adenosines at the overhang (Supplemental Fig.
S1F, mTAIL-seq-T7A1 and mTAIL-seq-T6A2). With the
mixtureof adaptors,wecoulddetecturidylated tails, albeit
at a lower frequency as compared with original TAIL-seq
(Supplemental Fig. S1F). Thus, mTAIL-seq is adjustable
to enricha specific typeof terminusbychanging thedesign
of adaptors with different sequences.

In conclusion, both TAIL-seq and mTAIL-seq have
unique strengths suitable for particular purposes. TAIL-
seq offers a comprehensive view of the 3′ terminome
that covers all types of RNA termini. On the other hand,
mTAIL-seq can be more practical if one is interested in a
specific type of RNA terminus, such as poly(A)+ mRNAs.
For its enhanced sensitivity and reduced cost and time,
mTAIL-seq is useful especially when only a small amount
of biological sample is available and/or when many sam-
ples need to be analyzed and compared.

Global poly(A) tail length measurement in Drosophila

Previous studies on cytoplasmic polyadenylation focused
mainly on specific individual mRNAs with critical roles
in developmental processes. In this study, to gain a tran-
scriptomic landscape of cytoplasmic polyadenylation,
we applied mTAIL-seq onDrosophila oocytes and embry-
os. Of note, we initially used the original TAIL-seq proto-
col for Drosophila early embryos (0–2 h after egg laying
[AEL]) and S2 cells, which are relatively easy to obtain
in a sufficient quantity. We found that the uridylation fre-
quency in these samples is far lower than that in HeLa and
NIH3T3 cells, which implies that uridylation may play a
limited role in flies (Supplemental Fig. S2A).

UsingmTAIL-seqwith a T8 adaptor, wemonitored poly
(A) tail length at six different time points during early
embryo development, ranging from 0 to 4.5 h AEL (Sup-
plemental Fig. S2B). Because major activation of zygotic
transcription occurs ∼2 h AEL, the samples up to 2 h
AEL represent an early stage of development at which
transcription is silenced (Tadros and Lipshitz 2009). We
expected that poly(A) tail length would increase globally
as described in fertilized eggs of Xenopus and zebrafish
(Subtelny et al. 2014), but, surprisingly, themedian length
of poly(A) tails of early embryos did not significantly in-
crease in the 0- to 2-h period, implying that poly(A) tail
elongation may occur at an earlier stage prior to fertiliza-
tion in flies (Supplemental Fig. S2B).

To determine the developmental stage at which cyto-
plasmic polyadenylation takes place, we examined three
stages of female gametes: immature oocyte (stage 9–10
egg chamber), mature oocyte (stage 14 egg chamber), and
activated egg (0–1 hAEL) (Fig. 2A; Bastock and St Johnston
2008; He et al. 2011). Drosophila ovarian development
comprises 14 distinct stages. Two critical events, oocyte
maturation and egg activation, are required for the produc-
tion of functional embryos. At stage 9–10, each egg cham-
ber contains one immature oocyte and 15 nurse cells.
Nurse cells provide maternal mRNAs and proteins to

the oocyte and break down shortly after this stage. At
around stage 12–13, the immature oocyte undergoes mat-
uration to yield a metaphase I-arrested mature oocyte
(stage 14) (Resnick et al. 2009; Von Stetina and Orr-Weav-
er 2011; Laver et al. 2015). The mature oocyte is ovulated
from the ovary and pass through the reproductive tract,
which triggers egg activation and exit from meiosis. In
Drosophila, egg activation is induced bymechanical pres-
sure independent of fertilization (Heifetz et al. 2001;
Horner and Wolfner 2008). Thus, we collected activated
but unfertilized eggs for 1 h after they were laid instead
of fertilized embryos. This allowed us to examine mater-
nal mRNAs upon egg activation, avoiding the compound-
ing effects from zygotic transcription. From small
amounts of oocyte and egg samples (corresponding to <5
µg of total RNA), we performed mTAIL-seq with MiSeq
and measured the poly(A) tail length of 3664 genes
[with at least 50 poly(A)+ tags in all three samples]. Two
biological replicates at each stage showed a high degree
of reproducibility (Supplemental Fig. S2C; Supplemental
Table S1).

Interestingly, we observed a drastic difference in poly(A)
length distribution between immature oocytes and ma-
ture oocytes, while only aminor changewas seen between
mature oocytes and activated eggs (Fig. 2B; Supplemental
Fig. S2D). The median length in the global profile in-
creased from 60 nt in immature oocytes to 75 nt inmature
oocytes (Fig. 2B). At the gene level, most mRNA species
(3365 out of 3940 genes, 85.4%) were polyadenylated dur-
ing late oogenesis (Fig. 2C, left). The median of mean in-
creased from 58 nt to 76 nt. For most genes, cytoplasmic
polyadenylation is initially activated at oocyte matura-
tion in Drosophila, as reported for some genes like cycB
and c-mos in Xenopus (Sheets et al. 1994). In contrast,
upon egg activation, the median length did not increase
at the global level (median: 73 nt; median of mean:
70 nt) (Fig. 2B,C), although there were some gene-specific
modulations (Fig. 2C, right). To confirm that this dramatic
change of poly(A) tails during late oogenesis was not due
to transcription, we performed RNA sequencing (RNA-
seq) on the same samples used for mTAIL-seq and found
that individual mRNA abundance was largely unchanged
during late oogenesis and egg activation (Fig. 2D; Supple-
mental Table S2). Additionally, there was no substantial
correlation between mRNA abundance change and poly
(A) length change (Supplemental Fig. S2E). Taken togeth-
er, these analyses indicate that the changes of poly(A) tail
length may be caused by cytoplasmic polyadenylation,
not nascent transcription.

For validation, we next examined several individual
genes that were previously studied (Fig. 2E; Salles et al.
1994; Benoit et al. 2005, 2008; Vardy and Orr-Weaver
2007; Vardy et al. 2009). The mTAIL-seq results were val-
idated by high-resolution poly(A) tail (Hire-PAT) assay
(Supplemental Fig. S2F; Bazzini et al. 2012). As expected,
embryo patterning-related genes, such as Tl and bcd,
showed a dramatic increase of poly(A) tail length during
late oogenesis and egg activation, whereas sop (ribosomal
protein S2) remained nearly unchanged. In the case of em-
bryo posterior determinant osk, the poly(A) tail was
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relatively long in immature oocytes and mature oocytes,
which differs from the previous report showing elongation
at this stage (Benoit et al. 2005). However, given the earlier
studies reporting the presence of Osk protein in immature
oocytes (Kim-Ha et al. 1995; Yoshida et al. 2004) and the
enhancement of osk translation by cytoplasmic polyade-
nylation at the posterior pole before late oogenesis (Cas-
tagnetti and Ephrussi 2003), it is likely that the osk
mRNA indeed has a long tail and is actively translated
in immature oocytes. Therefore, adenylation of some
mRNAs may occur prior to stage 9–10.
In conclusion, our mTAIL-seq experiments provide an

accurate profile of poly(A) length at the genomic level, re-
vealing dynamic regulation of poly(A) tails during Droso-
phila oogenesis and egg activation.

Distinct patterns of poly(A) tail regulation

Although poly(A) tail length increases during late oogen-
esis and is maintained during egg activation at the global
level, many individual genes show interesting temporal
regulation patterns. Based on these dynamic changes,

we classified 3664 genes into eight groups (Fig. 3A; Sup-
plemental Fig. S3A,B; Supplemental Table S3; see theMa-
terials and Methods). Groups 1, 2, and 3 show an increase
throughout late oogenesis and egg activation. Transcripts
in these groups have considerably shorter poly(A) tails at
the immature oocyte stage than other transcripts. Specif-
ically, group 1 contains 441 transcripts whose poly(A)
tails increase continuously throughout late oogenesis
and egg activation. The median length of the poly(A) tails
changed from 49 nt to 105 nt. This group includes several
well-known targets of cytoplasmic polyadenylation such
as Tl, bcd, and cycB, which is consistent with previous
studies (Salles et al. 1994; Benoit et al. 2005, 2008; Vardy
and Orr-Weaver 2007; Vardy et al. 2009). Interestingly,
gene ontology (GO) analysis of group 1 reveals enrich-
ment for terms such as “regionalization,” “wing disc
development,” “zinc ion binding,” and “regulation of
RNA metabolic processes” (Fig. 3B; Supplemental Table
S4). It is tempting to speculate that group 1 may include
some unknown developmental regulators that are
poised to act in the early embryo through cytoplasmic
polyadenylation.

Figure 2. Global lengthening of poly(A) tails duringDrosophila oogenesis. (A) Schematic illustration of late oogenesis and egg activation
in Drosophila. Global poly(A) tail lengths are addressed at three different stages: immature oocyte, mature oocyte, and activated egg.
“Stage 9–10 egg chamber,” “stage 14 egg chamber,” and “unfertilized but activated egg” are indicated as immature oocyte,mature oocyte,
and activated egg, respectively. These terms are used throughout the text. (B) Global distributions of poly(A) tails at three stages. Theme-
dian poly(A) tail lengths is 60 nt in immature oocytes, 75 nt in mature oocytes, and 73 nt in activated eggs. The result from biological
replicates is shown in Supplemental Figure S2D. (C ) Scatter plots showing the changes of poly(A) tail lengths upon late oogenesis and
egg activation, respectively. The mean poly(A) tail lengths from two biological replicates were averaged. The median of mean poly(A)
tail lengths is 58 nt in immature oocytes, 76 nt in mature oocytes, and 70 nt in activated eggs. (D) Changes of mRNA abundance upon
late oogenesis and egg activationmeasured by RNA sequencing (RNA-seq). (E) Examples of individual genes.mTAIL-seq tagswere plotted
in 3-nt-wide bins and then smoothened with a Hanning window (width = 5). The frequency along the Y-axis was normalized by the max-
imum value at each stage. Note that as “read 2” runs up to only 231 cycles, longer poly(A) tails are presented as 231 nt.
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Next, groups 4 and 5 show fluctuating patterns: length-
ening during late oogenesis and shortening during egg
activation. Thus, transcripts in these groups are polyade-
nylated specifically during late oogenesis and undergo
deadenylation afterward. What stops their polyadenyla-
tion and triggers deadenylation upon egg activation is in-
teresting but unclear at this point. Groups 4 and 5 consist
of functionally diverse genes, but many of them encode
proteins involved in proteolysis and oxidative phosphory-
lation. These proteins may need to be transiently pro-
duced in mature oocytes and silenced in early embryos
immediately following egg activation.

Groups 6 and 7 show descending patterns (Fig. 3A).
Transcripts in these groups have relatively long poly(A)
tails in immature oocytes (78 nt and 83 nt for group 6
and group 7, respectively) as compared with those in other
groups (58 nt for all detected genes). It is possible that

these transcripts are cytoplasmically adenylated earlier
(before and at stage 9–10) than other transcripts. Alterna-
tively, but not mutually exclusively, the transcripts in
groups 6 and 7 may retain their long tails by resisting
deadenylation in immature oocytes. Group 6 is enriched
with genes related to the generation of precursor metabo-
lites and energy. Rapid deadenylation of these metabolic
genes suggests thatmetabolic pathwaysmay need to be re-
programmed at the onset of animal development.

Group 8 shows little changes in poly(A) tail length pro-
file (<20 nt difference across three stages). This group
is enriched with genes with constitutive functions such
as ribosomal subunits and translation (Fig. 3B; Sup-
plemental Table S4).

To understand the mechanism underlying the selectiv-
ity of cytoplasmic polyadenylation, we searched for se-
quence motifs enriched in each group. However, the

Figure 3. Dynamic regulation of poly(A) tails. (A) Classification of transcripts according to the changes of poly(A) tail length into eight
groups. (Top left) Fold changes from the average to the poly(A) length of each stage are shown in heatmap. Themedian of themean poly(A)
length of each group is presented in the heat map. Patterns of poly(A) length changes at the individual gene level are presented in the line
graphs. Red lines indicate themedian. See theMaterials andMethods for the classificationmethod and see Supplemental Table S3 for the
full list. (B) Functional categorization of genes in each group by GO analysis (false discovery rate [FDR] < 0.1). For overlapping terms, a
representative term is selectively shown. The full list is in Supplemental Table S4.
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analysis did not reveal any known motifs, such as CPEs
(data not shown). While vertebrate CPEs are well known
to play a central role in coordinating cytoplasmic poly-
adenylation, the role ofDrosophilaCPEs remains unclear.
Although a fly homolog of CPEB, Orb, was reported
to physically and genetically interact with a homolog of
GLD-2, Wispy, during oogenesis (Benoit et al. 2008),
CPE sequences have not been found commonly in Wispy
target mRNAs (Coll et al. 2010; Cui et al. 2013). We
suspect that the control of poly(A) tail length may be gov-
erned by multiple sequence motifs working in combina-
tion as opposed to one master regulatory element, such
as CPE.

Cytoplasmic polyadenylation by Wispy

To verify the global cytoplasmic polyadenylation that we
observed in late oogenesis, we carried out mTAIL-seq on
wisp mutants (Supplemental Fig. S4A; Supplemental Ta-
ble S5). Wispy is a noncanonical poly(A) polymerase that
is expressed exclusively in maturing oocytes and early
embryos (Benoit et al. 2008; Cui et al. 2008; Lee et al.
2014). Wispy acts on mRNAs and microRNAs (miRNAs).
The specificity of Wispy on individual transcripts was ad-
dressed previously with a microarray approach (Cui et al.
2013) but needs to be investigated with higher resolution.

In immature oocytes, poly(A) tail lengths inwispmutants
were similar to those inwild type (median ofmean length:
56 nt vs. 58 nt), indicating that the activity of Wispy may
be limited until this stage (Fig. 4A, left panel).
In stark contrast, mature oocytes displayed a marked

difference between wild type and wisp mutants (Fig. 4A,
middle panel). The mutant had substantially shorter
poly(A) tails than the wild type (median of mean length:
34 nt and 76 nt, respectively). We also observed a compa-
rable difference in activated eggs (median of mean length:
32 nt and 70 nt in the mutant and wild type, respectively)
(Fig. 4A, right panel). Gene-level analyses revealed that
most mRNA species have shorter poly(A) tails in wisp
mutants (98.9% and 97.8% of detected genes in mature
oocytes and activated eggs, respectively). Moreover,
when examining those genes that displayed changes in
poly(A) length by >1.5-fold (Fig. 4A, indicated by dashed
lines), 89.2% and 82.4% of genes carried shorter poly(A)
tails in mutant mature oocytes and activated eggs, respec-
tively. Thus, Wispy is responsible for most, if not all, pol-
yadenylation events at these developmental stages. This
observation is consistent with the above results (Fig. 2)
showing that cytoplasmic polyadenylation takes place
mainly during late oogenesis, although Wispy may act ei-
ther before stage 9 or after egg activation on some select
transcripts. We also noticed that mRNA abundance is

Figure 4. Defects of cytoplasmic polyadenylation inwispmutants. (A) Comparison of poly(A) tail lengths betweenwild type and thewisp
mutant in each stage. The mean poly(A) tail lengths from two biological replicates are averaged. n = 2. The median of mean poly(A) tail
lengths ofwispmutants is 56 nt in immature oocytes, 34 nt inmature oocytes, and 32 nt in activated eggs. The dashed linemarks 1.5-fold
reduction. Red dots represent ribosomal protein genes. (B) Wispy-dependent groups in mature oocytes and activated eggs are defined as in
A and are presented in the Venn diagram at the left. The gray region contains genes that have dependency on both stages. Orange and red
refer to stage-specific genes in mature oocytes and activated eggs, respectively. Genes independent of Wispy are depicted similarly in the
Venn diagram at the right. (C ) A scatter plot showing the changes of poly(A) tail length in wisp mutants upon late oogenesis.
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modestly reduced in activated eggs of wisp mutants as
compared with those of the wild type (Supplemental Fig.
S4B), suggesting that Wispy may increase the stability of
maternal mRNAs during embryogenesis.

This data allowed us to identify a group of genes that are
refractory to Wispy (Fig. 4A, shown by red dots). This
group includes 191 genes (10.8%) and 196 genes (17.6%)
detected inmature oocytes and activated eggs, respective-
ly (Fig. 4B). Notably, most of them encode ribosomal pro-
teins (Fig. 4B). Consistently, these mRNA species belong
to “group 8,” whose poly(A) tails do not change in length
in wild type during both late oogenesis and egg activation
(Fig. 3). These data suggest that the transcripts encoding
ribosomal proteins may specifically escape from cytoplas-
mic polyadenylation.

Of note, it was previously reported that genes involved
in mitochondrial function are independent of Wispy (Cui
et al. 2013); however, we found that such genes displayed
changes in poly(A) tail length in a Wispy-dependent man-
ner (Supplemental Fig. S4C, shown as green dots). The ap-
parent discrepancy between the studies is likely because
the previous approach relied on an oligo(dT) column.
The column captures mRNAs with long A tails (more
than ∼40 nt) indiscriminately (Cui et al. 2013).

Our analysis also revealed that, in the absence ofWispy,
poly(A) length continues to decrease instead of staying the
same (Fig. 4C). The median length changed from 56 nt (at
stage 9–10) to 34 nt (at stage 14) (Fig. 4C). This result im-
plies that Wispy may be required for not only polyadeny-
lation but also protection against deadenylation during
late oogenesis.

Correlation between poly(A) tail length and translational
efficiency (TE)

To understand the functional consequences of cytoplas-
mic polyadenylation, we compared poly(A) tail length
with TE. It was shown recently that poly(A) length corre-
lates with TE in zebrafish and frog embryos before zygotic
transcription, while there is no such correlation in
somatic cells (Subtelny et al. 2014). It remains unknown
whether invertebrate embryos have comparable regulato-
ry mechanism at the genomic scale.

Orr-Weaver and colleagues (Kronja et al. 2014) previous-
ly measured TE by ribosome profiling in mature oocytes
and activated eggs (0–2 h). To match the developmental
stage, we generated a poly(A) tail profile of the 0- to 2-h ac-
tivated eggs in addition to the 0- to 1-h activated eggs (Fig.
5A; Supplemental Fig. S5A). The comparison of the poly
(A) profile and ribosome profile showed a clear correlation
between poly(A) tail length and TE in activated eggs (Rs =
0.638) (Fig. 5A, right panel). Thus, like in vertebrates, pro-
tein synthesis is mainly and globally dictated by the poly
(A) tail in early embryos of Drosophila. This result con-
firms earlier studies on individual genes (Benoit et al.
2008; Coll et al. 2010) and further suggests that animals
have a highly conserved mechanism for the regulation of
the earliest translation events.

A notable observation from this analysis is that the cor-
relation is modest in mature oocytes (Rs = 0.306) (Fig. 5A,
left panel). This was unexpected because the global poly
(A) distribution does not change substantially during egg
activation (Fig. 2B). Nevertheless, it is noteworthy that

Figure 5. Functional association of poly(A)
tail length and translation during egg activa-
tion. (A) Comparison of poly(A) tail length
with TE, which was estimated by Kronja
et al. (2014). TE was calculated by dividing ri-
bosome density over RNA abundance from
two biological replicates. The median of TE
at each stage was adjusted to 0. “Rs” refers to
Spearman correlation coefficient. (B) A scatter
plot showing the correlation between mean
poly(A) length changes and TE changes upon
egg activation. “Rp” refers to Pearson correla-
tion coefficient. (C ) Translational controls on
poly(A) tail length profiles. Violin plots show-
ing the differences in TE changes between
eight groups that were defined in Figure
3A. The poly(A) length changes of each group
are simplified in the bottom panel. The black
line represents the median.
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many individual genes are modulated in poly(A) tails dur-
ing egg activation (Fig. 2C, right). The changes in poly(A)
tail length during egg activation correlate well to the
changes in TE (Fig. 5B; Supplemental Fig. S5B). These re-
sults suggest that while global elongation occurs during
late oogenesis, the additional modulation of poly(A) tail
length during egg activationmay be important for transla-
tional control. The polysome/monosome ratio in activat-
ed eggs is fivefold higher than that in mature oocytes,
indicating that translation is globally up-regulated during
egg activation (Kronja et al. 2014). Thus, in flies, polyade-
nylation and translational activation appear to be partly
separated. Polyadenylation begins during late oogenesis,
while translational activation occurs later during egg
activation.
We next compared TEs of different groups of transcripts

that show distinct patterns of poly(A) tail length (Figs. 3A,
5C). Transcripts in groups 1, 2, and 3 whose poly(A) tails
are continuously elongated showed a dramatic increase
of TE upon egg activation (Fig. 5C). In contrast, genes in
groups 5 and 6, which include many energy metabolism-
related genes, are translationally suppressed. Poly(A) tails
continue to be modified during egg activation, presum-
ably by concurrent polyadenylation and deadenylation.
For instance, transcripts encoding the vacuolarH+ATPase
subunit and cytochrome C oxidase subunit are deadeny-
lated and translationally suppressed during egg activation.
Transcripts in group 8 [thosewith little changes in poly(A)
tails] tend to be translated at constant rates. We obtained
similar results when we applied another index for trans-
lation rate, the ribosome occupancy, which is the ratio
of RNA associated with polysomes over monosomes
(Supplemental Fig. S5C; Kronja et al. 2014). Taken togeth-
er, our analyses demonstrate that the regulation of the
poly(A) tail shapes the translational landscape in early
embryos.

Discussion

In conclusion,mTAIL-seq is a potent tool for investigating
poly(A) tails. This method costs substantially less and
takes less time than the original version (TAIL-seq), as
mTAIL-seq omits the affinity-based rRNA depletion
step and runs on MiSeq. Moreover, mTAIL-seq can be ap-
plied to any species, even those for which the rRNAdeple-
tion kit is unavailable. mTAIL-seq is improved markedly
in sensitivity (by ∼1000 fold) so that one can now analyze
small amounts of biological samples (as little as ∼33 ng of
total RNA).
Our present study using mTAIL-seq allowed us to ac-

curately document the dynamic and temporal regulation
of poly(A) tail length during oogenesis and egg activation
in flies. Specifically, we confirmed that Wispy-deficient
oocytes fail to induce global elongation of poly(A) tails
during late oogenesis, indicating that lengthening of
poly(A) tails at this stage is fully dependent on cytoplas-
mic polyadenylation. During egg activation, we further
found a modest yet significant modulation of poly(A)
tail length. These changes correlate strongly with the

changes in TE, implying that poly(A) tail length may
function as a critical factor for translation at this devel-
opmental stage.
Based on stage-specific changes of poly(A) tail length,

maternal transcripts can be classified into eight groups.
Notably, we identified groups 1, 2, and 3, which include
transcripts that continue to be polyadenylated through
two consecutive stages and are translated efficiently in ac-
tivated eggs. Known targets of cytoplasmic polyadenyla-
tion that are associated with cell cycle (cycB and cycA)
and embryonic patterning (bcd and Tl) are enriched in
groups 1 and 2 (Supplemental Table S3; Salles et al.
1994; Benoit et al. 2005, 2008; Vardy and Orr-Weaver
2007; Vardy et al. 2009). In addition, many genes related
to RNA metabolism belong to these groups. Genes in
the small RNA pathway such as AGO1, AGO2, aub,
and gw (a homolog ofGW182) are found in group 1. Genes
associated with RNA degradation and translational re-
pression (such as smg, pum, and brat) and the components
of the deadenylase complexes (twin, [a homolog ofCCR4],
Not1, PAN2, andCG11486 [PAN3]) also belong to group 1
or 2. Thus, many key factors involved inmRNA destabili-
zation are maternally inherited and may be induced post-
transcriptionally by cytoplasmic polyadenylation during
late oogenesis and egg activation.
Usingwispmutants, we confirmed the previous finding

that global poly(A) lengthening is dependent onWispy (Be-
noit et al. 2008; Cui et al. 2008, 2013). Furthermore, in
wisp mutants, we found that poly(A) tail lengths are not
fixed but get shortened during late oogenesis, suggesting
that Wispy may protect poly(A) tails from deadenylation.
In Xenopus oocytes andmouse neurons, the CPEB-associ-
ated complex contains a deadenylase, PARN, and a poly
(A) polymerase, Gld2, which balance out the poly(A) tail
lengths in the absence of cellular signals (Kim and Richter
2006; Udagawa et al. 2012). Upon induction of CPEB phos-
phorylation by meiotic maturation or synaptic stimula-
tion, deadenylase is released from the complex, leading
to poly(A) tail elongation. Likewise, the dynamic balance
between Wispy and deadenylase may determine poly(A)
tail length duringDrosophila oogenesis and in egg activa-
tion. It is interesting that, although there is no homolog of
PARN in flies, the regulatory principle may be conserved
in both vertebrates and invertebrates: Polyadenylation
and deadenylation work together to shape poly(A) tails.
In future studies, it will be necessary to identify a deade-
nylase/exonuclease responsible for deadenylation in Dro-
sophila oocytes and embryos and compare it with the
vertebrate machineries.
Our data show that the dynamic adjustment of poly(A)

tail length shapes the translatome in early embryos. In
contrast, mature oocytes do not show a strong correlation
even though the global poly(A) tail lengths are similar in
those two stages.What, then,makes activated eggs so spe-
cial? One possible hypothesis is the dispersion of repres-
sive complexes such as P bodies upon egg activation.
Recently, superresolution imaging unveiled that mature
oocytes contain electron-dense bodies that are composed
of various mRNPs, including translational repressors
such as Me31B and CUP (Weil et al. 2012). Egg activation
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disassembles the complex and facilitates remodeling of
specialized ribonucleoprotein particles, which may trig-
ger subsequent translational activation (Krauchunas
et al. 2012; Weil et al. 2012; Kronja et al. 2014). Addition-
ally, the PAN GU (PNG) kinase complex, which relieves
PUM-dependent translational repression of cycA, cycB,
and smg at egg activation (Tadros et al. 2007; Vardy and
Orr-Weaver 2007; Vardy et al. 2009; Kronja et al. 2014),
may have a role in the global translational activation. It re-
mains to be investigated how the poly(A) tail length is
fine-tuned and mechanistically coupled to translation at
this interesting developmental stage.

The global profiling of poly(A) tails by mTAIL-seq pro-
vides a comprehensive resource for the regulation of
poly(A) tails in Drosophila oocyte-to-embryo develop-
ment. It is noted, however, that because the experiments
were performed with the whole egg chamber and embry-
os, the current data set cannot offer accurate information
for locally regulated mRNAs. In cases of mRNAs whose
protein production is spatially restricted for proper devel-
opment, it will be necessary in the future to measure poly
(A) tail length in specific cellular compartments.

Studies using various tissues such as neurons and cells
from other species will help to reveal the mechanisms as
well as the conserved features in the regulation of poly(A)
tails. By virtue of high sensitivity, low cost, technical ro-
bustness, and broad accessibility, mTAIL-seq will be a po-
tent tool to improve our understanding of mRNA tailing
and translational control.

Materials and methods

Construction of the mTAIL-seq library

Total RNAs were extracted from HeLa cells or Drosophila sam-
ples by TRIzol reagent (Invitrogen, 15596-018). Total RNA
(∼1–5 µg) was ligated to a 3′ hairpin adaptor using T4 RNA ligase
2 (New England Biolabs, M0239) overnight. 3′ ligated RNA was
partially digested by RNase T1 (Ambion, AM2283) and subjected
to streptavidin beads (Invitrogen, 11206D). 5′ phosphorylation by
PNK reaction (Takara, 2021B) and endonucleolytic cleavage by
APE1 reaction (New England Biolabs, M0282) were performed
on beads. Subsequently, RNA was eluted by 2× RNA loading
dye and gel-purified by 6% urea-PAGE gel in the range of 300–
750 nt. The purified RNAs were ligated to the 5′ adaptor, subject-
ed to reverse transcription (Invitrogen, 18080–085), and amplified
by PCR using Phusion DNA polymerase (Thermo, F-530L). PCR
products were purified by AMPure XP beads (Beckman, A63881).
The library was sequenced on Illumina MiSeq (51 × 251 paired
end run) with 50% of the PhiX control library (Illumina,
FC-110-3001) and 10% of the spike-in mixture. The spike-ins
were prepared and mixed as previously described (Chang et al.
2014). The 3′ hairpin adaptor sequence used for mTAIL-seq was
/5Phos/CTGACATGNNNNNNNNNNNNTGGAATTCTCGGG
TGCCAAGGC/iSpC3//idSp//idSp//iBiodT//iBiodT/GGCACCC
GAGAATT/iSp18/CATGTCAGTTTTTTTT/3InvdT/. N refers
to a random sequence, /5Phos/ refers to 5′ phosphorylation,
/iSpC3/ refers to internal C3 phosphoramidite, /idSp/ refers to
internal 1′,2′-dideoxyribose, /iBioT/ refers to internal biotiny-
lated deoxythymine, /iSp18/ refers to an internal 18-atom
hexaethyleneglycol spacer, and /3InvdT/ refers to 3′ inverted
deoxythynime.

mTAIL-seq analysis

The detailed procedure of poly(A) length measurement was iden-
tical to that of TAIL-seq (Chang et al. 2014) except for variations
in usage of the 3′ hairpin adaptor. Genes with ≥50 poly(A) tags
were analyzed. A geometric mean of poly(A) lengths was used
as a representative value and is referred as “mean poly(A) length”
because a distribution of intragenic poly(A) lengths is a lognor-
mal-like distribution. For replicates, the average of geometric
mean lengths was used in analyses.

Drosophila stocks and oocyte/egg collection

Fly lines ofw1118 and wispKG5287 were obtained from the Bloom-
ington Drosophila Stock Center, and tud1 was from the Kyoto
Stock Center. w1118 was used as a wild-type control. wispKG5287

was previously described as a null allele of wisp (Benoit et al.
2008). Immature (stage 9–10) and mature (stage 14) egg chambers
were collected by hand dissection in Grace′s unsupplemented in-
sect medium (Gibco, 11595-030) from 3- or 4-d-old female flies.
Unfertilized activated eggs were produced from w1118 virgin fe-
males mated to sterile males (sons of tud1 mothers) (Boswell
and Mahowald 1985). Fly eggs and embryos were collected on
grape juice plates for the designated time frame at 25°C.

RNA-seq analysis

Total RNA was extracted with TRIzol (Invitrogen, 15596-018),
and the quality was checked by an Agilent 2100 Bioanalyzer.
rRNA was depleted from total RNA using a Ribo-Zero kit (Epi-
centre, MRZH11124). RNA-seq libraries were constructed by
Macrogen, Inc., using Illumina TruSeq RNA sample preparation
kit version 2. Sequencing reads derived from cDNA libraries de-
scribed above were processed by using FASTX-Toolkit (http://
hannonlab.cshl.edu/fastx_toolkit). First, the 3′ adaptor sequence
was removed, and trimmed reads were filtered by Phred quality
score (fastq_quality_filter -Q 33 -p 30 -q 90). The sequence reads
were aligned to ERCC RNA spike-ins using STAR version
2.4.2a (Dobin et al. 2013) with options –alignIntronMin 99999
–alignEndsType EndToEnd. Reads that did not match to any
spike-in were aligned to UCSC (University of California at Santa
Cruz) dm6 genome assembly using RSEM version 1.2.25 with
STAR (Li and Dewey 2011; Dobin et al. 2013), and splicing junc-
tion annotations were generated from the NCBI RefSeq (down-
loaded from UCSC Genome Browser on December 12, 2014).
The reduced RefSeq transcript set for nonoverlapping representa-
tionwas prepared as previously described (Chang et al. 2014). The
reads mapped to ERCC spike-ins were counted by using htseq-
count (Anders et al. 2015). Next, the expected counts from
RSEM (Li andDewey 2011) were normalizedwith spike-ins by us-
ing RUVg (k = 1) in R package RUVSeq (Supplemental Table S2;
Risso et al. 2014). For analysis, transcripts with insufficient reads
(<100 normalized reads in any library) were removed.

Classification and functional categorization of genes

We classified genes based on the difference of poly(A) tail lengths
between consecutive developmental stages. First, genes with a
<20-nt difference across three stages were regarded as an un-
changed group (group 8). Next, we set a 10-nt difference between
the adjacent two stages as a criteria to discriminate changes of
poly(A) tail length: elongated or shortened (≥10 nt difference) or
unchanged (<10 nt difference). A group showing elongation of
poly(A) tails in late oogenesis and shortening in egg activation
was further subdivided into two groups depending on the value
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of sgn (elongated length or shortened length). Additionally, three
groups with shortened poly(A) tails in late oogenesis were
merged, since each group had a small number of members. The
gene list of each group is in Supplemental Table S3. Functional
annotation was done for each gene group using DAVID bioinfor-
matics tools (Huang da et al. 2009). For the background popula-
tion, members of all groups (3664 genes) were used, and GO
terms with false discovery rate (FDR) < 0.1 were selected (Supple-
mental Table S4).

Ribosome profiling analysis

RPF (ribosome profiling) and RNA-seq data were downloaded
from a publicly available database (GSE52799) (Kronja et al.
2014). Sequencing reads were trimmed into 27-nt-long sequences
and then filtered with Phred quality score. RPF and RNA-seq tags
were counted and normalized by using RSEM (Li and Dewey
2011). To minimize a tendency from ribosomes accumulating
near the start codon, reads with 5′ ends mapping within the first
50 nt of each ORF were disregarded (Ingolia et al. 2009; Subtelny
et al. 2014). TE was calculated by the TPM (transcripts per mil-
lion) ratio of RPF to RNA-seq, and the median of log2(TE) was ad-
justed to 0. Genes with ≥10 TPM in both RPF and RNA-seq
libraries were included in the analysis.

Accession Numbers

Sequencing data have been deposited in the NCBI Gene Expres-
sion Omnibus (GEO) database (accession no. GSE83732)
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