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ABSTRACT

The NineTeen Complex (NTC), also known as pre-mRNA-processing factor 19 (Prp19) complex, regulates distinct spliceo-
some conformational changes necessary for splicing. During Drosophilamidblastula transition, splicing is particularly sen-
sitive to mutations in NTC-subunit Fandango, which suggests differential requirements of NTC during development. We
show that NTC-subunit Salsa, the Drosophila ortholog of human RNA helicase Aquarius, is rate-limiting for splicing of a
subset of small first introns during oogenesis, including the first intron of gurken. Germline depletion of Salsa and splice
site mutations within gurken first intron impair both adult female fertility and oocyte dorsal–ventral patterning, due to an
abnormal expression of Gurken. Supporting causality, the fertility and dorsal–ventral patterning defects observed after
Salsa depletion could be suppressed by the expression of a gurken construct without its first intron. Altogether, our results
suggest that one of the key rate-limiting functions of Salsa during oogenesis is to ensure the correct expression and effi-
cient splicing of the first intron of gurken mRNA. Retention of gurken first intron compromises the function of this gene
most likely because it undermines the correct structure and function of the transcript 5′′′′′UTR.
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INTRODUCTION

The spliceosome is a highly dynamic molecular machine,
composed of five small nuclear ribonucleoproteins
(snRNPs) that sequentially associate to the precursor
mRNA (pre-mRNA) during the splicing reaction (Martinho
et al. 2015; Papasaikas and Valcarcel 2016). Each snRNP
(U1, U2, U4, U5, and U6) contains a U-rich snRNA and a
unique group of proteins. Although spliceosome assembly
is ordered (U1>U2>U4/U5/U6>NineTeen Complex),
the splicing reaction is without an apparent irreversible
and/or rate-limiting step (Hoskins et al. 2011), with com-
mitment to splicing progressively increased as snRNPs
and NTC bind to the pre-mRNA (Hoskins et al. 2011).

The spliceosomal NineTeenComplex (NTC), also known
as Pre-mRNA-processing factor 19 (Prp19) complex, regu-
lates distinct spliceosome conformational changes neces-
sary for efficient pre-mRNA splicing (Hogg et al. 2010;
Chanarat and Strasser 2013). NTC composition is dynamic
and comprises a subset of conserved core subunits and
many transiently associated ones (Hogg et al. 2010).
NTC associates with the spliceosome during its activation
and just before the first transesterification (Hogg et al.
2010). Interestingly, NTC also has a significant role in the
crosstalk between transcription, cotranscriptional process-
ing of the nascent RNA, and DNA repair, as distinct NTC
subunits have been reported to be important for
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transcriptional elongation and genomic stability (Chanarat
and Strasser 2013; Martinho et al. 2015; Mahajan 2016).
Human NTC-subunits PRP19, XAB2, and CDC5L are im-
portant for transcriptional elongation, transcription-cou-
pled DNA repair, and activation of the ATM-related
(ATR)-dependent DNA damage checkpoint (Kuraoka
et al. 2008; Marechal et al. 2014; Wan and Huang 2014).
RNA Polymerase II (RNA Pol II) also promotes cotranscrip-
tional splicing activation through the recruitment of NTC
(David et al. 2011).

Human Aquarius (AQR) (also known as intron-binding
protein 160, IBP160) is an ATP-dependent RNA helicase
that associates with NTC during spliceosome activation
and formation of the activated B complex (BACT) (Hirose
et al. 2006; De et al. 2015; Haselbach et al. 2018). AQR
binds to introns independently of sequence, but usually
upstream of the branch-site (BS) and close to the associat-
ed U2 snRNP SF3a and SF3b proteins, being essential for
intron-binding complex formation and efficient splicing
(Hirose et al. 2006; De et al. 2015). AQR has also been sug-
gested to be important for deposition of the exon junction
complex (EJC) during the splicing reaction (Ideue et al.
2007) and formation of intron-encoded snoRNAs (Hirose
et al. 2006), suggesting it regulates the cross-talk between
splicing and other RNA processing events.

Splicing during Drosophila early embryonic develop-
ment is notably sensitive to mutations in NTC-subunit
Fandango (Guilgur et al. 2014), suggesting differential re-
quirements of NTC during development (Martinho et al.
2015). To test this possibility, we decided to investigate
the role of other NTC-subunits duringDrosophila oogene-
sis and early embryonic development. We focused our ini-
tial work on uncharacterized gene CG31368, which
encodes the Drosophila ortholog of human Aquarius
(Herold et al. 2009; De et al. 2015). Since there is already
a nonrelated Drosophila protease named aquarius
(CG14061), we decided to rename CG31368 as salsa.
Our working hypothesis is that salsa, similar to its
Caenorhabditis elegans ortholog emb-4 (Akay et al.
2017), is likely to have important developmental functions.

DuringDrosophila oogenesis, gurkenmRNA localizes to
the posterior cortex of the developing oocyte and Gurken
signal is restricted to the underlying posterior follicle cells
(Schupbach 1987; Neuman-Silberberg and Schupbach
1993; Gonzalez-Reyes et al. 1995; Roth et al. 1995). In re-
sponse to a signal from the posterior follicle cells, there
is a considerable reorganization of the cytoskeleton and
a microtubule-dependent migration of the oocyte nucleus
to the anterior cortex (Gonzalez-Reyes and St Johnston
1994; Gonzalez-Reyes et al. 1995; Roth et al. 1995; Zhao
et al. 2012). The anteriorly localized nucleus defines the
dorsal-anterior region and provides the first detectable
dorsal–ventral (D/V) asymmetry of the oocyte, with the
expression of both gurken mRNA and protein restricted
to the cytoplasmic perinuclear region of the oocyte

(Neuman-Silberberg and Schupbach 1993; Gonzalez-
Reyes et al. 1995; Roth et al. 1995).

gurken mRNA is transcribed in the supporting nurse
cells (Caceres and Nilson 2005) and actively transported
to the dorsal-anterior region of the oocyte by a dynein-me-
diated transport (MacDougall et al. 2003; Delanoue et al.
2007). The oocyte dorsal-anterior localization of gurken
mRNA relies on multiple elements localized to the tran-
script 5′UTR, 3′UTR and open-reading frame (Saunders
and Cohen 1999; Thio et al. 2000; Van De Bor et al.
2005). Although this localization is crucial for its efficient
translation (Neuman-Silberberg and Schupbach 1993;
Roth et al. 1995; Davidson et al. 2016), the precise contri-
bution of each element for RNA localization is still a matter
of debate.

D/V patterning of the developing Drosophila egg is de-
pendent on the dorsal-anterior localization of Gurken dur-
ing mid-oogenesis (Neuman-Silberberg and Schupbach
1993; Roth et al. 1995; Huynh and St Johnston 2004).
Gurken is the ligand for the Epidermal growth factor recep-
tor (Egfr) that locates to the apical surface of follicle cells
that surround the developing oocyte (Schupbach 1987;
Neuman-Silberberg and Schupbach 1993; Gonzalez-
Reyes et al. 1995; Roth et al. 1995). Activation of Egfr mod-
ifies the cell fate of the dorsal follicle cells and restricts the
formation of Spätzle ligand to the ventral region of the oo-
cyte (Morisato and Anderson 1994; Schneider et al. 1994),
which is essential for normal morphogenesis of the egg-
shell dorsal appendages.

Here we found that Salsa, the Drosophila ortholog of
AQR, is rate-limiting for efficient splicing of a subset of
small first introns, including the first intron of gurken.
Consistent with the functional relevance of gurken splicing
defects, mutations within the splice sites of the first intron
of gurken impair the function of this gene. Female germ-
line depletion of Salsa and splice mutations within gurken
first intron were both associated to a decrease in female
fertility, significant D/V patterning defects of the eggshell
and abnormal expression of Gurken during oogenesis.
Supporting causality, expression of a gurken construct
without its first intron suppressed the female fertility and
D/V patterning defects observed after Salsa depletion.
Altogether our results suggest that one of the key rate-lim-
iting functions of Salsa during oogenesis is to ensure the
correct expression and efficient splicing of the first intron
of gurken mRNA.

RESULTS

Salsa is required for splicing of a subset of introns

Splicing during Drosophila early embryonic development
is particularly sensitive to mutations in NTC-subunit
Fandango (Guilgur et al. 2014), suggesting differential re-
quirements of NTC during development (Martinho et al.
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2015). To test this possibility, we decided to investigate
the role of other NTC-subunits duringDrosophila oogene-
sis and early embryonic development. We focused our ini-
tial work on the geneCG31368. Bidirectional blast analysis
showed that CG31368 is the ortholog of human Aquarius
(AQR) (Herold et al. 2009) (Flybase). CG31368 physically
interacts with NTC-subunits Fandango and Prp19
(Guilgur et al. 2014), and this interaction is independent
of RNA (Supplemental Fig. S1). Since there is already a
nonrelated Drosophila protease named Aquarius, and giv-
en its interaction with Fandango, we decided to rename
CG31368 as salsa.
In order to address the effect of Salsa on splicing we per-

formed transcriptome analyses of control and Salsa-de-
pleted ovaries. To deplete Salsa specifically within the
female germline, the nanos-Gal4 (nos-Gal4) germline
driver (Van Doren et al. 1998) and the upstream activating
sequence (UAS)/Gal4 system (Brand and Perrimon 1993;
Rorth 1998; Ni et al. 2011) were used to express short hair-
pin RNAs (shRNAs) against salsa. For control we used a
short hairpin against mCherry. We focused our analysis
on introns with good sequencing coverage and performed
differential intron retention analysis between control and
Salsa-depleted samples (for more experimental detail
see Materials and Methods). A salsa RNAi hairpin (salsa
RNAi-1) with a mild dorsal–ventral (D/V) patterning defect
but without detectable egg chamber necrosis was used
for this study in order to minimize the identification of in-
trons whose splicing was nonspecifically affected by
Salsa depletion.
Genome-wide analysis of the splicing defects observed

after germline-specific depletion of Salsa showed that this
RNA helicase is required for splicing of a small subset of in-
trons, being the large majority of alternative splicing de-
fects related to increased levels of intron retention (IR)
upon Salsa depletion (Supplemental Fig. S2). Considering
as biologically relevant a difference in percent of intron re-
tention (PIR) of at least 10% (see Materials and Methods),
we identified a significant enrichment for increased intron
retention, with 47 introns increasingly retained and only 6
introns less retained in Salsa-depleted samples (red/pur-
ple and yellow points in Fig. 1A; Supplemental Fig. S3A,
respectively) (Supplemental Table S1). This proportion
(47/53; 0.89) is significantly different from 0.5 (proportion’s
test P-value=1.78×10−8). The fact that most identified
cases were related with increased levels of intron retention
is consistent with the recently proposed function of human
Aquarius before splicing catalysis for increased pre-mRNA
splicing efficiency (De et al. 2015).
Analysis of the introns that were more retained after

Salsa depletion showed that this RNA helicase is required
for efficient splicing, among others, of the first introns of
the dorsal–ventral patterning gene gurken (Fig. 1B), the
sex-determining gene transformer 2 (tra2) (Supplemental
Fig. S3B), suppressor of variegation 205 (Su[var205]), phos-

phoribosylamidotransferase (Prat), CG18428 and multi-
protein bridging factor 1 (mbf1), the second 5′UTR-
localized intron of CG7168, the fourth CG31211 intron,
the third CG5746 intron and the fourth baboon (babo) in-
tron (red points in Fig. 1A; Supplemental Fig. S3A; Supple-
mental Table S1).

Salsa is required for splicing of small first introns

Since gene architecture influences splicing kinetics
(Sterner et al. 1996; Fox-Walsh et al. 2005; Pai et al.
2017) and given the fact that contrary to the first intron,
splicing of the second and third introns of gurken was
not affected by Salsa depletion (Fig. 1B), we decided to in-
vestigate if there was any particular feature significantly as-
sociated to introns whose splicing was sensitive to Salsa
depletion. A comparison between differentially retained
introns after Salsa depletion detected a significant bias
for small proximal introns, as the affected introns had a
higher probability of being first introns (28/47; 0.6) com-
pared to control (62/169; 0.37, proportion’s test P-value
=0.0011) (Fig. 2A; Supplemental Fig. S4) or to commonly
skipped introns (636/4078; 0.16, proportion’s test P-value
<2.2×10−16) (Fig. 2A; Supplemental Fig. S4), and were
typically smaller than control introns (Wilcoxon’s rank
sum test with continuity correction P-value =0.0046) (Fig.
2B,C; Supplemental Fig. S5A).
Recruitment of U1 to the proximal region of nascent pre-

mRNAs is facilitated by interaction with the cap-binding
complex (CBC) (Izaurralde et al. 1994; Lewis et al. 1996;
Gornemann et al. 2005; Pabis et al. 2013), which protects
against premature polyadenylation (Ashe et al. 1997; Gun-
derson et al. 1998; Guo et al. 2011) and facilitates splicing
of 5′end localized introns (Sakurai et al. 2002; Lin and
Zhang 2005). The effect of CBC on splicing enhancement
is distance dependent (Sakurai et al. 2002), with a signifi-
cant positive correlation between transcription start site
(TSS) distance and 5′splice site (5′ss) strength (Lepennetier
and Catania 2016). Consistent with the hypothesis that
Salsa is rate-limiting for CBC-dependent splicing, alterna-
tively spliced introns with increased retention after Salsa
depletion showed a bias for shorter distances between
the transcription start site (TSS) and their 5′ss (average of
1060 base pairs) when compared to control introns (aver-
age of 3632 base pairs, Wilcoxon’s P-value=0.0014)
(Fig. 2D). Nevertheless, since this distance bias was not sig-
nificant among first introns themselves (Fig. 2E; Supple-
mental Fig. S5B), suggesting it is mostly related with a
first intron position bias and not the distance per se, and
since there was no significant bias for weaker 5′splice sites
among the affected introns (Supplemental Fig. S6A), it is
unlikely that the observed biases are related with CBC-de-
pendent splicing. Interestingly, whereas affected introns
showed a bias to weaker 3′splice sites when compared
to control introns (Wilcoxon’s P-value =0.018) (Fig. 2F,G;
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Supplemental Fig. S5C), there was, however, no bias for
higher GC content (Supplemental Fig. S6B,C). Altogether
our data suggests that Salsa is required for efficient
splicing of first introns, typically smaller and with weaker
3′splice sites, but independent of TSS distance.

Salsa regulates the expression levels of a very small
number of genes

HumanNTC-subunit Xab2, theorthologofDrosophilaFan-
dango (Guilgur et al. 2014), has been reported to be rate-

limiting, besides splicing, for transcription and transcrip-
tion-coupled repair (Kuraoka et al. 2008). Since Salsa phys-
ically interacts with Fandango (Guilgur et al. 2014), it was
possible that transcription would be similarly affected in
Salsa-depleted ovaries. Differential gene expression analy-
sis revealed that Salsa is significantly rate-limiting for the
expression levels of a very small number of genes (Supple-
mental Fig. S7A). Salsa positively regulates the expression
levels of CG4570 and Activity-regulated cytoskeleton
associated protein 1 (Arc1) (significantly down-regulated
in Salsa-depleted ovaries) (Supplemental Fig. S7A;

B

A

FIGURE 1. A subset of introns shows increased levels of retention (IR) upon Salsa depletion. (A) Volcano plot for beta distribution-based differ-
ential intron retention analysis, with differences in inclusion levels between Salsa-depleted (salsa RNAi-1) and control samples (mCherry RNAi)
(ΔPIRbeta = PIRsalsa RNAi − PIRcontrol) in the x-axis and probability of differential retention [−log10(1

+ − Pdiff)] in the y-axis, with 1+=1.001 used to
avoid infinite values when Pdiff = 1. Differentially retained introns (Affected,Affected low PIR, and Less Retained), identified by Pdiff≥ 0.9, are high-
lighted in red, purple and yellow, respectively. Events with an absolute ΔPIRbeta greater than 0.15 are labeled with gene name and the transcript’s
intron position. Control, Included, and Skipped introns are also highlighted for comparison, as well as gurken intron retention events. Differential
retention of the first intron of gurken is shown in black as this intron was filtered out of the global differential intron retention analysis due to in-
sufficient coverage in one of the samples (seeMaterials andMethods). (B) Diagram of simplified gurken (grk) gene structure with exons (blue) and
introns (gray) and density plots (smoothed histograms) reflecting points emitted from beta distributions used tomodel gurken intron 1 (left panel),
2 (middle), and 3 (right) retention for each sample and PIRbeta estimates for Salsa-depleted and control conditions (dashed vertical lines). Rug plots
below the density curves reflect PIR values per sample. Event identifiers and genomic coordinates of the respective alternative sequences are part
of the VAST-DB dm6 annotation (Tapial et al. 2017).
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Supplemental Table S2), whereas negatively regulates the
expression of death resistor Adh domain containing target
(Drat), Cyp4p2, sevenless (sev) and Insulin-like peptide 6
(Ilp6) (significantly up-regulated upon Salsa depletion)
(Supplemental Fig. S7A; Supplemental Table S2). Signifi-
cantly differentially expressed genes (B-statistic > 0) are
highlighted in red, while salsa (CG31368) is highlighted
in black as a positive control (Supplemental Fig. S7A). Since
there were no significant alterations in alternative splicing

of these genes (Supplemental Fig.
S8), then these gene expression
changes are more likely the result of
a minor role of Salsa in transcription
and/or an indirect consequence of
the splicing defects observed after
Salsa depletion. Nonsense-mediated
decay pathway genes showed no dif-
ferences in expression levels between
conditions (blue points in Supplemen-
tal Fig. S7A–G), suggesting the decay
pathway is similarly efficient in control
and Salsa-depleted samples. Alto-
gether these results suggest that
Salsa is not rate-limiting for overall
transcription and the observed splic-
ing defects did not elicit a genome-
wide change of the transcriptome
steady-state stability. This is consistent
with previous results on fandangomu-
tants where transcription was not
obviously affected (Guilgur et al.
2014), and raises the possibility that
contrary to human NTC, Drosophila
NTC does not have any major role on
transcription.

Salsa is required for female
fertility and eggshell dorsal–
ventral patterning

Since Salsa is required for efficient
splicing of a subset of small first in-
trons, including the first intron of
gurken (Fig. 1B), we decided to inves-
tigate the function of this RNA heli-
case during oogenesis. To confirm
that the observed RNAi phenotypes
were due to Salsa depletion, and
not a consequence of an off-target ef-
fect of the used salsa RNAi construct,
three nonoverlapping shRNAs were
used against salsa (salsa RNAi-1, salsa
RNAi-2, and salsa RNAi-3). Since
germline expression of salsa RNAi-3
was associated to significant levels

of egg chamber necrosis, salsa RNAi-1 and salsa RNAi-2
constructs were mostly used in this manuscript to avoid
nonspecific phenotypes. Depletion of Salsa within the fe-
male germline resulted in a strong reduction of salsa
mRNA levels in the ovaries and unfertilized eggs/embryos
(Fig. 3A; Supplemental Fig. S9A). Depletion of salsa
mRNA was stronger in unfertilized eggs/embryos (mater-
nal contribution) than in the ovaries (Supplemental Fig.
S9A). This is most likely because Salsa is expressed in

E

F

B

A

C

D

G

FIGURE 2. Small first introns show a bias for increased intron retention after Salsa depletion.
(A) Proportion of first (white) and all other (gray) introns within each intron class, with the num-
ber of first introns/number of other introns indicated on top/bottom of each bar in color/black,
respectively. (B–G) Violin plots and boxplots (highlighting the median, 25th and 75th percen-
tiles per intron class) summarizing distributions of observations (each point refers to one intron)
considering all introns (left panels) and first introns only (right panels) of: (B,C ) log10 of intron
length (nt); (D,E) log10 of distance (nt) between intron start and the transcript transcription start
site (TSS); (F,G) Maximum entropy (MaxEnt) scores (Yeo and Burge 2004) for estimation of 3′

splice site efficiency, obtained with MATT (Gohr and Irimia 2019). Comparison of metrics in
B–G was performed with Affected as the reference: (∗) P<0.05, (∗∗) P<0.01 and ns, nonsignif-
icant (Wilcoxon rank-sum test with continuity correction).
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the soma (modEncode project; Graveley et al. 2011) and
the dissected ovaries contain supporting somatic cells
not affected by the germline-specific RNAi depletion.
We next tested the effect of depleting Salsa in adult fe-
male fertility and observed that, after being mated with
wild-type males, there was a strong reduction in egg
hatching (Fig. 3B).

The reduced fertility of Salsa-depleted females was
most likely related to the observed eggshell dorsal ap-
pendages defects (Fig. 3C,D), as this is suggestive of dor-
sal–ventral (D/V) patterning defects (Neuman-Silberberg
and Schupbach 1993, 1994). For phenotypic quantifica-

tion, we grouped the observed egg-
shell dorsal appendages phenotypes
in four different classes: class 0:
wild-type dorsal appendages, class
1: dorsal appendages only fused at
bottom, class 2: fused dorsal append-
ages (spindle phenotype), and class
3: short eggs (dumpless-like pheno-
type) without or with extremely short
dorsal appendages. Examples of
scored phenotypes are shown in
Supplemental Figure S10. Eggs laid
by control females (mCherry RNAi)
showed wild-type dorsal appendag-
es, suggestive of normal D/V pattern-
ing of the oocyte, whereas a
significant proportion of the eggs
laid by females whose germline was
depleted for Salsa showed ventral-
ized eggshells, with highly abnormal
(fused or partially fused) dorsal ap-
pendages (Fig. 3C,D; for more exper-
imental detail see Materials and
Methods). The ventralized eggshell
phenotypes were observed for all
three salsa RNAi constructs. Suggest-
ing that the dorsal–ventral patterning
defects observed with salsa RNAi-1
and salsa RNAi-2 hairpins are hypo-
morphic phenotypes, the ventralized
phenotype of salsa RNA-3 hairpin
was more severe. In addition, there
were significant levels of egg cham-
ber necrosis with salsa RNAi-3 and af-
ter germline mutant clones of salsa
(using the publicly available transpo-
son allele PBac{RB}CG31368e00215).
Altogether these results show that
Salsa is required within the germline
for female fertility, possibly because
it is important for D/V patterning of
the developing oocyte. The dump-
less-like phenotype also suggests re-

sidual levels of nurse cells dumping defects (Ferreira
et al. 2014).

Salsa is required for splicing of the first intron
of gurken mRNA

The gurken gene encodes a single transcript with three in-
trons (Neuman-Silberberg and Schupbach 1993), with the
first intron localized to the gene 5′UTR, and the second
and third introns localized to the gene open-reading
frame. Since Salsa-depleted eggshell phenotypes were
reminiscent of the ones observed in hypomorphic alleles

BA

C D

FIGURE 3. Salsa is required for female fertility and eggshell dorsal–ventral patterning. (A)
Efficient depletion of salsa mRNA after germline-specific RNAi (nanos-Gal4 and UAS-salsa
RNAi). RT-qPCR analysis of salsamRNA in control (mCherry RNAi) and Salsa-depleted ovaries
(two nonoverlapping shRNAs: salsa RNAi-1 and salsa RNAi-2). Relative normalized expression
corresponds to values normalized with two distinct reference genes (β-actin and GAPDH) and
relative to negative control (mCherry RNAi). At least three biological replicates were used for all
shown results. Error bars indicate standard deviation. (B) Female fertility (egg hatching) was sig-
nificantly reduced after germline-specific depletion of Salsa. Virgin females were crossed with
wild-typemales, and female fertility was calculated by the frequency of egg hatching 48 h post
oviposition. Number of eggs scored for each experiment are indicated above the bar plot. (C,
D) Germline-specific depletion of Salsa (three nonoverlapping shRNAs: salsa RNAi-1, salsa
RNAi-2, and salsa RNAi-3) impaired eggshell dorsal–ventral patterning. (C ) A significant pro-
portion of the eggs laid by females whose germline was depleted for Salsa showed ventralized
eggshells, with highly abnormal (fused or partially fused) dorsal appendages (D) Quantification
of eggshell dorsal appendages defects (eggshell ventralization). Observed phenotypes were
categorized in four different phenotypic classes based on the eggshell dorsal appendages:
class 0: wild-type dorsal appendages—two individualized dorsal appendages); class 1: dorsal
appendages only fused at bottom; class 2: fused dorsal appendages—spindle phenotype; and
class 3: short eggs (dumpless-like phenotype) without or with extremely short dorsal append-
ages. Number of eggs scored for each experiment are indicated above the bar plot. Examples
of scored phenotypes are shown in Supplemental Figure S10.
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of gurken (Schupbach 1987), and since our RNA-seq re-
sults suggested that Salsa is required for efficient splicing
of the first intron of gurken (Fig. 1B), we hypothesized
that salsa D/V patterning phenotypes were due to defects
of gurken expression.
To confirm thegurken splicingdefects, weperformed re-

verse transcription-quantitative PCR (RT-qPCR) to quantify
the relative levels of intron retention after Salsa depletion.
Specific primers flanking the 3´splice site of all three introns
of gurkenwere designed so that signal amplificationwould
only occur in the presence of the in-
tron (for used primer sequence see
Supplemental Table S3). Consistent
with our previous results, after deple-
tion of Salsa there was a significant in-
crease in the retention of the first
intron, but not of the second and third
introns, of gurken mRNA (Fig. 4A). To
accurately determine gurken first in-
tron unspliced/spliced ratio, we per-
formed reverse transcriptase droplet
digital PCR (RT-ddPCR). Specific prim-
ers and probe sets for unspliced or
spliced first intron gurken transcripts
were designed (for used primers and
probes sequence see Supplemental
Table S3). Interestingly, whereas in
control ovaries (mCherry RNAi) the
first intron of gurken unspliced/
spliced ratio was only 0.06±0.0072
(Fig. 4B,C), after Salsa depletion (salsa
RNAi-2), this ratio increased to 0.33±
0.015 (Fig. 4B,C). Altogether, these re-
sults show that Salsa is required for ef-
ficient splicing of the first intron of
gurken.

Salsa is required for dorsal-
anterior localization of gurken
mRNA

The correct dorsal-anterior localiza-
tion of gurkenmRNA has been report-
ed to rely on multiple elements
localized to the transcript 5′UTR,
3′UTR and open-reading frame
(Saunders and Cohen 1999; Thio
et al. 2000; Van De Bor et al. 2005).
Since the 5´UTR of gurken mRNA
was suggested to be necessary for
its correct dorsal-anterior localization
(Saunders and Cohen 1999; Thio
et al. 2000), and Salsa depletion was
associated with retention of the
5′UTR-localized first intron, we hy-

pothesized that Salsa was required for dorsal-anterior lo-
calization of gurken mRNA.
To test this hypothesis, we performed fluorescence

in situ hybridization with antisense RNA probes against
gurken mRNA. For phenotypic quantification, we
grouped the observed gurken mRNA localization pheno-
types in three different classes: (i) normal localization, (ii)
partial localization, and (iii) no localization. Examples of
scored phenotypes are shown in Supplemental Figure
S11 (for more experimental detail see Materials and

A
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FIGURE 4. Salsa is required for splicing of the first intron of gurkenmRNA. Germline-specific
depletion of Salsa is associated with a significant increase in the retention of the first intron, but
not of the second and third introns, of gurkenmRNA. (A) RT-qPCR analysis of gurken transcript
using intron–exon primers and an iScript cDNA library (random hexamer and oligo [dT] reac-
tion mix). Germline-specific depletion of Salsa induced a significant retention of the first intron
of gurken transcript, whereas the second and third introns were correctly spliced. Shown are
the fold changes of intron retention. Relative normalized expression corresponds to values nor-
malized with two distinct reference genes (β-actin and GAPDH) and relative to control condi-
tions (mCherry RNAi). At least three biological replicates were used for each data set. Error bars
indicate standard deviation. (B,C ) Reverse transcription droplet digital PCR (RT-ddPCR) of
gurken to accurately determine first intron unspliced/spliced ratio. Whereas in control ovaries
(mCherry RNAi) the unspliced/spliced ratio of the first intron of gurken was only 0.06±0.0072,
after Salsa depletion (salsa RNAi-2) it raised to 0.33±0.015. (B) Accurate quantification, by
ddPCR, of spliced and unspliced isoforms of gurken first intron, relative to reference sequence:
After Salsa depletion, there was an enrichment in unspliced intron 1 (unspliced t-test, P<
0.00001) and the corresponding decrease in intron 1 removal by splicing (spliced t-test, P=
0.011). (C ) Graphic representation of the increase in gurken first intron ratio unspliced/spliced
after Salsa depletion (salsa RNAi-2) (t-test, P<0.00001). Two biological replicates were used
for each RT-ddPCR data set. Error bars indicate standard deviation.
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Methods). Consistent with the observed eggshell dorsal
appendages defects, depletion of Salsa was associated
with a reduction of the dorsal-anterior localization of
gurken mRNA. Whereas egg chambers from control fe-
males (mCherry RNAi) showed a normal dorsal-anterior
localization of gurken mRNA during mid-oogenesis (Fig.
5A,B), a significant proportion of egg chambers from fe-

males whose germline were depleted for Salsa showed
a detectable reduction of dorsal-anterior localized gurken
mRNA (Fig. 5A,B). Interestingly, the reduction of localized
gurken transcript was proportional to the severity of
eggshell ventralization and gurken mRNA splicing de-
fects (compare salsa RNAi-1 and RNAi-2 in Figs. 3D,
4A, 5A,B).

E

BA
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FIGURE 5. Salsa is required for dorsal-anterior expression of Gurken. (A,B) Salsa is required for oocyte dorsal-anterior localization of gurken
mRNA. (A) Germline-specific depletion of Salsa impaired dorsal-anterior localization of gurkenmRNA duringmid-oogenesis. Fragmented digox-
igenin-labeled antisense RNA probes were used to detect gurkenmRNA in situ. Visualization of probes was done using an anti-Digoxigenin Cy3
secondary antibody. DNA (blue) and gurken mRNA (red). Scale bar, 10 µm. (B) Quantification of anterior dorsal localization defects of gurken
mRNA in stage 8/9 egg chambers using three phenotypic classes: “normal localization,” “partial localization,” and “no localization.”
Additional examples of scored phenotypes are shown in Supplemental Figure S11. Negative control (mCherry RNAi): 100% “normal DV locali-
zation” (n =19); Salsa depletion (salsa RNAi-1): 16% “normal DV localization,” 56% “partial DV localization,” and 28% “no DV localization” (n =
18); Salsa depletion (salsa RNAi-2): 0% “normal DV localization,” 28% “partial DV localization,” and 72% shows “no DV localization” (n=25). (C )
Salsa is not required for stability of gurken mRNA. Real-time qPCR analysis detected no significant reduction of total levels gurken mRNA after
depletion of Salsa. Relative normalized expression corresponds to values normalized with two distinct reference genes (β-actin andGAPDH) and
relative to negative control (mCherry RNAi). At least three biological replicates were used for all data sets. Error bars indicate standard deviation.
(D,E) Salsa is required for oocyte dorsal-anterior localization of Gurken. (D) Immunostaining ofGurken duringmid-oogenesis (stage 8/9 egg cham-
bers). Gurkenwas detectedwith an anti-Gurkenmonoclonal antibody andDNAwas visualizedwith DAPI staining. DNA (Blue) andGurken (green).
Scale bar 10 µm. (E) Relative oocyte Gurken dorsal anterior signal (arbitrary units [a.u.]) corresponds to Gurken signal pixel intensity (average of
three different measurements taken from the oocyte dorsal-anterior region with the highest perinuclear signal) divided by the respective back-
ground signal (average of three different measurements from the respective nurse cells cytoplasm). To minimize sample variation, all measure-
ments were obtained from maximum intensity projections obtained from confocal Z stacks of stage 8/9 egg chambers. Each dot represents
an individual stage 8/9-egg chamber. Horizontal lines specify mean values and asterisks indicate significant difference (two-tailed unpaired
t-test; P<0.001).
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Since abnormally processed mRNAs are usually target-
ed for degradation (Popp and Maquat 2013), we next test-
ed if the steady-state stability of gurken mRNA was
reduced after salsa depletion, as this would easily explain
the reduced levels of localized gurken transcript. Using RT-
qPCR, we failed to detect any significant reduction in the
total levels of gurken mRNA in the ovaries after depletion
of Salsa (Fig. 5C; Supplemental Fig. S9B). Consistently,
gurken was also not found to be differentially expressed
in Salsa-depleted samples when compared to control
(logFC=−0.64, and B-statistics =−4.36) in our RNA-seq
experiment. Suggesting that Salsa depletion does not pre-
vent nuclear export of gurken mRNA from the nurse cells,
significant levels of intron retention could be detected
within the maternally loaded gurken mRNAs from mature
oocytes/early embryos (Supplemental Fig. S9C).

Salsa is required for dorsal-anterior localization
of Gurken protein

Since dorsal-anterior localization of gurken mRNA was re-
duced after depletion of Salsa (Fig. 5A,B), we hypothesized
that a similar reduction was likely to occur for Gurken pro-
tein. To test this hypothesis, we performed an immunostain-
ing of Gurken using an anti-Gurken antibody (Queenan
et al. 1999) inDrosophilaegg chambers.Gurken accumulat-
ed at high levels in the cytoplasmic perinuclear dorsal-ante-
rior region of control oocytes (mCherry RNAi) (Fig. 5D),
whereas such expression was significantly reduced after
depletion of Salsa (Fig. 5D,E; see Materials and Methods
for Gurken levels quantification). Since we failed to detect
the total levels of Gurken protein in the ovaries by western
blot, using the currently available antibodies, it is unclear if
this reduction results from reduced levels of protein transla-
tion and/or mislocalization. Altogether, our results show
that Salsa is required for normal dorsal-anterior expression
of Gurken, most likely because it is rate limiting for efficient
splicing of the first intron of gurken transcript.

Retention of the first intron ofgurken impairs Gurken
expression and function

If Salsa is rate limiting for dorsal-anterior expression of
Gurken because it is required for efficient splicing of the
first intron of gurken, then mutations within its 5′ and 3′

splice sites should similarly impair the function and expres-
sion of this gene. To examine such a possibility, we inves-
tigated if a genomic construct of gurken with its own
endogenous promoter but with or without splice site mu-
tations within the transcript´s first intron (for more ex-
perimental detail see Materials and Methods) could
complement two amorphic/loss-of-function alleles of
gurken. grkdeltaFRT is an amorphic deletion allele of gurken
(Lan et al. 2010), whereas grkHF contains a premature stop
codon that severely truncates Gurken protein (Thio et al.

2000). Females homozygous for grkdeltaFRT or transhetero-
zygous for grkdeltaFRT/grkHF are viable but sterile (Thio
et al. 2000; Lan et al. 2010), as mutant egg chambers
and eggshells show severe antero-posterior and dorsoven-
tral patterning defects (Thio et al. 2000; Lan et al. 2010)
and egg laying is severely compromised (Lan et al. 2010).
Supporting the hypothesis that splicing of the first intron

of gurken is important for the expression and function
of this gene, a wild-type genomic construct of gurken
(grkWT), but not an identical construct carrying first intron
splice site mutations (grksplice site mutant ) (splice site muta-
tion: GT/AG to TT), could efficiently rescue the female ste-
rility, eggshell dorsal appendages defects, and abnormal
Gurken expression of gurken mutant females (Fig. 6A,B,
D,E). It should be noticed that a proportion of the L1 larvae
rescued by the grksplice site mutant transgene (Fig. 6A) died
after hatching. Interestingly, and although thesemutations
completely abrogated splicing of the first intron of gurken
(Fig. 6G), there was no detectable reduction of the expres-
sion levels of gurken transcript (Fig. 6F).

Deletion of the first intron of gurken does not impair
Gurken expression and function

Splicing has been previously reported to be important for
transcript localization. For example, the first intron of oskar
is required for posterior localization of oskar mRNA, as its
splicing recruits the exon junction complex (EJC) and gen-
erates a short RNA stem–loop structure both important for
kinesin 1-dependent transport to theposterior (Hachet and
Ephrussi 2004; Ghosh et al. 2012). In order to investigate if
splicing of the first intron of gurken is per se important for
gurken mRNA localization and function, we decided to
test if a genomic construct of gurken with its own endoge-
nous promoter but without the first intron could comple-
ment two amorphic/ loss-of-function alleles of gurken.
Deletion of the first intron of gurken did not impair gurken
expression levels (Supplemental Fig. S12). Since bothwild-
type and first intron-deleted genomic constructs (respec-
tively, grkWT and grkno 1st intron) could similarly rescue fertil-
ity (Fig. 6A) and eggshell dorsal appendages (Fig. 6B,C) of
gurken mutant females, we concluded that, contrary to
oskar, deletion of the first intron of gurken does not impair
the expression and function of this gene. Altogether these
results suggest that splicing of the first intron of gurken is
important for the expression and function of this gene,
not because splicing is per se rate-limiting for transcript lo-
calization, butbecause retentionof the first intron is likely to
disturb the structure of the 5′UTR of gurken mRNA.

Deletion of the first intron of gurken rescues the D/V
patterning defects after Salsa depletion

Our results show that Salsa is rate-limiting for efficient
splicing of the first intron of gurken and its depletion is

Salsa is required for dorsal–ventral patterning

www.rnajournal.org 1943

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.077446.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.077446.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.077446.120/-/DC1


associated with significant defects in Gurken dorsal-anteri-
or expression. Since the 5′UTR of gurken mRNA was re-
ported to be required for mRNA localization (Saunders
and Cohen 1999; Thio et al. 2000), gurken first intron local-
izes to the transcript 5′UTR and its retention impairs the
function of this gene (Fig. 6A,B), we reasoned that expres-
sion of a genomic construct of gurken lacking its first
intron (gurkenno 1st intron) would suppress the D/V pattern-
ing defects after Salsa depletion. Consistently, expression
of a genomic construct of gurken lacking its first intron
(grkno 1st intron) efficiently suppressed the ventralized
eggshell phenotypes observed after depletion of Salsa
(compare salsa RNAi with salsa RNAi + 1× (grkno 1st intron)
in Fig. 7A). Since expression of a wild-type genomic con-

struct of gurken (grkWT) also suppressed, albeit less effi-
ciently, the eggshell defects after Salsa depletion
(compare salsa RNAi with salsa RNAi + 1× (grkWT) in Fig.
7A), it is still possible that Salsa regulatesGurkendorsal-an-
terior expression by additional mechanisms beyond splic-
ing of gurken first intron. Significantly, the egg hatching
defects after salsa depletion could be partially suppressed
by the expression of a genomic construct of gurken lacking
its first intron (gurken no first intron), but not by the expres-
sion of awild-type gurken construct (Fig. 7B). This suggests
that althoughdepletion of Salsa impairs efficient splicing of
multiple introns, gurkenmRNA is one of the key rate-limit-
ing transcripts regulated by this RNA helicase during oo-
genesis. Altogether our results strongly suggest that the
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FIGURE 6. (See legend on next page)
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female fertility and D/V eggshell patterning defects ob-
served after Salsa-depletion are mostly due to defects of
Gurken expression and splicing.

Salsa is required for eggshell dorsalization after
increased gurken dosage

D/V patterning is sensitive to gurken dosage (Neuman-
Silberberg and Schupbach 1994). Consistently, expression
of a genomic construct containing wild-type gurken
(grkWT), in an otherwise wild-type genetic background
(three copies of gurken: two endogenous and one corre-
sponding to the genomic transgene), induced significant
eggshell dorsalization defects (Fig. 7C; dorsalization corre-
sponds to class−2 and−1), whereas 2 copies of grkWT fully
rescued the D/V patterning defects of a loss-of-function al-
lele of gurken (compare Figs. 6C, 7C). Depletion of Salsa
partially suppressed the dorsalization phenotype after
three copies of gurken (compare wild-type genomic con-
struct of gurken [grkWT] in Fig. 7A,C), further confirming
the requirement of Salsa for dorsal-anterior expression of
Gurken during oogenesis.

D/V patterning defects after Salsa depletion are not
due to a persistent activation of the meiotic
checkpoint

Accumulation of persistent DNA damage during oogene-
sis leads to meiotic checkpoint activation, which severely
disrupts oocyte nucleus morphology (Abdu et al. 2002;
Klattenhoff et al. 2007) and embryonic anterior–posterior
and dorsal–ventral axis specification by inhibiting the func-
tion of Vasa (Ghabrial and Schupbach 1999; Klattenhoff
et al. 2007). Vasa is a DEAD box RNA helicase required
for efficient translation of gurken (Styhler et al. 1998).
Although depletion of Salsa impairs dorsal-anterior ex-

pression of gurken and D/V patterning of the eggshell is
severely compromised, the microtubule-dependent mi-
gration of the posterior oocyte nucleus to the anterior cor-
tex was mostly unaffected (Fig. 5; Supplemental Fig. S11).
Furthermore, and contrary to the highly abnormal oocyte
nucleus observed after the accumulation of persistent
DNA damage (Abdu et al. 2002), we failed to detect any
oocyte nuclear abnormalities after Salsa depletion
(Supplemental Fig. S13), suggesting that the observed

FIGURE 6. Splicing of the first intron of gurken is required for Gurken expression and function. Females homozygous for grkdeltaFRT are viable but
sterile, with egg laying severely compromised (Lan et al. 2010).grkdeltaFRT corresponds to an amorphic allele of gurken (deletionmutant) (Lan et al.
2010), whereas grkHF contains a single base pair change that introduces a precocious stop codon that severely truncates Gurken protein
(Thio et al. 2000). (A) Expression of one copy of a genomic construct of gurken with its own endogenous promoter, with (grkWT) or without
(grkno 1st intron) the transcript first intron, rescued fertility (egg hatching) of grk null (grkdeltaFRT/grkHF) females. Expression of one copy of a genomic
construct of gurkenwith mutated first intron splice sites (grksplice site mutant) only partially rescued egg hatching and a proportion of the rescued L1
larvae died after eclosion. Number of eggs scored for each experiment are indicated above the bar plot and are the sum of two independent
experiments. t-test analysis shows that expression of grkWT (P=0.0144) or grkno 1st intron (P=0.0128) significantly increased egg hatching rate
when compared to the expression of grksplice site mutant. (B) Expression of one copy of a genomic construct of gurken with its own endogenous
promoter, with (grkWT) or without (grkno 1st intron) the transcript first intron, rescued eggshell dorsal appendages defects (eggshell ventralization)
of eggs laid by grk null (grkdeltaFRT/grkHF) females. Expression of one copy of a genomic construct of gurken with mutated first intron splice sites
(grksplice site mutant) only weakly rescued eggshell ventralization. Number of eggs scored for each experiment are indicated above the bar plot and
are the sum of two independent experiments. (C ) Expression of two copies of a genomic construct of gurkenwith its own endogenous promoter,
with (grkWT) or without (grkno 1st intron) the transcript first intron, fully rescued eggshell dorsal appendages defects (eggshell ventralization) of eggs
laid by grk null (grkdeltaFRT/ grkdeltaFRT) females. Number of eggs scored for each experiment are indicated above the bar plot and are the sum of
two independent experiments. (B,C ) For quantification of eggshell dorsal appendages defects (eggshell ventralization), observed phenotypes
were categorized in four different phenotypic classes based on the eggshell dorsal appendages: class 0: wild-type dorsal appendages—two in-
dividualized dorsal appendages); class 1: dorsal appendages only fused at bottom; class 2: fused dorsal appendages—spindle phenotype; and
class 3: short eggs (dumpless-like phenotype) without or with extremely short dorsal appendages. Examples of scored phenotypes are shown in
Supplemental Figure S10. (D,E) Eggs from grk null (grkdeltaFRT/grkHF) females lack detectable Gurken protein. Expression of one copy of a wild-
type genomic construct of gurken (grkWT) rescued dorsal anterior expression of Gurken. Retention of the first intron due to splice site mutations
(grksplice site mutant) significantly decreased Gurken dorsal anterior expression. First intron 5′ and 3′ splice sites (respectively, GT and AG) were both
mutated to TT. Gurken was detected with an anti-Gurken monoclonal antibody and DNA was visualized with DAPI staining. DNA (Blue) and
Gurken (green). Scale bars, 30 and 15 µm (respectively, first two and last two images). (E) Relative oocyte Gurken dorsal anterior signal (arbitrary
units [a.u.]) corresponds to Gurken signal pixel intensity (average of three different measurements taken from the oocyte dorsal-anterior region
with the highest perinuclear signal) divided by the respective background signal (average of three different measurements from the respective
oocyte cytoplasm). To minimize sample variation all measurements were obtained frommaximum intensity projections obtained from confocal Z
stacks of stage 8/9/10 egg chambers. Each dot represents an individual egg chamber.Horizontal lines specify mean values and asterisks indicate
significant difference (two-tailed unpaired t-test; P<0.0001). (F ) Expression of a genomic construct of gurken, without or with first intron splice site
mutations (respectively, grkWT and grksplice site mutant), in a grk null (grkdeltaFRT/grkdeltaFRT) background, generated equivalent levels of gurken tran-
scripts. Respectively, RT-ddPCR (see Materials and Methods) measured 460.9±48.6 and 410.6±51 copies of gurken mRNA (exon3) per ng of
total RNA. (G) Splicing of the first intron of gurken was completely abrogated by splice site mutations (grksplice site mutant). Measurement of the
gurken first intron spliced and unspliced isoforms relative to exon 3. Splice site mutant shows total retention, while in wild-type it was only a
0.03±0.006 for unspliced ratio. Wild-type constructs show 1.26±0.044 for first intron spliced transcripts, whereas the splice site mutant shows
1.29±0.031 for unspliced transcripts. The percentage of unspliced first intron was calculated as the ratio unspliced/(spliced+unspliced). For
grkWT, the unspliced ratio is 2.5±0.41%, whereas grksplice site mutant completely abrogates first intron splicing (grksplice site mutant = 100±
0.002%). At least two biological replicates were done for each experiment. Error bars indicate standard deviation.
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D/V patterning phenotypes are notmediated by persistent
activation of the meiotic checkpoint.

Salsa is required for nurse cells chromosome
dispersal

During early oogenesis, the nurse cell chromosomes un-
dergo several rounds of endoreplication that results in a

characteristic polytene blob-like appearance (Dej and
Spradling 1999). This chromatin architecture disappears
by stage 5/6 with the dispersal of the nurse cells polytene
chromosomes. Besides the previously described D/V pat-
terning defects (eggshell dorsalization), mutants for squid
(sqd), hrb27C, and half pint (hfp) also show defects in nurse
cells chromosome dispersal (Van Buskirk and Schupbach
2002; Goodrich et al. 2004), clearly suggesting that these

BA

C

FIGURE 7. Deletion of the first intron of gurken rescues the D/V patterning defects of Salsa depletion. (A) Eggs laid by control females (mCherry
RNAi) showed wild-type dorsal appendages (WT), whereas a significant proportion of the eggs laid by females whose germline was depleted for
Salsa (nanos-Gal4 and salsa RNAi-2) showed eggshell ventralization (V), with highly abnormal (fused or partially fused) dorsal appendages (clas-
ses 1 and 2). Expression of a genomic construct of gurken with its own endogenous promoter, with (grkWT) or without the transcript first intron
(grkno 1st intron), suppressed the eggshell ventralization defects of eggs laid by females whose germline was depleted for Salsa (salsa RNAi-2).
Suppression of grkno 1st intron was significantly better than grkWT, with a higher frequency of wild-type eggshells (class 0). Number of eggs scored
for each experiment is indicated above the bar plot and is the sumof two independent experiments. (B) Control females (mCherry RNAi) are fertile
(egg hatching), whereas a significant proportion of the eggs laid by females whose germlinewas depleted for Salsa (nanos-Gal4 and salsa RNAi-2)
did not hatch.While expression of one copy of a genomic construct of wild-type gurken (grkWT) did not rescue fertility, expression of one copy of a
similar genomic construct of gurken without the transcript first intron (grkno 1st intron) partially rescued the fertility defects after Salsa depletion
(salsa RNAi-2), (∗∗) P=0.0053; t-test analysis. Number of eggs scored for each experiment are indicated above the bar plot and are the sum of
two independent experiments. (C ) Expression of a genomic construct of gurken (grkWT) in an otherwise wild-type genetic background (1×
grkWT; three copies of gurken: two endogenous and one corresponding to the genomic transgene) induced a significant eggshell dorsalization
(D) (classes −2 and −1). Eggshell dorsalization was not observed after expression of a genomic construct of gurken without the first intron of
gurkenmRNA (1× grkno 1st intron). Number of eggs scored for each experiment is indicated above the bar plot and is the sum of two independent
experiments. For quantification of eggshell dorsal appendages defects, the observed phenotypes were categorized in six different phenotypic
classes based on the eggshell dorsal appendages. Class 0 corresponds to wild-type eggshell dorsal appendages (WT). Eggshell ventralization (V)
of the eggshells corresponds to classes 1 to 3. Eggshell dorsalization (D) corresponds to classes−1 and−2. Class 0 (wild-type dorsal appendages):
two individualized dorsal appendages); class 1: dorsal appendages only fused at bottom; class 2: fused dorsal appendages—spindle phenotype;
and class 3: short eggs (dumpless-like phenotype) without or with extremely short dorsal appendages. Class −1: corresponds to short eggs with
dorsalized appendages; class −2: corresponds to a broad and thick crown of appendage material or a broad/fused appendage that covers the
entire width of the eggshell. Examples of scored phenotypes are shown in Supplemental Figure S10.
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proteins regulate multiple processes during oogenesis.
Interestingly, whereas alternative splicing of ovarian tumor
(otu) was abnormal in sqd and hfpmutants, ectopic expres-
sion of the 104 kDaOtu isoformwas sufficient to rescue the
nurse cells chromosome dispersal phenotype of these mu-
tants (Van Buskirk and Schupbach 2002; Goodrich et al.
2004).
Ovaries depleted for Salsa showed nurse cells chromo-

some dispersal defects (Fig. 5D) identical to the ones pre-
viously observed in sqd and hfp mutants (Van Buskirk and
Schupbach 2002; Goodrich et al. 2004). Nonetheless,
Salsa is most likely not functionally related with Sqd and
Hfp, as Salsa depletion is associated with eggshell ventral-
ization, and not dorsalization, and it did not significantly
impair alternative splicing of otu (Supplemental Fig. S14).
Our results suggest that although the female fertility

defects after Salsa depletion are clearly related to an ab-
normal splicing and expression of gurken, other pheno-
types, like the nurse cells chromosome dispersal defects
may also give a contribution for such reduction of female
fertility.

DISCUSSION

Salsa regulates expression and efficient splicing
of gurken

Oocyte dorsal-anterior localization of gurken mRNA relies
on multiple elements localized to the transcript 5′UTR,
3′UTR and open-reading frame (Saunders and Cohen
1999; Thio et al. 2000; Van De Bor et al. 2005), yet the rel-
ative importance of each element for mRNA localization is
still unclear. The 5′ and 3′-UTRs of gurkenwere reported to
be required for dorsal-anterior localization of gurken tran-
script (Saunders and Cohen 1999). Furthermore, and using
a genomic gurken construct with a lacZ reporter inserted
within the gene open-reading frame, it was shown that
whereas gurken 5′UTR is required for transcript oocyte ac-
cumulation, its coding region and 3′UTR are necessary for
its posterior and dorsal-anterior localization (Thio et al.
2000). Nevertheless, it was recently reported, using an oo-
cyte injection assay, that a small stem–loop located within
the open-reading frame was necessary and sufficient for
gurken transcript localization (Van De Bor et al. 2005).
Our results show that efficient splicing of the first intron

of gurken is required for mRNA dorsal-anterior localization
and dorsal–ventral patterning. This is most likely because
retention of the first intron impairs the secondary RNA
structure of gurken 5′UTR, and the function of a closely lo-
cated RNA element important for its localization (Saunders
and Cohen 1999). Splicing of the first intron of gurken is
also likely to facilitate Gurken protein expression, as dele-
tion of the first intron of gurken suppresses the dorsaliza-
tion phenotype associated with increased copy number
of gurken gene without affecting the levels of gurken

mRNA. Our results therefore fully support the role of
gurken 5′UTR in mRNA localization within the oocyte,
and strongly suggest that Salsa-dependent splicing of
the first intron of gurkenmRNA is important for the correct
expression and function of this gene.

Salsa facilitates efficient splicing of small first introns

The precise function of human Aquarius in splicing is still
poorly understood. This RNA helicase is recruited to the
spliceosome as a pentameric complex known as intron-
binding complex (IBC), which also contains hSyf1 (also
known as Xab2), hIsy1, CypE, and CCDC16 (De et al.
2015). Coimmunoprecipitation experiments suggest a
large interaction interface between IBC and U2 snRNP,
within the activated spliceosome (Bact stage) and just be-
fore the first splicing reaction. Although Aquarius ability
to bind and hydrolyze ATP is important for spliceosome ac-
tivation and splicing efficiency, the role of its RNA unwind-
ing activity is less clear.
Our work has identified a small subset of introns whose

splicing is particularly sensitive to depletion of Salsa (the
Drosophila ortholog of human Aquarius). The fact that
splicing was only affected in a small number of introns is
consistent with the observation that immunodepletion of
human Aquarius from nuclear extracts only weakly im-
paired splicing in vitro (De et al. 2015). This suggests
that although this RNA helicase is apparently not critical
for overall splicing, during female gametogenesis there
is a subset of introns whose efficient removal relies on
the function of this enzyme.
Analysis of the introns whose splicing was sensitive to

Salsa depletion showed a clear bias for small first introns
with weak 3′splice sites, independently of their distance
to the transcription start site (TSS), 5′splice site strength
and GC content. The bias for small introns suggests that
Salsa is mostly rate-limiting when introns are recognized
by intron definition (Pai et al. 2017), where the initial pair-
ing between U1 and U2 snRNPs occurs across the intron.
Furthermore, the bias for introns with weak 3′splice sites
is in accordance with the extensive interaction between
IBC and U2 snRNP in the activated spliceosome, and im-
plies that depletion of Salsa is likely to impair, at least in
a subset of introns, U2 snRNP function during splicing.
The absence of any detectable bias for short distances
between the TSS and 5′splice site, when evaluating affect-
ed and control first introns, or any bias for weak 5′splice
site strength, suggests that Salsa is not likely rate-limiting
for Cap-Binding Complex-mediated splicing (Qiu et al.
2007).
Drosophila first introns are more likely to be cotranscrip-

tionally retained than internal and terminal introns (Khodor
et al. 2011). This is not consistent with the kinetic compe-
tition model (Bentley 2014), where the fastest processes
are the ones most likely to occur, suggesting additional
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constraints to first intron splicing. Although the precise na-
ture of such constraints is still poorly understood, binding
of transcriptional initiation factors to the 5′splice site-asso-
ciated U1snRNP (Damgaard et al. 2008; Bentley 2014) po-
tentially restricts splicing efficiency, as it might impair the
initial pairing between U1 and U2 snRNPs. Our working hy-
pothesis is that Salsa is required for splicing of small first
introns with weak 3′splice site because this enzyme facili-
tates U2 snRNP function, minimizing the interference ef-
fect of transcriptional initiation factors on splicing. Future
work will help define the function of this RNA helicase
and its contribution for differential gene expression during
development.

MATERIALS AND METHODS

Fly husbandry

All flies were raised at 25°C, unless otherwise indicated, using
standard techniques.

Drosophila RNAi stocks

Unless indicated, all stocks are available at the Bloomington
Drosophila Stock Center. Depletion of Salsa was obtained using
three different nonoverlapping dsRNA hairpins. salsa RNAi-2
stock is available in BDSC (Bloomington number 55172; hairpin
reference; P {TRiP.HMC03852}attP40; Map: Chr 2,25C6, 2L:
5108448..5108448.), whereas salsa RNAi-1 and salsa RNAi-3
were custom made.

Generation of nonoverlapping salsa RNAi
(salsa RNAi-1 and RNAi-3)

We designed two nonoverlapping RNAi hairpins against salsa
(CG31368) using an algorithm that minimizes off target effects
(Vert et al. 2006). Based on a miR1 scaffold, for the top strand
oligo (TS) of salsa, ctagcagt nucleotides were added to the 5′

end of the passenger strand DNA and tagttatattcaagcata nucleo-
tides were added between passenger strand DNA and the guide
strand DNA. In the end gcg nucleotides were added to the 3′ end
of guide strand DNA. The top strand oligo (TS) of salsa 1 and salsa
3 are the following:

salsa RNAi-1 TS: ctagcagtCGCTTGGATATGGACGATCTAtagtta
tattcaagcataTAGATCGTCCATATCCAAGCGgcg

salsa RNAi-3 TS: ctagcagtCCACGATTATCTCCTACGCAAtagtt
atattcaagcataTTGCGTAGGAGATAATCGTGGgcg

For the bottom strand oligo (BS) of salsa, aattcgc nucleotides
were added to the 5′ end of the passenger strand DNA, and
tatgcttgaatataacta nucleotides were added between passenger
strand DNA and the guide strand DNA. In the end actg nucleo-
tides were added to the 3′ end of guide strand DNA. The bottom
strand oligo (BS) of salsa 1 and salsa 3 are the following:

salsa RNAi-1 BS: aattcgcCGCTTGGATATGGACGATCTAtatgctt
gaatataactaTAGATCGTCCATATCCAAGCGactg

salsa RNAi-3 BS: aattcgcCCACGATTATCTCCTACGCAAtatgctt
gaatataactaTTGCGTAGGAGATAATCGTGGactg

Annealing the top and bottom strand oligos: 10 µL top strand
oligo (10 µM) and 10 µL bottom strand oligo (10 µM) were added
into 80 µL annealing buffer (10 mM Tris-HCl, pH 7.5, 0.1 M NaCl,
1 mM EDTA). The reaction mix was incubated at 95°C for 5 min,
and then, slowly cooled down to room temperature. The resulting
DNA fragment has overhangs for NheI and EcoRI. The resulting
DNA fragments were directly cloned into a VALIUM22 vector,
which has been linearized by NheI and EcoRI enzymes. For the
DNA ligation reaction, 6 µL of the annealing product mixed
with 2 µL of 10× ligation buffer and 1 µL of T4 DNA ligase
(1 U/µL). Finally, 1 µL of 40 ng/µL backbone (gel purified
VALIUM22 digested with NheI and EcoRI) was added to the final
reaction. The final volume of 20 µL was made up with ddH20,
mixed carefully and incubated overnight at 16°C. The reaction
was stored at −20°C, until further use.

For transformation, 10 µL of ligation reaction was transformed
into 50 µL TOP10 competent cells using the electroporation
method. Clones were selected through PCR using the standard
primers for pVALIUM22 (Supplemental Table S3). The correct
shRNA constructs were further confirmed by sequencing. The
primer used for sequencing is shown in Supplemental Table S3.
Plasmid amplification and isolation of the correct shRNA con-
structs was done using the standard protocol from the NZY
Miniprep isolation kit. (NZY Tech, Genes and Enzymes). For pro-
duction of transgenic Drosophila stocks, isolated plasmids were
sent for injection (BestGene, Chino Hills). All transgenic stocks
were confirmed by DNA sequencing.

Germline-specific depletion of Salsa

Salsa was specifically depleted within the female germline by us-
ing the germline-specific driver nanos-Gal4 (nos-Gal4) (VanDoren
et al. 1998) and the upstream activating sequence (UAS)/Gal4 sys-
tem (Brand and Perrimon 1993; Rorth 1998; Ni et al. 2011).

Ventralized eggshell phenotypes

Flies were cultured at 25°C and transferred to a new tube every
3 d. Zero to three days old F1 females (n=20) were crossed
with wild-type males (n=5) and added to an egg collection
cage supplemented with fresh yeast. Ventralized eggshell pheno-
type was scored at least 2 d after assembly of the collection cage
(for optimal egg laying) and using fresh egg collections (4–5 h) to
facilitate unequivocal scoring.

Egg hatching

One to three days old F1 females (n=20) were crossed with wild-
type males (n=5) and added to an egg collection cage supple-
mented with fresh yeast. Eggs were collected using freshly pre-
pared apple juice plates. Plates were incubated for 48 h at 25°C
and egg hatching was scored.
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Genomic construct of gurken

Drosophila melanogaster Flybase genome was used as reference
for all gurken genomic constructs. Used sequences are identical
to the most up-do-date release (FB2020_03, released Jun 16,
2020). All constructs include 600 nt upstream of the annotated
transcriptional start site (endogenous promoter) and 200 nt down-
stream from the transcriptional end site. All constructs were
cloned into a pWallium22 plasmid and integrated in the genome
using phiC31 mediated integration. All constructs were integrat-
ed in the attP2 docking site. Genomic construct of gurken lacking
its first intron (grkno 1st intron) is identical to wild-type construct
(grkWT), except that the first intron was fully deleted and the first
and second exons fused in-frame. Genomic construct of gurken
with first intron splice site mutations (grksplice site mutant) is identical
to wild-type construct, except that the first intron 5′ and 3′splice
sites (respectively, GT and AG) were both mutated to TT. DNA
synthesis was done by GenScript Biotech (Piscataway). For pro-
duction of transgenic Drosophila stocks, isolated plasmids were
sent for injection (BestGene). All transgenic stocks were con-
firmed by DNA sequencing.

Ovaries immunostaining

Adult ovaries (20 ovary pairs per sample per experiment) were
processed according to standard procedures (Ferreira et al.
2014; Navarro-Costa et al. 2016; Prudencio et al. 2018). All incu-
bation steps involve a gentle mix with an orbital or nutator mixer.
Briefly, ovaries were dissected from 2–4-d-old females in ice cold
Phosphate-buffered saline (PBS) and fixed for 20 min with a 3:1
mix of heptane (Fluka) and fixative aqueous mix. The fixative
mix consisted of 4% formaldehyde (Polysciences) in PBS+0.5%
NP-40 (Sigma) solution. Following three 10 min washes in PBST
(PBS+0.2% Tween 20), ovarioles were gently detached with a
tungsten needle. Ovaries were subsequently blocked for 1 h in
PBS supplemented with 1% Triton X-100 (Sigma), 1% (w/v) bovine
serum albumin (BSA; Sigma), and 1% (w/v) donkey serum (Sigma).
Primary antibody was performed overnight at 4°C in PBST supple-
mented with 1% BSA and 1% donkey serum (BBT solution). After
three 10min washes in PBST, ovaries were incubated for 1 h at the
room temperature with the appropriate secondary antibodies di-
luted in BBT solution. DNAwas subsequently stained for 30min at
the room temperature using 1:10.000 DAPI in PBST. Prior to
mounting, ovaries were washed three times, 10 min each, with
PBST. Ovaries were mounted in Dako Faramount Aqueous
Mounting Medium (Dako) and were visualized using a Zeiss
LSM710 Confocal microscope.

Quantification of ovaries Gurken immunostaining

For quantification of Gurken signal at the dorsal anterior region of
the oocyte, maximum intensity projections of serial confocal op-
tical sections of individual egg chambers stained with an anti-
Gurken mouse antibody (Queenan et al. 1999) (clone 1D12; dilu-
tion 1/30) were obtained using the Image J program (Grouped
Zprojector, maximum pixel intensity). The average Gurken signal
intensity within three oocyte dorsal anterior regions with highest
levels of localized Gurken was obtained using ImageJ software.
For each egg chamber, obtained values were divided by the re-

spective average background signal intensity value obtained
within three cytoplasmic regions of the nurse cells or the oocyte.

Preparation of a DIG-labelled gurken probe

A plasmid carrying a gurken cDNA sequence (Neuman-
Silberberg and Schupbach 1993) was linearized with Sal I restric-
tion enzyme and analyzed on agarose gel electrophoresis. The
linearized plasmid was isolated and purified with a gel purification
kit (Promega), using standard procedures. The purified linearized
plasmid was subsequently quantified with a spectrophotometer
(Thermo Scientific NanoDrop 2000). Synthesis of DIG-labeled an-
tisense gurken RNA probes, was made according to the following
reaction: 2 µL of linearized plasmid (1 µg) was mixed with the fol-
lowing reagents, in this order and at room temperature: 1 µL of
10× transcription buffer (Roche), 1 µL DIG-NTP mix (Roche),
0.3 µL of RNase inhibitor (Roche) and 1 µL T7 RNA polymerase
(10 U/µL; Roche) (de Las Heras et al. 2009). The final reaction vol-
ume was set up to 10µl of DEPC water. The final reaction mixture
was subsequently incubated at 37°C for 2 h. Subsequently, 40 µL
DEPCwater and 50 µL 2×Carbonate Buffer (120mM-Na2CO3; 80
mM NaHcO3 at pH 10.2) were added to the probes and the mix
was incubated at 65°C for 40 min. Hydrolyzed probes were pre-
cipitated by adding 100 µL 0.2 M NaAc (pH 6), 10 µL of 4 M
LiCl, 10 µL of tRNA (Roche; stock solution 20 mg/µL), and
600 µL of absolute ethanol, on a −20°C overnight incubation.
Mix was centrifugated at 4°C for 15 min. Pellet was washed twice
with 70% EtOH, dried in air (10 min), and dissolved in
Hybridization MIX buffer (50% formamide, 5× SSC solution,
0.1% Tween-20, 100 µg/mL heparin, 100 µg/mL ssDNA).
Probes were stored at −20°C before use.

Fluorescent in situ hybridization of Drosophila
ovaries

Adult ovaries from 2–4-d-old females were dissected and fixed
according to standard procedures (Ferreira et al. 2014; Navarro-
Costa et al. 2016; Prudencio et al. 2018). All incubation steps in-
volve a gentle mix with a nutator mixer. Ovaries were dissected
from 2–4-d-old females in ice cold Phosphate-buffered saline
(PBS) and fixed for 20 min with a 3:1 mix of heptane (Fluka) and
fixative aqueous mix. The fixative mix consisted of 4% formalde-
hyde (Polysciences) in PBS+0.5% NP-40 (Sigma) solution. After
fix, ovarioles were gently teased apart with forceps and dehydrat-
ed in methanol by washes of 5 min with the following solutions:
30% methanol/PBT (PBS+0.2% Tween-20), 50% methanol/PBT
and 70% of methanol/PBT. Ovaries were stored in 100% metha-
nol at −20°C before usage.
Prior to usage, ovaries were rehydrated by washes with 70%

Methanol/PBT; 50% Methanol/PBT and 30% Methanol/PBT.
After rehydration, ovaries were washed with PBS+0.1% Tween-
20, for 5 min, three times and transferred to a prehybridization
buffer (40% formamide, 4× SSC (20× SSC [RNase free], 0.1%
Tween 20) and incubated for 1 h at the room temperature.
Ovaries were then transferred into 200 µL hybridization buffer
(50% formamide, 5× SSC [20× SSC (RNase free)], 0.1% Tween
20, 100 µg/mL heparin, 100 µg/mL ssDNA) and incubated for
1 h at 55°C. RNA probes were diluted at 5:100 in a preheated hy-
bridization buffer. After removal of the hybridization solution,
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50 µL of preheated diluted probes were added to the ovaries for
overnight incubation at 55°C. The following day, used probes
were collected, and ovaries were transferred to 1 mL prehybrid-
ization solution for a 30 min incubation at 55°C. They were subse-
quently washed five times with 1ml of PBS+0.1% Tween-20 for
30 min each time, at the room temperature. After washes, ovaries
were incubated in Roche Blocking Buffer (1:10 in PBS-0.1%
Tween-20) for 1 h at the room temperature. The mouse anti-Dig
(1:400) was diluted in Roche Blocking Buffer (1:10 in PBS-0.1%
Tween-20) and incubated overnight at 4°C in a rocking shaker.
The ovaries were washed three times with 1 mL PBS-0.1%
Tween-20 for 10 min each at the room temperature and incubat-
ed with Roche Blocking Buffer as above for 30 min at the room
temperature, following incubation (1 h at RT) with secondary anti-
body anti-mouse-Cy3 (1:1000) diluted in Roche Blocking Buffer as
above. Ovaries were washed three times with 1 mL PBS-0,1%
Tween-20, for 5 min each time, at room temperature. DNA was
subsequently stained for 10 min at the room temperature using
1:10.000 DAPI in PBS-0.1% Tween-20. Prior to mounting, ovaries
werewashed in PBS-0.1% Tween-20 three times, 5min each, then
rinsed with PBS. Ovaries were mounted in Vectashield mounting
medium and they were visualized using a Zeiss LSM710 Confocal
microscope.

Quantification of gurken mRNA localization

For semi-quantitative quantification of dorsal-anterior localization
of gurkenmRNA, stage 8/9 oocytes were divided it into three dif-
ferent classes based on the gurken mRNA dorsal-anterior signal
near to the oocyte nucleus: (a) normal dorsal-anterior localization
of gurkenmRNA, with a strong signal distributed in the periphery
of the oocyte nucleus; (b) partial dorsal-anterior localization, with
weaker but clearly detectable gurkenmRNAnearby the periphery
of the oocyte nucleus; (c) absence/almost absence of dorsal-ante-
rior localization, with undetectable or hardly detectable gurken
mRNA signal nearby the periphery of the oocyte nucleus.

Real-time quantitative PCR (real-time qPCR)

Optimization of primers efficiency for target genes
and reference genes

Primers were designed using PrimerBLAST (NCBI) and optimized
to an equal annealing temperature 55°C. Primer efficiencies were
initially tested with Drosophila genomic DNA (gDNA). Fivefold
serial dilutions of gDNA were made (40, 8, 1.6, 0.32, and 0.064
ng), and primer efficiencies for both target genes and reference
genes were tested. Standard curves were constructed by the
Cycle of threshold (Ct) (y-axis) versus log gDNA dilution (x-axis).
The primer efficiency (E) of one cycle in the exponential phase
was calculated according to the equation: E=10(−1/slope)–1
(Nolan et al. 2006). Efficiency and regression curves for each prim-
er set are shown in Supplemental Table S4. Specificity of primer
pair amplification was confirmed by melting curve analysis and
the Ct values were obtained from the dynamic range of the stan-
dard curves. Only primer sets with specificity and good efficiency
were used for subsequent RT-qPCR analysis.

mRNA extraction and cDNA synthesis

Total RNA was extracted from 0–1 h embryos (after egg laying) or
from 2–4-d-old adult female ovaries (after pupae eclosion), whose
female germline was specifically depleted for salsa (salsa RNAi) or
negative control (mCherry RNAi). Extraction was performed fol-
lowing standard procedures (PureLink RNAMini Kit, Ambion). Ge-
nomic DNA was removed from RNA samples using PureLink
DNase (Invitrogen) on-column method. Experion Electrophoresis
(Bio-Rad) was used to assess the integrity and quantity of isolated
RNA. Isolated RNAwith less than 8 RQI was not considered for re-
verse transcription with iScript (as described above) and further
Real-Time qPCR analysis. Three technical replicates were per-
formed for each sample. A technical replicate corresponds to
three different cDNAs synthesized from the same isolated RNA.
Biological replicates correspond to RNAs obtained from distinct
biological samples.

Quantitative PCR reaction (qPCR)

The equivalent to 4 ng cDNAwas used as template in each qPCR
reaction. qPCR reactions were performed on a CFX96 Real-Time
system (Bio-Rad) using SsoFast EvaGreen Supermix (Bio-Rad).
Two reference genes (Actin and GAPDH) were used for nor-
malization. “no template,” “no RT,” and “NEG” were used as
negative controls for testing the qPCR reaction mixture contami-
nation. Genomic DNA was used as positive control. For each re-
action, the RT-qPCR master mix included 10 µL of 2× EvaGreen
mix, 1 µL of forward primer (10 µM), 1 µL of reverse primer
(10 µM), and 4 µL of nuclease-free water. The master mix (16 µL)
was added to a well of 96-multiwell plate (Bio-Rad) followed by
the addition (when appropriate) of 4 µL cDNA (4 ng). PCR proto-
col: denaturation program (95°C for 30 sec), amplification pro-
gram repeated for 60 cycles (denaturation: 95°C for 5 sec,
annealing: 55°C for 5 sec+plate read for fluorescence measure-
ment), melting curve program (65°C to 95°C with 0.5°C incre-
ments, for 5 sec+plate read for fluorescence measurement),
and cooling program to 4°C.

Expression analysis

The threshold cycle (Ct) of each gene transcript was determined
by setting the threshold line above background levels in the linear
region of the exponential curve before the gene expression levels
were measured. The baseline and fluorescence signals are adjust-
ed automatically by the CFX96 Real-Time machine software (de-
fault parameters) to calculate the ΔCt value (Schmittgen and Livak
2008). The relative expression ratio (RE) was calculated using the
difference between ΔCt value of negative control (mCherry RNAi)
and salsa RNAi, also known as the 2–ΔΔCt method.

RE = 2(−(DCtsample(target−reference)−DCtcontrol (target−reference)).

ΔCtsample is the Ct difference of target-reference genes in salsa
RNAi; ΔCtcontrol is the Ct difference of target-reference genes in
control RNAi.

Total expression levels of the genes of interest were calculated
by the mean of Ct values normalized to the expression levels of
two reference genes (Actin and GAPDH) using the geNormmeth-
od (Vandesompele et al. 2002). Mean and standard deviation (SD)
of RE values were calculated from three biological replicates.
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Reverse transcription droplet digital PCR (RT-ddPCR)

The accurate quantification of the primary transcript and spliced
isoform was achieved by one-step RT-ddPCR (Bio-Rad), with the
Bio-Rad QX200 Droplet Digital PCR System and One-Step RT-
ddPCR Advanced Kit for Probes, according to manufacturer’s in-
structions. In short, 100 ng of purified total RNA, was mixed with
900 mM primers, 250 nM probes and the enzymes Reverse tran-
scriptase and DNA polymerase and then partitioned into thou-
sands of individual water-oil emulsion droplets. Primer-specific
reverse transcription was carried out inside each droplet, followed
by PCR amplification and Taqman probe detection. In a C1000
thermal cycler (Bio-Rad), reverse transcription was carried out
for 60 min at 50°C, then the RT enzyme was denatured and simul-
taneously the DNA pol enzyme was activated by 10 min incuba-
tion at 95°C, followed by 46 cycles of denaturation for 35 sec at
95°C and annealing/elongation for 1 min at 60°C, and a final inac-
tivation step for 10 min at 98°C. Primers and probes (IDT,
Integrated DNA Technologies) were designed with IDT software
tools available online. Unspliced GRK, exon1–intron 1: forward
—TATAGCAGCTCCAGTACGTC, reverse—CTACACACTTGCAT
CTCCTTG, probe—TTGTTTCGTGTGTGTGCGTTCGTG; spliced
GRK, exon1–exon2: forward—CCATATAGCAGCTCCATAAAAT
CC, reverse—TAAACGATCGAGGGATCGAG, probe—ATGTT
TCAGCTTCTGTTGCGACGC; reference GRK, exon3: forward—
CGACAAGGAGACAGAGATTCAG, reverse—TAACGCAGAGG
CAGGAATG, probe—TGCCCTGCAGCGAAGCTTACAATA.
Specific target sequences were detected with 6-FAM/ZEN/
IBFQ labeled probes and the reference target was detected
with a HEX/ZEN/IBFQ labeled probe. Positive fluorescent drop-
lets were carrying the target RNA sequence. Individual droplet
fluorescence was read in a QX200 Droplet reader and data was
analyzed usingQuantasoft Version 1.7.4.0917.Manual thresholds
were applied to define positive fluorescent signal. A nontemplate
control was included for each primer set. Each purified RNA sam-
ple was tested by a non-RT control with the pre-mRNA primer set,
with no RT enzyme in the mix. Graphs and statistical t-tests were
made using GraphPad Prism 8.2.

One advantage ofOne-Step ddPCR is that reverse transcription
and amplification processes are carried out inside each individual
droplet, avoiding bias. The primer-specific reverse transcription
abrogates any reverse transcriptase bias and increases sensitivity.
The separation of RNA in compartments avoids competition be-
tween splicing isoforms and therefore favors unbiased amplifi-
cation of under-represented forms. The results of ddPCR are
absolute and independent of primer amplification efficiency,
with no need for efficiency determination or calibration curves.

Protein extraction

Zero to one hour embryos (after egg laying) or 2–4-d-old adult fe-
male ovaries (after pupae eclosion), whose female germline was
specifically depleted for salsa (salsa RNAi) or negative control
(mCherry RNAi), were homogenized with a pestle in ice-cold
NB-lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 2 mM
EDTA, 0.01% NP-40 [Igepal], 2 mM DTT, 10 mM NaF, and prote-
ase inhibitors [complete protease inhibitor cocktail, Roche]). The
sample was centrifuged three times at 14,000 rpm, at 4°C, and
for 5 min. Between each centrifugation, the supernatant was care-
fully collected into a new tube, avoiding the pellet and the upper

lipid-rich layer. Bradford protein microassay (Bio-Rad) was per-
formed to quantify the total amount of protein, and whenever
needed, the total protein extract was frozen with liquid nitrogen
and kept at −80°C until further usage.

Western blot analysis

For western blot analysis, total protein extracts were boiled for
5 min at 95°C in 2×Laemmli buffer (Sigma). Ten micrograms of
protein were loaded per lane, and run in a SDS polyacrylamide
gel electrophoresis gel (6% or 12%). Proteins were subsequently
transferred onto Hybond-ECL nitrocellulose membrane
(Amersham) using a Bio-Rad wet transfer apparatus (100 V for
60 min). Western blotting was performed using standard proce-
dures. Briefly, the Hybond-ECLmembranewas blocked overnight
with 5% nonfat milk in PBS-T (PBS+0.1% Tween-20) at 4°C with
shaking. Primary antibodies were incubated overnight in 1% non-
fat milk in PBS-T with gentle shaking at 4°C. Membranes were
washed three times with PBS-T, for 15 min at room temperature
and with strong shaking. Secondary antibodies were incubated
for 2 h in 1% nonfat milk in PBS-T at the room temperature with
gentle shaking. After three washes in PBS-T, for 5 min at room
temperature, and one quick wash with PBS, proteins of interest
were detected with an ECL Plus Western blotting detection sys-
tem (GE Healthcare) and an ECL Hyperfilm (Amersham).

Expression of carboxy-terminal Myc-tagged Salsa

Cloning of Myc-tagged Salsa

For cloning of a carboxy-terminal Myc-tagged Salsa, the open
reading frame of CG31368 was amplified by Expand High
Fidelity PCR System (Roche) from the cDNA clone RE 35509
(BDGP). Please note that a point mutation present in the original
cDNA clone RE35509 was corrected by site-directed mutagene-
sis using the publically available Flybase sequence of CG31368
as reference. The QuikChange Site-Directed Mutagenesis Kit
(Agilent Technologies) was used for site-directed mutagenesis,
according to manufacturer’s standard protocol. For primers se-
quence see Supplemental Table S3. For PCR amplification we
used the High Fidelity PCR system (Roche), with the following
conditions: initial denaturation for the first cycle (95°C for 2
min), primary amplification program repeated for 10 cycles (dena-
turation: 94°C for 15 sec, annealing: 55°C for 30 sec and elonga-
tion: 68°C for 4 min), secondary amplification program repeated
for 10 cycles (denaturation: 94°C for 15 sec, annealing: 55°C for
30 sec and elongation: 72°C for 4 min), final elongation for one
cycle (72°C for 10 min), and cooling at 4°C for an unlimited
time. The PCR product was cloned into pAMW plasmid
(Gateway) using the Gateway system (Invitrogen).

Culture of Drosophila S2 cells

Drosophila Schneider 2 (S2) cells were cultured in Schneider’s
Drosophila complete medium: Schneider’s insect medium
(Sigma), supplemented with 1× L-glutamine, 1x PenStrep, and
10% Fetal bovine serum (Invitrogen) at 25°C.
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Transfection of Myc-tagged Salsa

Transient transfection inDrosophila S2 cells with a carboxy-termi-
nal Myc-tagged Salsa construct was done using FuGENE HD
Transfection Reagent and standard procedures (Promega).
Briefly, a mix of 100 µL of Serum Free Medium (SFM), 400 ng of
DNA, and 4 µL of FugeneHDwere incubated at the room temper-
ature for 15 min. Meanwhile, cells were plated into six well plates
at the concentration of 2.5×106 cells/well in serum free medium.
Themix (DNA and Fugene) was added drop by drop on the top of
cells. To stop the transfection reaction, 2 mL complete medium
(with 10% Fetal bovine Serum) was added to the cells after 4 h
of incubation at 25°C and cells were incubated for 48 h at 25°C.

Coimmunoprecipitation

Coimmunoprecipitation was done using protein extracts from
Drosophila S2 cells expressing carboxy-terminal Myc-tagged
Salsa or a negative control (empty Myc-plasmid). Briefly, 1 mg
of total protein extract was diluted in 1 mL of ice-cold NB-lysis
buffer, and it was incubated with anti-c-Myc Magnetic beads
(Invitrogen) for 1 h at 4°C. Anti-c-Myc magnetic beads were
then washed three times with NB-lysis buffer and resuspended
in 100 µL NB-lysis buffer. Half of each sample was boiled for
5 min at 95°C with 2×Laemmli buffer (Sigma) for further western
blot analysis (no RNase A-treated samples). The remaining half
was incubated with RNase A (Thermo Fisher) for 30 min at
37°C. Beads were further washed three times with NB-lysis buffer
and boiled for 5 min at 95°C with 2×Laemmli buffer (Sigma).

RNA-seq analysis

RNA isolation

Total RNA was extracted from 2–4-d-old adult female ovaries (af-
ter pupae eclosion), whose female germline was specifically de-
pleted for salsa (salsa RNAi) or negative control (mCherry RNAi).
Extraction was performed following standard procedures
(PureLink RNA Mini Kit, Ambion). Genomic DNA was removed
from RNA samples using PureLink DNase (Invitrogen) on-column
method. Experion Electrophoresis (Bio-Rad) was used to assess
the integrity and quantity of isolated RNA.

Preparation of cDNA library and RNA-seq

After the QC procedures, mRNA from eukaryotic organisms is en-
riched using oligo(dT) beads. First, the mRNA is fragmented ran-
domly to short fragments of 250–300 bp in fragmentation buffer,
then cDNA is synthesized by using mRNA template and random
hexamers primer. After the first strand was synthesized, a custom
second-strand synthesis buffer (Illumina), dNTPs (dUTP, dATP,
dGTP, and dCTP) and DNA polymerase I were added to initiate
the second-strand synthesis. Then followed by purification by
AMPure XP beads, terminal repair, polyadenylation, sequencing
adapter ligation, size selection, and degradation of second-strand
U-contained cDNA by the USER enzyme. The strand-specific
cDNA library was generated after the final PCR enrichment.
cDNA library preparation and HiSeq paired-end sequencing
(150 nt) was performed by Novogene

Differential intron retention analysis

Overall quality of raw RNA-seq data was analyzed using fastqc
version 0.11.5 (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) on the associated FASTQ files. vast-tools
(Braunschweig et al. 2014; Irimia et al. 2014; Tapial et al. 2017)
version 2.0.0 was used for quantification of alternative sequence
inclusion levels from FASTQ files using VAST-DB annotation for
Drosophila melanogaster genome assembly dm6 (Tapial et al.
2017; Torres-Mendez et al. 2019). To ensure intron retention
quantification with sufficient and reliable read coverage, we
considered only vast-tools’ events with a minimum mappabil-
ity-corrected read coverage score of “OK” across all samples,
corresponding to at least 20 mappability-corrected reads map-
ping either to the sum of skipping splice junctions or to one
of the two inclusion exon–intron junctions and at least 15 of
such reads mapping to the other inclusion splice junctions, as
described in vast-tools’s GitHub description page (https
://github.com/vastgroup/vast-tools). Also, only intron retention
events without statistically significant evidence for a high imbal-
ance in read counts between both upstream and downstream
exon–intron junctions and the intron body (Braunschweig et al.
2014) (binomial test’s P-value ≥0.05) for all samples were consid-
ered. Percent intron retention (PIR) (Braunschweig et al. 2014)
estimates are quantified as the ratio between the average of
exon–intron junction reads that support intron inclusion (#inc)
and the sum of these with exon–exon junction reads, supporting
intron skipping (#exc).

Precision of PIR estimates from their supporting read coverage
(#inc and #exc) was modeled using the beta distribution (conju-
gate prior probability distribution for the binomial), constrained
to [0,1] and defined by shape parameters a and β and a mean
of α/(α+β). Given that, for α, β≠ 0 for the same mean, beta distri-
butions get narrower with increasing shape parameters, emitting
points from a beta distribution with α=#inc and β=#exc allows
the scattering of emitted values to serve as a surrogate for that
PIR’s dispersion (given the original read coverage supporting it),
while the distribution’s mean value, #inc/(#inc +#exc), is an ap-
proximation of the empirical PIR. For each considered intron re-
tention event with nonzero #inc and #exc, the R function rbeta
was used to emit, for each sample, 500 values from a beta distri-
bution with shape parameters α=#inc and β=#exc. However,
while #inc or #exc can be equal to zero, beta distributions with
α orβ=0 are single valued as 0 or 1, respectively, and are not ap-
propriate to model inclusion levels. Therefore, an increment fac-
tor (incr) proportional to global coverage was added to zero
#inc (PIR=0) or #exc (PIR= 1) read counts, followed by emission,
using rbeta, of 500 points from a beta distribution with α=#inc+
incr and β=#exc+ incr. Increment factors per coverage were set
as the maximum value between 0.01 and 1 such that not more
than 5% of simulated 500-point beta distributions with α= incr
and β= coverage have a median that shows a deviation from the-
oretical PIR larger than 0.01.

For each considered event, rbeta-emitted values were grouped
per condition (control and salsa RNAi), with their median values
set as the respective summary PIRs (PIRbeta). The difference be-
tween these, ΔPIRbeta = PIRsalsa RNAi – PIRcontrol, was used as the
magnitude of differential intron inclusion. The significance of
each ΔPIRbetawas set as the ratio between the number of differ-
ences between salsa-depleted and control emitted values that
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are greater than zero and the total number of differences, reflect-
ing the probability of PIRsalsa RNAi being greater than PIRcontrol
(Pdiff).

Differentially retained introns were considered as those with
Pdiff≥ 0.9. From these, introns that were more retained upon salsa
depletion than in controls (ΔPIRbeta > 0.1) were classified as
Affected, while those showing decreased retention upon salsa
depletion (ΔPIRbeta <−0.1) were classified as Less Retained.
Irrespectively of the significance of PIR differences, Affected
introns showing very low inclusion levels in Control samples
(mean PIR<0.05) were classified into a separate group,
Affected low PIR. Included introns were set as those showing con-
sistently high inclusion, i.e. with a PIR≥0.75 for all samples and an
absolute ΔPIRbeta < 0.02, while Skipped introns were classified as
those always found spliced out, having PIR=0 for all
samples. Finally, Control introns were classified as those showing
PIRsalsa RNAi and PIRcontrol between 0.05 and 0.9 (alternatively re-
tained introns) but their retention does not seem to be affected
by salsa depletion (absolute ΔPIRbeta < 0.02).

MATT (Gohr and Irimia 2019) was used to retrieve intronic fea-
tures, such as intron, upstream or downstream exon length, splice
site strength (Yeo and Burge 2004) and GC content across groups
using function get_ifeatures. Ensembl Biomart (Kinsella et al.
2011) was used to extract transcription start sites per transcript
to calculate distance between these and the intron start (5′ss).
Differential alternative splicing analysis considering all event
types annotated in vast-tools (Supplemental Fig. S2) was per-
formed using the same filtering criteria as described above for
intron retention.

Differential gene expression analysis

Gene expression was quantified with vast-tools, that aligns RNA-
seq reads against a reference transcriptome. Differential gene ex-
pression analysis was performed with the limma R package
(Ritchie et al. 2015). The magnitude of difference in expression
was measured in log2 fold-change between control and salsa
RNAi. Six genes were considered to be significantly differentially
expressed (those with an associated positive empirical Bayes sta-
tistic giving the log-odds ratio of the gene being differentially ex-
pressed): CG4570 and Arc1 down-regulated and Drat, Cyp4p2,
sev and Ilp6 up-regulated in salsa-depleted samples.

DATA DEPOSITION

All data generated or analyzed during this study are included in
this published article (and its Supplemental Information Files).
The RNA-seq data have been deposited in the Sequence Read
Archive under accession number PRJNA655826.
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