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Modulation of F-actin dynamics by maternal Mid1ip1L controls
germ plasm aggregation and furrow recruitment in the zebrafish
embryo
Celeste Eno and Francisco Pelegri*

ABSTRACT
During the early embryonic cell cycles, zebrafish germ plasm
ribonucleoparticles (RNPs) gradually multimerize and become
recruited to the forming furrows. RNPs multimerization occurs prior
to and during furrow initiation, as forming aggregates move outward
through their association with the tips of growing interphase astral
microtubules. Germ plasm RNPs are also associated with short
cortical F-actin. We show that, in embryos mutant for the cytoskeletal
regulator mid1ip1l, germ plasm RNPs fail to become recruited to the
furrow, accumulating instead at the periphery of the blastodisc. RNP
aggregates are associated with zones ofmid1ip1l-dependent cyclical
local cortical F-actin network enrichments, as well as contractions at
both the cortex and the contractile ring. F-actin inhibition in wild-type
embryos mimics the RNP peripheral accumulation defect ofmid1ip1l
mutants. Our studies suggest that a common mechanism underlies
distinct steps of germ plasm RNP segregation. At the cortex, this
process attenuates microtubule-dependent outward RNP movement
to retain RNPs in the blastodisc cortex and allow their recruitment to
the furrows. F-actin network contraction likely also facilitates higher-
order germ plasm RNP multimerization.
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INTRODUCTION
In many animal species, including the zebrafish Danio rerio,
primordial germ cell specification occurs through the inheritance of
the so-called germ plasm, a maternally derived specialized
cytoplasm containing specific RNAs and proteins (Wylie, 1999;
Strome and Lehmann, 2007; Eno and Pelegri, 2013). In the
zebrafish, germ plasm ribonucleoparticles (RNPs) accumulate at the
cleavage furrows for first two embryonic cell divisions to generate
four large aggregates (Yoon et al., 1997; Pelegri et al., 1999; Knaut
et al., 2000). As blastomeres fully cellularize, these aggregates
become incorporated into primordial germ cells (Olsen et al., 1997;
Yoon et al., 1997; Braat et al., 1999; Knaut et al., 2000). Removal of
the cytoplasm in the region harboring the germ plasm results in
embryos lacking primordial germ cells (Hashimoto et al., 2004), as
do treatments that interfere with germ plasm segregation (Miranda-
Rodríguez et al., 2017). Conversely, an increase in germ plasm
aggregates results in excess germ cells (Bontems et al., 2009).

Immediately after fertilization, germ plasm RNPs are relatively
evenly dispersed through the blastodisc (Theusch et al., 2006), with
RNPs appearing under fluorescence microscopy as single spherical
units of typically less than a micron in diameter (Eno and Pelegri,
2013; Nair et al., 2013; this study). The assembly of germ plasm
masses during the first embryonic cell cycles involves sequential
steps in which RNPs, while appearing to remain as distinct units,
multimerize to form increasingly larger aggregates (Fig. 1).

An initial step, ‘pre-aggregation’ occurs in the blastodisc cortex
even prior to furrow formation, resulting in multimers, or pre-
aggregates, consisting of a small number of RNPs (typically fewer
than 20; Nair et al., 2013). During pre-aggregation, RNPs are
cleared from the center of the blastodisc, while a wave-front of
RNP multimers forms at the inner edge of the surrounding RNP-
containing band (Theusch et al., 2006; Nair et al., 2013). Previous
analysis suggests that the outwardly RNP clearing and associated
RNP multimerization wave-front is driven by sperm aster and
mitotic spindle astral microtubules (Theusch et al., 2006; Nair et al.,
2013), which undergo radially outward growth (Wühr et al., 2010)
and whose tips are associated with germ plasm RNPs (Nair et al.,
2013). Function of Birc5b (also known as Motley), a maternal-
specific duplicate product for the chromosomal passenger complex
(CPC) Survivin, has been shown to be a necessary link between
astral microtubule ends and the germ plasm aggregate (Nair et al.,
2013).

A second step, ‘furrow recruitment’, occurs as early blastomeres
undergo cytokinesis. It involves the local gathering of RNPs to the
forming furrow through the action of astral microtubules
originating from opposite sides of the mitotic spindle (Wühr
et al., 2010; Nair et al., 2013) and through maternal kinesin-1
motor protein Kif5Ba function (Campbell et al., 2015). This
generates elongated, rod-like arrangements of aggregates along the
base of the furrow, altogether involving a large number of RNPs
(∼500-1000 for furrows corresponding to the first two cell cycles;
Eno and Pelegri, 2013). A third step, ‘distal compaction’, occurs
as the furrow matures and involves the transition of the set of
aggregates distributed along the furrow base into a single compact
mass at each of the furrow distal ends (Pelegri et al., 1999; Eno and
Pelegri, 2013).

The steps of RNP pre-aggregation, furrow recruitment and distal
compaction are reiterated through the early embryonic cycles,
allowing the systematic gathering of germ plasm RNPs into multiple
germ plasm masses (Eno and Pelegri, 2013). The largest four
masses, those that form at the furrows for the first and second cell
cycles, subsequently become incorporated into primordial germ
cells. This work focuses on F-actin-dependent mechanisms
underlying multimerization and movement during these three
stages of germ plasm segregation. The accompanying article (Eno
et al., 2018) addresses cues mediating the directional movement ofReceived 20 July 2017; Accepted 23 April 2018
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the forming germ plasm mass towards furrow distal ends during the
distal compaction stage.
In addition to their attachment to microtubule ends, during their

multimerization and movement germ plasm RNPs are associated
with short F-actin fragments (Theusch et al., 2006; Nair et al.,
2013). Similar to germ plasm RNPs, cortical F-actin undergoes a
gradual microtubule-dependent movement towards the blastodisc
periphery, where it accumulates forming circumferential arcs
composed of short F-actin (Theusch et al., 2006; Nair et al.,
2013). The close association of F-actin fragments to RNPs during
their multimerization and outward movement suggests that F-actin
is involved in one or both of these processes.
We recently reported that the maternal-effect gene aura encodes

the cytoskeletal regulator Mid1ip1L (MID1 interacting protein 1 like)
and is required for the reorganization of cortical F-actin in the early
embryo, including the formation of circumferential arcs (Eno et al.,
2016). Here, we show that, in auramutant embryos, germ plasmRNP
aggregates fail to become recruited to the forming furrow, instead
accumulating in peripheral regions of the blastodisc. This phenotype
is associated with an accelerated rate of outward RNP movement in
mutants. Inhibition of the F-actin network mimics, and stabilization
of F-actin partially rescues, the aura mutant germ plasm segregation
phenotype, suggesting that dynamics events within the F-actin cortex
regulate germ plasm RNP movement. aura/mid1ip1l function is
required for the generation of cyclical patterns of dynamic cortical
F-actin enrichment as well as cortical trench-like contractions
corresponding to circumferential F-actin arcs. aura/mid1ip1l-
dependent F-actin local contractions are also observed at the
contractile band during furrow formation, where they are also
associated with RNP aggregate fusion. Our studies indicate that
regulated aura/mid1ip1l-dependent cortical F-actin dynamics
mediate germ plasm segregation prior to and during furrow
formation.

RESULTS
Mutations in the maternal gene aura/mid1ip1l lead to failed
germ plasm RNP furrow recruitment
As previously reported (Yoon et al., 1997; Pelegri et al., 1999;
Theusch et al., 2006; Eno and Pelegri, 2013), germ plasm RNPs

present in the blastocyst cortex of wild-type embryos, such as those
containing vasa RNA, form a characteristic rod-like structure along
the forming furrows for the first two mitotic cycles (35 mpf;
Fig. 2A,A′; 96%, n=45). Previous studies have shown that maternal
homozygosity for mutations in aura/mid1ip1l leads to defects in the
early embryo, including cortical granule release and the completion
of cytokinesis, defects that invariably result in embryonic lethality
(Pelegri et al., 2004; Eno et al., 2016). However, using molecular
markers, we find that, in embryos from females homozygous for
mutations in aura/mid1ip1l, animal germ plasm RNPs fail to
localize to the forming furrow (Fig. 2B,B′, Fig. S1), accumulating

Fig. 1. Stages of RNP segregation leading to germ plasm aggregates at the furrow. Radial astral microtubule growth results in the outward movement of
RNPs, which begin a process of pre-aggregation even prior to furrow formation. During cell division, the same process, but now driven by microtubules
from a bipolar spindle (not shown), results in the RNP recruitment at the furrow. Medial-to-distal movement along the furrow generates compact masses
at the furrow distal ends. The process is systematically repeated through the early cell divisions, although only the largest four germ plasmmasses, corresponding
to those at the first and second cleavage furrows, are stable (Eno and Pelegri, 2013, 2016).

Fig. 2. aura mutant embryos fail to recruit germ plasm to the furrows.
(A-B′) vasaRNA localizes to the furrow inwild type (A,A′) but not in auramutants
(B,B′), where it instead localizes to the blastodisc periphery (B, bracket).
Arrows indicate cleavage planes for the first and second cell cycles. Boxed
regions in A,B are shown in A′,B′. Scale bar: 100 μm in A,B; 50 μm in A′,B′.
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instead as aberrantly large aggregates at the periphery of the
blastodisc (Fig. 2B, bracket; 11% with furrow localization, n=45).
This phenotype is observed in embryos from females homozygous
for either the mutant allele aurt9792 allele (Fig. 2, Fig. S1), which
deletes a conserved C-terminal domain in the Mid1ip1L protein
(Eno et al., 2016), or the CRISPR/Cas9-induced allele auruw39

(Fig. S2), which deletes most of the Mid1ip1L protein and is
therefore presumed to be a null allele (Eno et al., 2016). For
simplicity, we refer to embryos from aura/mid1ip1l homozygous
mutant females as aura/mid1ip1l mutant embryos.
aura/mid1ip1l mutant embryos exhibit defects in furrow

formation, but these defects occur at late stages of cytokinesis
(45-55 mpf). However, furrow initiation in aura/mid1ip1l mutants
at earlier stages (30-40 mpf), a time coincident with the observed
defect in animal germ plasm RNP furrow recruitment, is largely
normal (Eno et al., 2016). Thus, the RNP recruitment phenotype
observed in aura/mid1ip1l mutants is likely caused by cellular
events that occur prior to and during furrow initiation, independent
of the late cytokinesis defects.

Germ plasm RNP aggregation is associated with cortical
F-actin surface trenches
Because aura/mid1ip1l mutants exhibit defects in cortical F-actin
dynamics even prior to furrow formation (Eno et al., 2016), and as
animal germ plasm RNPs are associated with cortical F-actin
(Theusch et al., 2006; Nair et al., 2013), we explored whether the
RNP furrow recruitment phenotype in aura/mid1ip1l mutants is
related to cortical F-actin defects. For these experiments, and in
order to increase sensitivity and preserve subcellular morphology,
we took advantage of the ability of anti-P-myosin monoclonal
antibody to label most germ plasm RNAs in the one- to four-cell
stage embryo (Nair et al., 2013). Our previous studies have shown
that wild-type embryos form cortical F-actin arcs, composed of
short F-actin fragments, that run along the periphery of the
blastodisc (Theusch et al., 2006; Nair et al., 2013; Eno et al.,
2016) (Figs 3A and 4A-D). aura/mid1ip1l mutants, on the other
hand, exhibit reduced formation of circumferential F-actin arcs (Eno
et al., 2016) (Figs 3B and 4E-H). Orthogonal views of these
projections reveal that the F-actin arcs found in wild type correspond
to trench-like indentations at the cortex (Fig. 3A′,A″). Such cortical
trenches are often associated with RNP aggregates in their
cytoplasmic side (Fig. 3A′). In aura/mid1ip1l mutants, although
RNPs appear associated with cortical F-actin, the F-actin cortex
appears as a flat surface that lacks cortical trenches (Fig. 3B′,B″).

aura/mid1ip1l mutants show an increased outward germ
plasm RNP movement along the blastodisc cortex
In a time course analysis of fixed samples, cortical F-actin and
associated germ plasm RNPs are initially distributed throughout
most of the blastodisc (Fig. 4A,A′), and show the expected outward
movement during sperm aster formation immediately prior to and
during the first few cell divisions (Theusch et al., 2006; Nair et al.,
2013; Fig. 4B-D, white double-headed arrows denote RNP
domain). In aura mutant embryos, the initial distribution and
number of RNPs appears normal compared with wild type (Fig. 4E;
Fig. S3). However, concomitant with the cortical F-actin
reorganization defect, RNP pre-aggregates accumulate to the
distal edge of the blastodisc at a rate that appears to be faster than
wild type (Fig. 4F-H). We quantified the rate of outward movement
of cortical RNPs by determining the ratio of the RNP-free domain,
from the center of the blastodisc to the RNP aggregation front [at the
inner rim of the RNP peripheral band (red double-headed arrows)]

relative to the radius of the blastodisc. This analysis shows a
significantly increased outward movement of the germ plasm RNP
aggregation front in mutants (Fig. 4I).

F-actin dynamics modulates microtubule-dependent
outward movement of germ plasm RNPs
Given the role of aura/mid1ip1l in cortical F-actin dynamics (Eno
et al., 2016), we tested the effect of F-actin inhibitors and stabilizers
on germ plasm RNP furrow recruitment in embryos co-labeled for
the germ plasm marker P-myosin and F-actin (Fig. 5), assaying at a
time when, in control wild-type embryos, RNPs have become
recruited to the furrows for the first two cycles (60 mpf, 84% of
furrows with large aggregates, n=50) and a fraction of RNPs
remains associated with F-actin arcs at the blastodisc margin (Eno
and Pelegri, 2013; Nair et al., 2013; Fig. 5A). Treatment of wild-
type embryos with the F-actin inhibitor cytochalasin D results in a
reduced fraction of furrows with germ plasm RNP furrow
recruitment (30%, n=20), defects that are similar to those
observed in control aura/mid1ip1l mutants (25%, n=20). In
cytochalasin D-treated wild-type embryos, cortical F-actin arcs
fail to form and RNP aggregates are found mostly as large
aggregates at the outer periphery of the blastodisc (Fig. 5B), again
reminiscent of the aura/mid1ip1l mutant phenotype (Fig. 5E).
Cytochalasin D treatment of aura/mid1ip1l mutants results in an
apparent enhancement of the F-actin and RNP segregation
phenotype (0% furrow recruitment, n=8), with RNPs
accumulating at the margin (Fig. 5F). Treatment of wild-type
embryos with the F-actin stabilizer phalloidin does not have a
significant effect on RNP furrow localization (90%, n=20) and does
not affect F-actin arc formation or lead to ectopic marginal RNP
aggregates (Fig. 5C). However, phalloidin treatment restores RNP
furrow recruitment in aura/mid1ip1lmutants (95%, n=20), allowing

Fig. 3. Germ plasm RNP aggregates associate with Mid1ip1L-dependent
cortical F-actin contractions. (A-B″) SIM images of cortical F-actin and germ
plasm RNPs (anti-P-myosin) in wild type (A-A″) and aura mutants (B-B″), with
orthogonal views (A′,B′, F-actin/RNPs; A″,B″, F-actin alone). Scale bar: 5 μm.
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F-actin arc formation and reducing ectopic marginal RNP
aggregates (Fig. 5G). Similar effects on germ plasm RNP
segregation were obtained when visualizing germ plasm with a
probe to detect dead end RNA (Weidinger et al., 2003) using in situ
hybridization (Fig. S4). Quantification of the position of the RNP
aggregation front at 60 mpf shows that inhibition of the F-actin
network results in an increase in the extent of outward RNP
movement (95.4%, n=9; Fig. 5I) compared with control wild type
(70.3%, n=13), similar to the increase observed in aura/mid1ip1l
mutant embryos (93.0%, n=7, see also Fig. 4). These results suggest
that Mid1ip1L-dependent cortical F-actin dynamics function in the
modulation of outward clearing of germ plasm RNP segregation,
leading to furrow recruitment.
As expected (Theusch et al., 2006; Nair et al., 2013), treatment of

wild-type embryos with the microtubule depolymerizing agent
nocodazole results in germ plasm RNPs being distributed in more
central regions of the cortex due to a reduced degree of outward
movement of RNP aggregates (29.1% RNP clearance from
blastodisc center, n=13, compared with 80.9% in control wild-
type, n=4; Fig. 5D,J). In aura/mid1ipL mutants, nocodazole
treatment also results in decreased outward RNP clearance
(53.3%, n=10, compared with 91.3% in control mutants, n=4;

Fig. 5J), and reverses the ectopic marginal accumulation of RNP
aggregates (Fig. 5H). Thus, the formation of peripheral ectopic
aggregates in aura/mid1ip1l mutants, as in wild-type (Theusch
et al., 2006; Nair et al., 2013), is dependent on microtubule-
dependent outward RNP movement. Altogether, these data suggest
that Mid1ip1L function and the F-actin network are required to
attenuate microtubule-dependent outward movement of cortical
germ plasm RNPs, and that this modulation is necessary for their
recruitment to the furrows.

Cortical F-actin exhibits aura/mid1ip1l-dependent cyclical
enrichment
To investigate further the dynamic nature of cortical F-actin and its
dependence on Mid1ip1L, we carried out live imaging of actin in
wild-type and mutant embryos using a LifeAct transgene (Behrndt
et al., 2012). In wild-type early embryos before first furrow
formation (between 15-30 mpf), cortical F-actin exhibits repeated
cycles of F-actin enrichments (Fig. 6A, white and red circles;
Movie 1). These F-actin enrichments appear to reappear in the same
location with a periodicity of about 80 s, in a manner reminiscent of
previously described cyclical cortical F-actin polymerization
patterns in Xenopus and starfish oocytes, and in early embryonic

Fig. 4. Increased outward movement of germ plasm RNPs in aura/mid1ip1l mutants. (A-D) In wild-type embryos, RNPs, which are initially distributed
throughout the blastodisc, progressively accumulate as a peripheral band coincident with F-actin arc formation and peripheral movement. (E-H) In aura mutants,
F-actin arcs fail to form and the field of RNPs narrows at a faster rate. White double-headed arrows highlight the RNP field; red double-headed arrows indicate
the distance from the center of the embryo to the inner rim of aggregates at the RNP field. Blue arrows (D,H) indicate furrow F-actin. A′-H′ are magnified
regions of A-H at the location indicated by insets. Scale bars: in A, 100 μm for A-H; in A′, 10 μm for A′-H′. (I) Quantitation of outward RNPmovement, with the location
of the RNP aggregating front determined upon magnification of the image. Significance was determined using an unpaired t-test. Data are mean±s.e.m.
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cells (Bement et al., 2015). auramutant embryos do not show these
cyclical patterns, exhibiting instead a relatively static network that
gradually reorganizes into punctate circular patterns similar to those
observed in fixed samples (Fig. 6B,D,D′; Movie 1; see also Eno
et al., 2016). F-actin ring-like structures, though smaller and not as
punctate or frequently observed as in aura/mid1ip1l mutants, can
also be discerned amid cortical F-actin enrichments in wild-type
embryos (Fig. 6C,C′). Kymograph analysis from live imaging data
shows that in wild-type cortical F-actin exhibits a characteristic

undulating pattern over time, involving slight lateral shifts of F-actin
enrichment (Fig. 6C″). In contrast, in aura mutants localized
cortical F-actin enrichments do not undergo lateral shifts, remaining
instead in a static pattern that dissipates over time (Fig. 6D″). As
expected from the analysis of fixed samples, wild-type embryos
treated with cytochalasin D and phalloidin exhibit reduced and
dynamic F-actin networks, respectively (Movies 2 and 3), and
phalloidin treatment partially rescues F-actin dynamics in live aura/
mid1ip1l mutants (Movie 4).

Fig. 5. Modulation of germ plasm RNP outward movement depends on cortical F-actin. (A-H) RNPs (green) and cortical F-actin (red) in control- (DMSO),
cytochalasin D-, phalloidin- and nocodazole-treated wild-type (A-D) and aura mutant (E-H) embryos. F-actin inhibition with cytochalasin D in wild-type
embryos leads to large RNP aggregates at the distal edge of the blastodisc (B), mimicking the auramutant phenotype (E; large spherical structures are retained
cortical granules; Eno et al., 2016). F-actin stabilization with phalloidin (C,G) does not have a significant effect in wild type (C) but reduces ectopic RNP
aggregate accumulation in aura mutants (G). Inhibition of microtubules with nocodazole (D,H) results in reduced outward RNP movement in both wild type
(D; Theusch et al., 2006) and aura mutants (H). Brackets indicate ectopic marginal RNP aggregate accumulation. (I,J) Quantitation of RNP outward clearing.
Significance was determined using an unpaired t-test. Data are mean±s.e.m. Scale bar: 10 μm.

Fig. 6. Dynamic waves of cortical F-actin
depend on aura/mid1ip1 function. (A,B) In
live wild-type embryos, cortical F-actin
shows cyclical patterns of apparent
enrichment, whereas this network appears
static in aura mutants (B) (in each case, red
and white circles highlight two different
cortical locations). Still images of LifeAct
transgenic embryos spaced 42 s apart
(Movie 1). (C-D′) The F-actin network
towards the end of the movie sequence
highlights that F-actin forms a punctate
pattern as well as numerous round F-actin
structures (red circles) in mutants (D,D′) that
are present in lower numbers in wild type
(D,D′). (C″,D″) Kymographs of cortical
F-actin (data from dashed lines in C′,D′,
representing 70 time points in a 140 s
period) show lateral undulations in wild type
and a static network in aura mutants. Scale
bar: 10 μm.

5

RESEARCH ARTICLE Development (2018) 145, dev156596. doi:10.1242/dev.156596

D
E
V
E
LO

P
M

E
N
T

http://movie.biologists.com/video/10.1242/dev.156596/video-1
http://movie.biologists.com/video/10.1242/dev.156596/video-2
http://movie.biologists.com/video/10.1242/dev.156596/video-3
http://movie.biologists.com/video/10.1242/dev.156596/video-4
http://movie.biologists.com/video/10.1242/dev.156596/video-1


aura/mid1ip1l is required for F-actin cortical waves
associated with germ plasm RNP aggregates
3-D rendered orthogonal views of the cortical F-actin cytoskeleton
show key differences between wild-type andmutant embryos, as well
as embryos treated with cytoskeletal inhibitors (Fig. 7). Wild-type
embryos show cortical trenches (Fig. 7A, corresponding to Fig. 3A′),
whereas these structures are entirely lacking in aura/mid1ip1l
mutants (Fig. 7G, corresponding to Fig. 3B′) or cytochalasin
D-treated wild-type embryos (Fig. 7C). Although phalloidin-treated
wild-type embryos did not exhibit a statistically significant increase in
cortical trenches (Fig. 7E), phalloidin treatment caused a significant
increase in cortical F-actin trench formation in aura/mid1ip1l
mutants compared with control-treated mutant embryos (Fig. 7I,
quantification in K), consistent with a rescuing effect through F-actin
stabilization of the phenotypes associated with aura/mid1ip1l
mutations (Eno et al., 2016). Thus, Mid1ip1L function is required
for the formation of cortical F-actin trench-like structures associated
with germ plasm RNP pre-aggregates.

Shared aura/mid1ip1l-dependent features at the cortex and
furrows associated with germ plasm RNP aggregation
Remarkably, a pattern of repeated wave-like structures was also
observed in optical cross-sections of F-actin at the furrow, with
wild-type furrows showing repeated indentations (Fig. 7B). Similar
to the case for the F-actin cortex, these indentations are not present
in aura mutants (Fig. 7H). Also similar to cortical F-actin trench
formation (Fig. 7C), cytochalasin treatment of wild-type embryos
results in furrow F-actin without indentations (Fig. 7D), mimicking
the aura mutant phenotype. Moreover, and also reminiscent of the
effect on cortical trenches (Fig. 7I), phalloidin treatment restores the
ability of furrow F-actin to form indentations in aura/mid1ip1l
mutant embryos (Fig. 7J, quantification in L). In addition, F-actin

accumulations at the furrow, as seen in a face on (animal) view,
corresponding to furrow indentations, appear continuous with
F-actin enrichments at the abutting cortex, corresponding to cortical
trenches (Fig. S5). Thus, these two types of F-actin structures,
cortical trenches and furrow indentations, are induced by a
functionally related Mid1ip1L-dependent mechanism and are
structurally linked.

As with the case of surface contraction trenches at the cortex
(Fig. 8A-C, see also Fig. 3A′), F-actin indentations at the furrow are
associated with germ plasm RNP aggregates (Fig. 8D-F), which
appear to be in close association with, and typically in between,
furrow indentations (Fig. 8G,G′). In cases in which the RNP
aggregate at the furrow is a relatively elongated structure, it is often
observed to be associated via one of its ends to the furrow
indentation, with most of the aggregate mass protruding into the
cytoplasm (Fig. 8G′).

Notably, cortical trenches and furrow indentations exhibit a
directional accumulation over time. Cortical trenches span a
progressively reduced and more distal location of the blastodisc in
a radial direction (Fig. 8A-C′, quantified in H) mirroring the
outward movement of the germ plasm RNP aggregation front.
Furrow indentations also occur in a progressively more distally
confined region, in this case in a medial-to-distal direction along the
furrow (Fig. 8D-F′, quantified in I), mirroring the compaction of the
RNP aggregate.

The directional tightening of F-actin cortical trenches and furrow
indentations is consistent with a role in their gradual encroachment
of RNP aggregates to facilitate their fusion into increasingly larger
aggregates, which eventually accumulate at the furrow distal ends.
Indeed, RNPs can be observed as streams of single particles in
between adjacent aggregates at the furrow (Fig. 8G,G″), a behavior
consistent with inter-aggregate fusion. Thus, wild-type embryos

Fig. 7. F-actin cortical trenches and furrow indentations depend on aura/mi1ip1L function. (A-J) Orthogonal views of cortical and furrow F-actin in wild-type
and aura mutant embryos treated with drugs targeting F-actin. Wild-type embryos exhibit cortical trenches (A) and furrow indentations (B), which are
missing in auramutants (G,H). In wild type, actin inhibition with cytochalasin D abolishes the formation of both cortical trenches (C) and furrow indentations (D).
Treatment with the F-actin stabilizer phalloidin allows cortex trenches (E) and furrow indentations (F) in wild type and rescues the formation of these
structures in auramutants (I,J). (K,L) Quantitation of the number of cortical trenches and furrow indentations under the various conditions, using data from at least
seven images per condition. Significance was determined using an unpaired t-test. Data are mean±s.e.m. Scale bar: 10 μm.

6

RESEARCH ARTICLE Development (2018) 145, dev156596. doi:10.1242/dev.156596

D
E
V
E
LO

P
M

E
N
T

http://dev.biologists.org/lookup/doi/10.1242/dev.156596.supplemental


exhibit aura/mid1ip1l-dependent wave-like contractions at the
cortex and furrows, which in both cases are associated with germ
plasm RNP aggregates and appear to regulate their movement and
aggregation.

Mid1ip1L associates with dynamic cortical F-actin
We used structured illumination microscopy (SIM) to visualize
Mid1ip1L protein in relation to cortical F-actin with increased
resolution compared with previous studies (Eno et al., 2016). In
control wild-type embryos, Mid1ip1L protein largely colocalizes
with cortical F-actin (Fig. 9A), as well as in F-actin-enriched regions
at the furrow (Fig. 9B). Interestingly, Mid1ip1L protein and F-actin
do not fully colocalize, revealing regions within or immediately
adjacent to F-actin enrichments that contain higher levels of
Mid1ip1L protein, and vice versa. In mutants for the aurat9792

allele, which lacks the majority of the protein except for a conserved

C-terminal domain, Mid1ip1L protein is present, but the
localization to actin is drastically reduced (Eno et al., 2016; data
not shown).

Interfering with F-actin polymerization with cytochalasin D
treatment results in the expected reduction in cortical F-actin. Under
this condition, Mid1ip1L protein appears highly punctate, showing
reduced overlap with any remaining cortical F-actin (Fig. S6B).
Treatment of wild-type embryos with phalloidin also results in an
apparently reduced degree of localization between Mid1ip1L
protein and F-actin (Fig. S6C). In contrast to treatments that affect
F-actin dynamics, embryos treated with the microtubule inhibitor
nocodazole do not exhibit apparent differences in the pattern of
colocalization of Mid1ip1L protein and F-actin observed in control
wild-type embryos (Fig. S6D). Thus, Mid1ip1L protein binds
specific regions of short cortical F-actin, and this binding depends
on F-actin dynamics (see Discussion).

Fig. 8. F-actin cortical trenches and furrow indentations exhibit a directional progression and are associated with germ plasm RNPs. (A-C) Wild-type
embryos fixed prior to furrow formation (A, 35 mpf; B, 50 mpf; C, 65 mpf; animal with blastodisc center to the left and blastodisc periphery to the right). F-actin
arcs, associated with RNP aggregates, move outwards as they form a more-dense network. A′-C′ highlight the region of F-actin arcs (white double-headed
arrows) and the distance from the center of the blastodisc to the inner rim of the F-actin arc region (red double-headed arrows). (D-F) Wild-type embryos
fixed during furrow formation (D, 35 mpf; E, 50 mpf; F, 65 mpf; animal view with furrow medial region to the left and furrow distal end to the right). The region
containing RNPs, which progressively becomes more distally restricted, corresponds to that exhibiting F-actin furrow indentations, as revealed by orthogonal
views (D′-F′). In D′-F′, white double-headed arrows encompass the region with F-actin indentations and red double-headed arrows the more medial region
with F-actin of an even and wider span, and with a punctate appearance, which likely correspond to the forming cell adhesivewall (Jesuthasan, 1998; Urven et al.,
2006). (G) Orthogonal view of the furrow showing association of RNP aggregates with F-actin furrow indentations. (G′) RNP aggregates wedged within
cytoplasmic spaces between indentations. (G″) An apparent stream of individual RNPs between larger aggregates (rotated as a top view for better visualization).
In all images, RNPs (P-myosin) are in green and F-actin is in red, except the RNP and F-actin channels have been omitted for clarity in A′-F′ and G′′, respectively.
(H) Quantification of cortical actin clearance as the ratio of the distance from the center of the blastodisc to the region of cortical F-actin trenches
(red double-headed arrows in A′-C′) over the blastodisc radius. (I) Quantification of furrow actin clearance as the distance from the center of the furrow to the
region of furrow F-actin indentations (red double-headed arrows in D′-F′) over the half-length of the furrow. (J) Quantification of the distance between individual
F-actin arcs (distance between their peak intensity) within the blastodisc arc region (double-headed arrows in A′-C′), showing increasing density of F-actin
network during its peripheral restriction. Significance was determined using an unpaired t-test. Data are mean±s.e.m. Scale bars: 10 μm.
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DISCUSSION
Previous studies have shown that zebrafish germ plasm RNPs are
associated with cortical F-actin, and that microtubule growth
mediates the movement of RNPs associated with the actin
network, which results in RNP multimerization and localization
to the furrows (Theusch et al., 2006; Nair et al., 2013). Here, we
show that dynamic reorganization of the cortex, mediated by the
function of maternal Mid1ip1L, is required to retain RNPs to the
cortex during the early cleavage cycles in order to allow their
recruitment to the forming furrows. Surprisingly, mid1ip1l-
dependent F-actin dynamic mechanisms appear conserved at both
the early embryo cortex and furrows, showing shared mechanisms
associated with germ plasm RNP movement and multimerization
prior to and during furrow formation.

Mid1ip1L-dependent germ plasm RNP cortical retention is
essential for furrow recruitment
Zebrafish germ plasm is inherited in the egg as RNPs associated
with the animal cortex of the early zygote (Theusch et al., 2006;
Nair et al., 2013; Eno and Pelegri, 2016). Association of these
animal germ plasm RNPs to the plus ends of astral microtubules
during early embryonic development results in their outward
movement, with aggregates forming along what appear to be
outwardly moving aggregation waves at the inner rim of an RNP
cortical band. Soon after fertilization, germ plasm RNPs appear
associated with short F-actin seeds, with the CPC protein Birc5b
acting as necessary link between the ends of growing astral
microtubules and a complex involving RNPs and F-actin (Nair et al.,
2013). RNP recruitment during cell division depends on their
gathering at the furrow from adjacent cortical regions, mediated by
the action of interphase astral microtubules (Eno and Pelegri, 2013;
Nair et al., 2013).

Aided by a process of internal priming (Ishihara et al., 2014),
interphase astral microtubules appear to reach the outermost regions
of the blastodisc and forming blastomeres (Wühr et al., 2009, 2010),
an ability that allows for furrow induction in large dividing
blastomeres (Yabe et al., 2009). We find that ectopic localization of
RNP aggregates to the blastodisc periphery in aura/mid1ip1lmutant
embryos correlates with an increased rate of outward movement of
the RNP aggregation front in the embryo, and that inhibition of
cortical actin results in similar effects. These observations suggest a
modulatory function for Mid1ip1L and cortical F-actin to reduce the
rate of outward RNP movement. In wild type, the attenuation of
germ plasm RNP peripheral movement by Mid1ip1L function and
cortical F-actin allows cortical RNPs to be partially retained in the
blastodisc cortex, where astral microtubules for the following cell
cycle can promote further RNP furrow recruitment (Fig. 10). In the
absence of this attenuation, as in aura/mid1ip1l mutants, outward
forces bring RNPs prematurely to the blastodisc periphery, rather
than to the furrow (Fig. 10, aura). Thus, our studies suggest that the
rate of germ plasm RNP aggregate outward movement is finely
regulated in order to balance two opposing forces: microtubule-
dependent outward RNP movement, which promotes their
collection at the furrow plane by bipolar spindles during cell
division; and Mid1ipL-dependent RNP retention at the cortex,
which allows for the gradual collection of RNPs in furrow planes
during consecutive cell cycles.

The end result of this process is the formation of four large germ
plasm masses, one at each furrow end for the first and second cell
cycles (Eno and Pelegri, 2013). Cell cleavage orientation in the
zebrafish embryo is specified independently of the axis of dorsal
induction (Abdelilah and Driever, 1997). We speculate that the
location of these germ plasm masses, which generate primordial
germ cells in all four quadrants of the embryo, maximizes the

Fig. 9. Mid1ip1L protein localizes with cortex and furrow actin. (A-B″) SIM images of single and merged channels showing partial colocalization of Mid1ip1L
protein with F-actin in wild-type embryos. (A-A″) At the cortex, Mid1ip1L protein partially colocalizes with the cortical F-actin. (B-B″) At the furrow, Mid1ip1L
protein also partially colocalizes with transverse F-actin at furrow distal ends, which corresponds to furrow F-actin indentations (see also Fig. S5). Insets show a
magnified view within the field. Scale bar: 10 μm in A-B″; 1 μm in insets.
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potential to populate the gonad through mechanisms of chemokine-
guided cell migration (Paksa and Raz, 2015).

Mid1ip1L-dependent F-actin dynamics and surface wave
formation
We find that wild-type embryos exhibit cycles of Mid1ip1L-
dependent cortical F-actin polymerization and depolymerization.
We additionally find the presence of F-actin indentations at the
cortex, which also depend on Mid1ip1L function, corresponds to
previously described circumferential F-actin bands (Theusch et al.,
2006; Nair et al., 2013). We do not yet know the precise
interconnection between F-actin polymerization cycling, which is
observed in cortices of live embryos, and the formation of cortical
F-actin bands and trenches observed in fixed samples. However,
both of these events are dependent on Mid1ip1L function and, in
live embryo cortices, we observe F-actin alignment, albeit only
partial, that is reminiscent of F-actin bands in fixed embryos
(Fig. 6A). It is also possible that fixation arrests cycles of cortical
contraction at a specific point in the F-actin cycle, highlighting the
elongated circumferential trenches that can be observed in fixed
samples. In addition to a potential connection to cortical contraction
formation (see below), Mid1ip1L-dependent lateral cortical

movement may help accelerate RNP-RNP encounters and
therefore multimerization of single RNPs into the observed pre-
aggregates.

Some of the processes we observe in zebrafish may be conserved,
as Xenopus germ plasm aggregation has been found to depend on
surface contraction waves at the vegetal pole of the embryos (Savage
and Danilchik, 1993). Moreover, cortical F-actin in Xenopus and
starfish oocytes and early embryonic cells exhibits Rho-dependent
cycles of polymerization and depolymerization that initiate at
anaphase onset, leading to cytokinesis (Bement et al., 2015). The
latter are similar to those we observe in the zebrafish embryo,
although in Xenopus and starfish these cycles occur independently
of the segregation of germ cell determinants, which are restricted to
the vegetal pole in these species (Whittington and Dixon, 1975;
Ressom and Dixon, 1988; Savage and Danilchik, 1993; Juliano
et al., 2010). It is possible that the early zebrafish embryo has
co-opted an already existing cortical process to precisely regulate
germ plasm segregation.

Super-resolution images show that Mid1ip1L localizes to the
ends of short F-actin, a localization that is reduced by both
inhibition of actin polymerization with cytochalasin D and F-actin
stabilization with phalloidin. Similar to the effect on germ plasm

Fig. 10. Model for the Mid1ip1L- and F-actin-dependent modulation of germ plasm segregation. In wild type (WT, animal view) during the first few cell
cycles, Mid1ip1L-dependent F-actin dynamics attenuate (red arrow) a microtubule-dependent outward movement (purple arrows), resulting in the regulated
outward movement of RNPs (graded light-green arrows). Regulated outward RNP movement allows the partial persistence of RNPs at the cortex, making
them available for recruitment to the furrows for the next cell cycles (graded dark-green arrows). In auramutants (animal view), Mid1ip1L-dependent modulation is
affected, causing unregulated outward RNP movement. This results in low persistence of RNPs at the cortex, leading to reduced RNP furrow recruitment
(white arrows) and increased peripheral accumulation. Insets as side views depict shared aspects of Mid1ip1L-dependent surface contractions at the cortex and
along the furrow, the gradual increase in density of which facilitates RNP aggregate fusion through encroachment. Growing astral microtubules
likely provide a directional outward radial cue to influence cortical contractions. A second signal (yellow arrows) provides medial-to-distal directionality along the
furrow [see accompanying work (Eno et al., 2018); furrow-associated microtubules are not shown].
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RNP segregation, defects in cortical contractions in aura/mid1ip1l
mutants are mimicked by F-actin depolymerization and partially
rescued by F-actin stabilization (see also Eno and Pelegri, 2016).
Considering these findings, we envision that Mid1ip1L protein
either promotes F-actin polymerization at its plus (barbed) end
(Fig. S7, top) or negatively regulates F-actin depolymerization at its
minus (pointed) end (Fig. S7, bottom). Stabilization of F-actin with
phalloidin may allow for proper filament length in aura mutant
embryos, and the formation of surface contractions (Fig. S7),
although additional defects in aura mutants such as in internal
membrane recycling (Eno et al., 2016) and furrow maturation (Eno
et al., 2016; Eno et al., 2018) likely preclude the ability of phalloidin
to fully rescue the aura cytokinesis defect (Eno et al., 2016; C.E.
and F.P., unpublished).
Several possible mechanisms may allow Mid1ip1L-dependent

F-actin dynamics to produce cortical trenches, including F-actin
ruffling (Ballestrem et al., 1998), polymerization coupled to
membrane attachment (Nawaz et al., 2015; Zuchero et al., 2015),
F-actin flow (Comrie et al., 2015) or actomyosin contraction
(Schaefer et al., 2002; Burnette et al., 2011). Mid1ip1L protein,
initially identified as an interacting factor of the X-linked causal
gene for Opitz G/BBB syndrome in humans (Quaderi et al., 1997;
Gaudenz et al., 1998; Cox et al., 2000; De Falco et al., 2003; Winter
et al., 2003), does not contain obvious functional motifs to explain
these interactions, although the protein has been shown to regulate
both microtubules (Berti et al., 2004) and F-actin (Eno et al., 2016).
The periodic nature of the observed trenches is intriguing. In

motile cells, while treadmilling is constitutive during F-actin
ruffling, ruffles only appear at certain points (Ballestrem et al.,
1998). Similarly, F-actin hotspots accumulate periodically where
F-actin undergoes continuous assembly and disassembly (Ganguly
et al., 2015). In the latter system, F-actin accumulation occurs at
3-4 μm apart, a distance similar to that between F-actin arcs in the
early zebrafish embryo. It will be interesting to determine how
apparently constitutive mechanisms determine the observed
periodic patterns of cortical F-actin.
Further work will also be required to understand how Mid1ip1L-

dependent F-actin dynamics and cortical indentations attenuate the
outward movement of germ plasm RNPs. Previous studies suggest
dynamic actin and actomyosin contractility can actively influence
cell-surface molecules to form transient clusters (Goswami et al.,
2008; Gowrishankar et al., 2012) and can alter diffusion of GPI-
anchored cortical proteins (Saha et al., 2015). Competitive binding
of germ plasm RNPs between microtubule tips and F-actin
(Alberico et al., 2016; Mohan and John, 2016; Cabrales-Fontela
et al., 2017), as RNPs move outwardly through the action of astral
microtubule growth, may also explain the modulation of RNP
movement by the actin network.
During the early cell cycles in the zebrafish embryo, intracellular

components undergo active redistribution through ooplasmic
streaming, a process that depends on F-actin function (Roosen-
Runge, 1938; Kane and Kimmel, 1993; Leung et al., 2000;
Fernández et al., 2006; Fuentes and Fernández, 2010; Li-Villarreal
et al., 2015). We cannot rule out scenarios in which Mid1ip1L- and
F-actin-mediated RNP retention occurs indirectly through the
modulation of cytoplasmic flow. However, the bulk of ooplasmic
streaming into the blastodisc occurs through internal yolk cell
channels, likely generating a central-to-peripheral flow in the
blastodisc (e.g. Li-Villarreal et al., 2015). Such a flow would be
unlikely to contribute to RNP retention, which we infer occurs in the
opposite direction. In addition, we observe RNP aggregates only in
cortical locations (Theusch et al., 2006; Eno and Pelegri, 2013; Nair

et al., 2013; this study), and not in internal regions if these were to
cycle through cytoplasmic streams.

Parallel Mid1ip1L-dependent mechanisms in the blastodisc
cortex and the furrow
Surprisingly, we found indentations in furrow F-actin that share
similarities to trenches found in the blastodisc cortex. In both cases,
these indentations are Mid1ip1L dependent and are affected by
inhibitors of F-actin dynamics. Trenches and indentations exhibit an
apparent movement towards more peripheral regions of the
blastodisc (outwardly for cortical trenches and medial-to-distal for
furrow indentations). These similarities strongly suggest that similar
underlying mechanisms drive F-actin deformations at both the
cortex and the furrow.

The directionality of inferred movement suggests the involvement
of traveling F-actin waves (t-waves; Allard and Mogilner, 2013),
which may be responding to different signals at the cortex compared
with the furrow. At the cortex, outward directionality may be caused
by the growth of interphase astral microtubules, whereas at the
furrow, medial-to-distal directionality may be conferred by furrow-
associated directional cues (Eno et al., 2018).

An encroachment mechanism for germ plasm RNP
aggregation
Germ plasm has been proposed to generate a fluid phase that is
different from that of the cytoplasm in various systems
(Brangwynne et al., 2009; Updike et al., 2011; Wang et al., 2014;
Nott et al., 2015), including the zebrafish (Riemer et al., 2015),
which by virtue of differential affinity may promote particle-particle
binding. An increase in particle density is expected to facilitate
particle encounters whose different properties may cause particle-
particle adhesion. Outward movement of germ plasm RNPs linked
to growing astral microtubules result in an increase in RNP relative
density that likely facilitates inter-particle encounters.

We find an association of germ plasm RNP aggregates with
cortical F-actin trenches at the blastodisc cortex, as well as F-actin
indentations at the furrow, with RNP aggregates connected to the
cytoplasmic side of the trench/indentation. Considering this
association, the gradual convergence of trenches and indentations
(into peripheral blastodisc cortex and distal furrow regions,
respectively) likely acts to gradually encroach RNP aggregates,
increasing RNP density and promoting multimerization. Indeed, we
observe instances in which adjacent RNP aggregates appear to have
particles streaming from one aggregate to another, consistent with
the fluid phase character of the aggregates, and which may
constitute intermediate stages in the aggregate fusion process.

Our work shows that Mid1ip1L-dependent cortical F-actin
dynamics and deformations regulate the movement of germ plasm
RNPs, allowing their recruitment to the forming furrows and likely
facilitating RNP multimerization. These events occur through an
intrinsic Mid1ip1L-dependent mechanism that is modified by
successive extrinsic polarity signals, first radially outward on the
cortex, and subsequently medial-to-distally along the furrow. These
processes constitute sequential steps that facilitate the movement
and aggregation of germ plasm RNPs in the early embryo.

MATERIALS AND METHODS
Fish maintenance and genetic methods
Fish stocks were raised and maintained under standard conditions at 28.5°C
(Brand et al., 2002). All animals were handled in strict accordancewith good
animal practice, as defined by the relevant national and/or local animal
welfare bodies, and all animal work was approved by the appropriate
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committee (University of Wisconsin-Madison assurance number A3368-01).
Wild-type stocks were AB and mid1ip1l mutants included both aurat9792

(Pelegri et al., 2004) andmid1ip1luw39 (Eno et al., 2016). Fish were identified
either through their phenotype or genotypic typing using custom-designed
LNA probes (IDT) to distinguish mutant from wild type via end-point
genotyping on a Roche LC480 qPCR system (Table S1). For embryo
collection and synchronization, fish were mated and embryos collected within
a 5 min interval during mating.

Immunofluorescence and in situ hybridization
For immunofluorescence detection, embryoswere dechorionated using pronase
and fixed in 4%paraformaldehyde, 0.25% glutaraldehyde, 5 mMEGTA, 0.2%
Triton X-100 and 0.2 U/ml rhodamine (or Alexa-488)-conjugated phalloidin
for 3-5 h at room temperature. Embryos were treated with 0.5 mg/ml NaBH4,
washed with PBS-T (Triton-X 0.1%), blocked with PBST+10%BSA for 1 h
at room temperature (Theusch et al., 2006), and incubated ON with primary
antibodies: p-NMII (1:50: CST, 3710) and Mid1ip1L (1:200, Antibodies
Online). Embryos were incubated with secondary antibodies against mouse
or rabbit conjugated to Alexa 488 (1:200, Thermo Fisher) or Cy3 (1:200,
Jackson Immuno Labs) and rhodamine-phalloidin (1:200, Cytoskeleton) or
Alexa-488-phalloidin (1:200, Thermo Fisher).

For fluorescent in situ hybridization, embryos were fixed with 4%
PFA while still in their chorions. Fixed embryos were labeled using a
fluorescein-labeled antisense RNA probe for the gene vasa (Yoon et al.,
1997) and detected using the Fluorescein system (Perkin Elmer) following
‘Triple fluorescent in situ’ protocol (modified Talbot protocol, wiki.zfin.
org/display/prot/Triple+Fluorescent+In+Situ). For all immunofluorescent
and in situ experiments, the embryos were de-yolked after labeling, stained
with DAPI (Theusch et al., 2006) and the blastodiscs were mounted flat on
slides for imaging. Percentage recruitment presented is based on the
number of furrows, typically two to four per embryo imaged. Embryos
were imaged using a Zeiss LSM510 for confocal or 780 for structured
illumination microscopy and analyzed using FIJI, including 3D Viewer.

Live imaging
Both wild-type and aura (Eno et al., 2016) embryos carrying the Life
Act [Tg(actb2:LIFEACT-GFP)] (Behrndt et al., 2012) transgene were
dechorionated and placed in glass bottomed microscopy slides (Ibidi) in E3.
Embryos laying animal pole side down were imaged on an inverted Zeiss
LSM780. Images were taken every 2 s at 100×magnification with 2× digital
zoom. 3D rendering, projections, movies, montages and kymographs were
generated using FIJI.

Drug exposure
Wild-type and aurt9792 embryos were dechorionated using pronase
(Pelegri and Schulte-Merker, 1999) and exposed to the drug in E3 medium
by 15 mpf. Concentrations of inhibitors in E3 medium were: cytochalasin D
(Thermo Fisher), 20 μg/ml; phalloidin (P3457), 10 μg/ml; nocodazole
(Sigma), 2 μg/ml; and taxol (Sigma), 10 μg/ml. Controls for drug treatment
were solutions carrying the same concentration of carrier solvent (DMSO).
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