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Premature Microtubule-Dependent Cytoplasmic
Streaming in cappuccino and spire
Mutant Oocytes

William E. Theurkauf

Embryonic axis specification in Drosophila melanogaster is achieved through the asym-
metric subcellular localization of morphogenetic molecules within the oocyte. The cap-
puccino and spire loci are required for both posterior and dorsoventral patterning. Time-
lapse confocal microscopic analyses of living egg chambers demonstrated that these
mutations induce microtubule reorganization and the premature initiation of microtubule-
dependent ooplasmic streaming. As a result, microtubule organization is altered and bulk
ooplasm rapidly streams during the developmental stages in which morphogens are
normally localized. These changes in oocyte cytoarchitecture and dynamics appear to

disrupt axial patterning of the embryo.

The functional asymmetries that specify
the axes of the Drosophila embryo are estab-
lished during oogenesis stages 8 through 10
(1-4). During these stages, the oocyte nu-
cleus moves to the dorsal surface (5); bicoid
mRNA, the primary anterior morphogen, is
localized to the anterior cortex (6); oskar
mRNA and the proteins encoded by staufen
and vasa, which are required for posterior
patterning and pole cell formation, are po-
sitioned at the posterior pole (3, 4, 7-9);
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and gurken mRNA, which plays an essential
role in dorsoventral axis specification, ac-
cumulates between the dorsally located oo-
cyte nucleus and the cortex (10).

The microtubule cytoskeleton appears to
play a key role in the establishment of axial
asymmetry in Drosophila oocytes. Microtu-
bule assembly inhibitors disrupt dorsal lo-
calization of the oocyte nucleus, anterior
positioning of bicoid mRNA, and posterior
accumulation of oskar mRNA and the pro-
tein encoded by staufen (11-13). Reorgani-
zation of the oocyte microtubule cytoskele-
ton is also temporally and morphologically
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correlated with the initiation of morphogen
localization (14). During stages 8 through
10, microtubules associate preferentially
with the anterior cortex of the oocyte, so
that a broad anterior to posterior cortical
gradient is present at stage 9. This distribu-
tion of cortical microtubules mirrors the
initial transient anterior localization of os-
kar mRNA and the anterior distribution of
bicoid mRNA (14). The microtubule cy-
toskeleton reorganizes a second time during
stage 10b, when the transfer of nurse cell
cytoplasm and ooplasmic streaming begins
(15). At this time, the anteroposterior mi-
crotubule network is replaced by arrays of
parallel microtubules that form adjacent to
the oocyte cortex (14). Inhibitor studies
indicate that ooplasmic streaming is micro-
tubule-dependent and is likely to be driven
by organelle transport along the subcortical
microtubules (14, 15).

Mutations at the cappuccino (capu) and
spire (spir) loci alter both posterior and dor-
soventral patterning, which raises the pos-
sibility that they affect the cytoskeletal
functions that mediate axis specification
(16). To determine if the capu and spir
mutations influence axial polarization of
the microtubule cytoskeleton, I injected liv-
ing oocytes with rhodamine-conjugated tu-
bulin and directly examined microtubules
with laser scanning confocal microscopy
(Fig. 1). Analysis of wild-type oocytes with
this in vivo technique generally confirms
the results of previous immunocytochemi-
cal studies (14). Oocytes from stages 8
through 10a contained a random network
of cytoplasmic microtubules, with the high-
est density of microtubules associated with
the anterior cortex (Fig. 1A). After initia-
tion of ooplasmic streaming, during stage
10b, parallel arrays of microtubules could be
observed just beneath the oocyte cortex
(Fig. 1B). These subcortical microtubules
persist through stage 12 and disassemble
during stage 13, when streaming stops (17).
The network of ooplasmic microtubules ob-
served deep within living stage 8 through
10a oocytes was more extensive than that
observed in fixed material. This difference
may be the result of incomplete penetration
of tubulin antibodies into the interior of the
oocyte during immunolabeling (14).

The capu and spir mutations are identical
in their effects on posterior and dorsoventral
axis specification, which suggests that they
define components of a single biochemical
system (16). These mutations also produce
similar changes in the organization of micro-
tubules within the developing oocyte. Immu-
nofluorescence analyses indicate that the capu
and spir mutations do not affect microtubule
organization during stages 2 through 6 (17).
However, these mutations induce a change in
the microtubule cytoskeleton during stages 8
through 10a. Early in stage 8, prominent sub-
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cortical microtubule arrays were observed
within mutant oocytes (Fig. 1C). These mi-
crotubule arrays persist through stage 12 and
disassemble as the oocyte matures during stage
13 (17). The organization of microtubules in
stage 8 through 10a capu and spir oocytes is
similar to that of wild-type oocytes during
ooplasmic streaming, which is normally re-
stricted to stages 10b through 12. These ob-
servations suggested that the capu and spir
mutations may affect the developmental on-
set of ooplasmic streaming.

To determine if ooplasmic streaming be-
gins prematurely in capu and spir oocytes, |
examined bulk cytoplasmic movements
within living egg chambers. In these exper-
iments, autofluorescent yolk granules with-
in the ooplasm were followed with time-
lapse laser scanning confocal microscopy. 1
displayed the results of these studies as tem-
poral projections, which were generated by
the computational summing of consecutive
images from confocal time-lapse sequences.
In the resulting composite images, station-
ary granules produced single fluorescent
disks, whereas moving granules produced
linear arrays of disks (Fig. 2).

In wild-type oocytes from stages 8
through 10a, portions of the ooplasm near
the anterior cortex were in constant mo-
tion, whereas relatively little movement oc-
curred in more posterior regions (Fig. 2D).
The movements within the anterior oo-
plasm are not coordinated; granules in one
subregion may move toward the anterior
pole, whereas nearby granules may move
toward the posterior pole (17). In addition,
regions of cytoplasm generally flow along a
given trajectory for only a short distance
before changing direction (17). This “oo-
plasmic seething” is very different from the
coordinated and unidirectional streaming
observed in wild-type oocytes from stages
10b through 12 (Fig. 2E). During these
stages, most of the ooplasm spins in a uni-
form direction within the confines of the
cortex. These coordinated movements pro-
duce spiral patterns in the temporal projec-
tions (Fig. 2E). Only a narrow region of
ooplasm immediately adjacent to the cortex
remains stationary during these stages (Fig.
2E) (15).

In both capu and spir mutant ovaries,
time-lapse confocal analyses revealed uni-
directional and coordinated ooplasmic
movements as soon as yolk granules were
detectable, early in stage 8 (Fig. 2, A
through C). Ooplasmic streaming contin-
ues through stage 12 and terminates dur-
ing stage 13 (17). Time-lapse analyses of
earlier egg chambers with the use of dif-
ferential interference contrast microscopy
reveal coordinated organelle movements
within the oocyte as early as stage 7 (17).
Qualitatively similar premature ooplasmic
streaming was observed with the two al-
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Fig. 1. Microtubule organi-
zation in living oocytes. Egg
chambers were dissected
from wild-type or homozy-
gous mutant females, inject-
ed with rhodamine-conju-
gated tubulin, and examined
with a laser scanning confo-
cal microscope (19). (A) Mi-
crotubules in a wild-type
stage 8 oocyte. Microtubule
concentration was highest
at the anterior cortex, and a
dense mesh of microtubules
extended into the oocyte.
(B) Microtubule organization
during ooplasmic streaming
in a wild-type stage 10b
oocyte. Parallel arrays of
subcortical  microtubules
were observed. Ooplasmic
streaming appears to be
driven by organelle move-
ment along these subcorti-
cal microtubules. (C) Sub-
cortical microtubule arrays
in a stage 8 capu®’/capu®’”
mutant oocyte. These sub-
cortical microtubules are
similar to those observed in
wild-type oocytes  from
stages 10b through 12 (B).

Posterior

Nucleus

Anterior

Subcortical microtubules are also present in stage 8 through 10a spir/spir oocytes (77). (D) Diagram of

the stage 8 oocyte shown in (C). Bars are 10 pm.

leles of capu and the two alleles of spir
that were tested (18).

There are similarities between the pre-
mature ooplasmic streaming in capu and spir
oocytes and the streaming in wild-type egg
chambers during stages 10b through 12. In
both mutant and wild-type oocytes, the
most rapid movements occur near the cor-
tical microtubule layer, and the rate of gran-
ule movement decreases toward the center
of the cell. The maximum rate of streaming
in both mutant and wild-type oocytes is also
similar and varies between 20 and 25 pm/
min (Fig. 2, A through C) (16). In addition,
streaming in both wild-type and mutant
oocytes is blocked by the microtubule-de-
polymerizing drug Colcemid and is reacti-
vated by 360-nm light, which induces Col-
cemid photo-isomerization to an inactive
form (17). The ooplasmic streaming in mu-
tant oocytes from stages 10b through 12 and
the termination of streaming in stage 13
mutants are very similar to the same pro-
cesses in wild-type ovaries (17). Thus, capu
and spir do not affect the progress of oo-
plasmic streaming or the normal termina-
tion of this process. These obsérvations
indicate that capu and spir are hetero-
chronic mutations affecting the develop-
mental onset of microtubule-dependent
ooplasmic streaming.

The capu and spir gene products might
affect the developmental timing of oo-
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plasmic streaming in several ways. These
genes could encode regulatory factors that
actively repress ooplasmic streaming until
stage 10b. Such factors could form complex-
es with and inhibit a microtubule motor
required for streaming. However, the prop-
erties of ooplasmic movement in wild-type
oocytes suggest an alternative explanation.
The cytoplasmic movements that charac-
terize stages 8 through 10a in wild-type
oocytes are not coordinated, and cytoplasmic
flow frequently reverses direction. These ap-
parently random movements are inhibited by
Colcemid (17), which suggests that they are
microtubule-dependent. These movements
may therefore result from the action of com-
peting plus end- and minus end-directed mi-
crotubule-based transport systems. In con-
trast, the coordinated cytoplasmic movements
that characterize stages 10b through 12
appear to be driven by unidirectional mi-
crotubule-based transport. Thus, ooplas-
mic streaming could be initiated by the
selective inactivation of one of the com-
peting microtubule-dependent transport sys-
tems that function during stages 8 through
10a. In this model, capu and spir encode com-
ponents of the transport system that is inac-
tivated as ooplasmic streaming begins. Be-
cause only a single transport system is present
during the early stages of cogenesis, ooplasmic
streaming begins prematurely in the mutant
ovaries.
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Fig. 2. Premature ooplasmic streaming in capu and spir mutant oocytes. To detect the movement of bulk
ooplasm in living egg chambers, | examined autofluorescent yolk granules with time-lapse laser scanning
confocal microscopy (20). Temporal projections, showing 100 s of elapsed time, were then constructed
by summing 10 images obtained at 10-s intervals. Yolk granules appear as fluorescent disks in these
composite images, and granule movements produced linear arrays of disks. (A) Ooplasmic streaming
within a stage 8 capu®”/capu®” oocyte. Circular cytoplasmic streaming produces a spiral pattern in this
projection. (B) Details of the boxed portion of the image shown in (A). The positions of five different yolk
granules at various times are indicated by color-coded dots. (C) Time points represented by the color
coding in (B). The initial positions of the granules are indicated by the red dots; the positions at 10 s are
in orange, 20 s in yellow, 30 s in green, and 40 s in blue. Note that the most rapid movements, reflected
in granule spacing, occur near the oocyte periphery, which is the location of the subcortical microtubule
arrays. (D) Cytoplasmic movements in a wild-type stage 8 oocyte. Limited, uncoordinated movements
were observed near the anterior cortex. (E) Ooplasmic streaming in a wild-type stage 10b oocyte.
Coordinated cytoplasmic movements produce a spiral pattern in the temporal projection. (F) Premature
ooplasmic streaming in a stage 9 spirt©?%/spirtF° oocyte. In (A), (D), (E), and (F), the oocyte is outlined
in white. The bars in panels (A), (B), (D), and (F) are 20 wm. The bar in (E) is 50 pm.

appropriate temporal regulation of ooplas-
mic streaming is essential to oocyte de-
velopment. During stages 8 through 10a,
the subcellular localization of morphoge-
netic molecules within the oocyte pro-
duces a functionally asymmetric cortex.
Ooplasmic streaming during stages 10b
through 12, in contrast, mixes newly de-
posited nurse cell cytoplasm with the ex-
isting ooplasm and ensures a homoge-
neous egg cytosol. The normal temporal
regulation of ooplasmic streaming thus
allows the establishment of the asymme-
try that will direct embryonic differentia-
tion and produces the uniform cytoplasm
required to support the rapid and synchro-
nous mitotic divisions that will form the
precursors of the embryonic germ line and
somatic cells.
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These observations suggest at least two
possible causes for the axis specification
defects associated with capu and spir: (i)
The premature cytoplasmic movements in
mutant oocytes could mechanically dis-
rupt the subcellular localization of mor-
phogenetic molecules or (ii) the changes
in microtubule organization that accom-
pany the premature initiation of ooplas-
mic streaming could be incompatible with
the role of these microtubules in axial
patterning. The second possibility is con-
sistent with inhibitor studies that indicate
microtubules are required for the posterior
localization of the protein encoded by
staufen and oskar mRNA (14). It is also
possible that a combination of these two
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factors influences the patterning of capu
and spir oocytes. For example, changes in
microtubule organization could be the
primary cause of the posterior defects as-
sociated with capu and spir, whereas me-
chanical disruption of morphogen local-
ization may be responsible for the dorso-
ventral patterning defects. All alleles of
capu and spir produce consistent posterior
defects but have variable effects on dor-
soventral axis specification (16). The dif-
ferential effects of these mutations on
posterior and dorsoventral patterning
could reflect distinct underlying mecha-
nisms by which they influence these two
axis specification processes.

These observations indicate that the
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18.

19.

Ooplasmic streaming was assayed in oocytes ho-
mozygous for the following alleles: capu®7?, capu®fK,
spirf/56, and spirtP10, Qualitatively similar prema-
ture streaming was observed in all cases. In oocytes
isolated from heterozygous mutant females, or in
oocytes derived from females homozygous for the
cn, bw second chromosome that was used in the
isolation of the capu and spir alleles (16), coordinat-
ed ooplasmic streaming was not observed until
stage 10b.

Microtubules within living oocytes were visualized as
follows: 3- to 6-day-old adult females were trans-
ferred to a cover glass and covered with halocarbon
oil. Egg chambers were removed under oil and were
trapped between the cover glass and the oil. The
cover glass was then transferred to the stage of an
inverted microscope, and the egg chambers were
microinjected with rhodamine-conjugated tubulin.
Microtubules within the oocytes were visualized with
a Bio-Rad MRC 600 laser scanning confocal attach-
ment and a Nikon Diaphot inverted microscope.
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20. Bulk ooplasmic movements within living oocytes
were assayed as follows: Adult females were
transferred to a cover glass and covered with halo-
carbon oil, and egg chambers were removed and
dissected as described (79). The cover glass was
then transferred to the confocal microscope, and
autofluorescent yolk granules were directly im-
aged with the BHS filter set provided with the
Bio-Rad MRC 600 laser scanning confocal micro-
scope. Single frame images were collected at 10-s
intervals with the use of the confocal microscope
with fluorescein filters. Temporal projections were

created by summing 10 frames from a time-lapse
sequence with the Project (maximum) utility of the
COMOS software provided with the Bio-Rad 600
confocal microscope. Each projection represents
100 s of total elapsed time.

21. Thanks to T. Schiipbach for supplying capu and spir
stocks and to P. Gergen, N. Dean, C. Polk, and the
anonymous reviewers for helpful comments on the
manuscript. Special thanks to L. Manseau for nu-
merous lively discussions of these results.
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Alignment and Sensitive Detection of
DNA by a Moving Interface

A. Bensimon,* A. Simon, A. Chiffaudel, V. Croquette, F. Heslot,
D. Bensimon

In a process called “molecular combing,” DNA molecules attached at one end to a solid
surface were extended and aligned by a receding air-water interface and left to dry on the
surface. Molecular combing was observed to extend the length of the bacteriophage \
DNA molecule to 21.5 + 0.5 micrometers (unextended length, 16.2 micrometers). With the
combing process, it was possible to (i) extend a chromosomal Escherichia coli DNA
fragment (106 base pairs) and (ii) detect a minute quantity of DNA (102 molecules). These
results open the way for a faster physical mapping of the genome and for the detection
of small quantities of target DNA from a population of molecules.

Extension and manipulation of individual
biopolymers is generally performed by first
anchoring one end of the molecule at a
solid matrix; stretching may then be
achieved by viscous drag (I, 2), electro-
phoresis (3), or optical forces (4). The
method proposed here, which we call “mo-
lecular combing,” extends a DNA molecule
with a receding interface and fixes the mol-
ecule in this state on the dry substrate. This
physical process leads to a complete, con-
trolled, and reproducible alignment of all
DNA fragments, thus allowing accurate po-
sition determinations along the molecule.
To anchor DNA to a glass surface, we
first grafted a monolayer of silane molecules
onto a glass cover slip by methods of “mo-
lecular self-assembly” (5), exposing a vinyl
end group (-CH =CH,) (6). These surfaces
have the following characteristics: (i) a
high binding specificity only for the ends of
a DNA molecule—presumably because of
the presence of a free protonated phosphate
at the 5’ end—with a strong pH depen-
dence, suggesting that the reaction between
the molecules and the surface could be a
case of electrophilic addition of weak acids
to alkenes; (ii) the capability to bind pro-
teins either directly or after oxidation to
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carboxylic acid groups; and (iii) a strong
signal-to-noise ratio resulting from the neg-
ligible background fluorescence of glass.
However, as usual with silanization proce-
dures (7), the quality of the surface treat-
ment is variable. As a result, the percent-
ages of anchored DNA molecules and of
their extension vary from batch to batch.
A drop of DNA solution (typically 5 wl)
was deposited on a silanated cover slip. An
untreated cover slip was then floated on
top, forcing the drop to spread to a final
thickness of ~20 wm. With video-en-

Fig. 1. Extension of DNA
by a receding interface. (A)
Video image showing A
DNA in solution (lower right
part of image), bound at
one (a) or both extremities
(b). The interface extends
across the image from the
lower left to the upper
right. The extended mole-
cules left behind the inter-
face are visible as straight
segments (c), if bound at
one end, or loops (d), if
bound at both ends. (B
through D) Time series
showing the extension of a
chromosomal E. coli DNA
fragment by a receding in-
terface (lower part of the
image). The time between
each pair of video images

hanced fluorescence microscopy, molecules
were observed (8) not only to be attached
at one or both ends (9), as deduced from
their extension by a flow or by electro-
phoresis, but also to fluctuate freely in so-
lution (Fig. 1A), thereby indicating the ab-
sence of adhering nonspecific interactions
between the surface and the molecule.

During evaporation of the DNA solu-
tion, the receding air-water interface left
the bound molecules fully extended behind
and deposited on the dried surface, whereas
unbound molecules were swept by the mov-
ing interface. The temporal extension of a
single fragment of Escherichia coli DNA
molecule by a receding interface is shown in
Fig. 1, B through D, and can lead to the
alignment of a molecule 420 wm long (10),
such as the one shown in Fig. 1E. “Molec-
ular combing” seems to be an irreversible
process: upon rehydration, combed mole-
cules remain bound to the surface.

It turns out that the force the interface
exerts on the DNA is strong enough to
extend it but too weak to break the bond
between the molecule and the surface. An
estimate of the surface tension force on a
rod of diameter D perpendicular to the sur-
face of the interface is F = ymD, where the
surface tension y = 7 X 1072 N/m for the
air-water interface. Because D = 2.2 nm for
the DNA diameter, F =~ 4 X 107'°N. This
force is two orders of magnitude greater
than the entropic forces keeping the DNA
molecule in a random coil configuration (2)
and is thus enough to fully extend the mol-
ecule, but it is apparently smaller than the
force required to break a covalent bond (on
the order of 1072 N) (11). Details of the
physics of the combing process will be pre-
sented elsewhere (12).

In contrast to viscous drag and electro-

was 8.5 s. (E) Extension of an estimated 108-base pair fragment of chromosomal E. coli, reassembled

from three video images (total length = 420 um).
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