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The dynamic nature of mollusc egg surface architecture and

its relation to the microtubule network
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ABSTRACT  Dynamic changes in the surface architecture pattern of embryos of the slipper limpet

(Crepidula fornicata, Mollusca) were found in this study to correlate with the dynamic activity and

pattern of the underlying mitotic spindle microtubule network, revealed by fluorescent labelling

and confocal imaging techniques. Examination of a series of optical sections indicate that this

network appears to be spatially co-ordinated together as a whole throughout the embryo. The

microtubule pattern also associated with abnormal multipolar spindles resulting from an applied

static magnetic field, indicating that the pattern may be generated by a natural endogenous field

source. The patterning characteristics of the surface and microtubule network together provide

further morphological evidence for a primary morphogenetic or developmental field system which

organises the primary body axis and co-ordinates the pattern of cleavage.
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Introduction

A visible marker of a morphogenetic field may be provided by
the surface architecture on cleaving eggs of the marine gastro-
pod mollusc, Crepidula fornicata (Tyler et al., 1998). The
morphogenetic field (Dreisch,1891), has been described as a
spatial domain in which each part has a state determined by the
state of neighbouring parts, so that the whole has a specific
relational structure. (Goodwin, 1984, 1985). Moreover,
mechano-chemical fields based on cytoskeletal–ionic interac-
tions may provide a generative basis of morphogenesis
(Goodwin and Trainor, 1985), which remains so elusive.

 We provided three lines of evidence from our observations
linking the molluscan surface architecture to a putative field
system. Firstly, the architecture, consisting of linear arrays of
ridges (first observed vegetally by Dohmen and van der Mey,
1977), is organised with reference to the animal-vegetal (a-v)
axis, which in turn is spatially related to the anterior-posterior
(a-p) axis of the subsequent embryo and larvae. Secondly, in
mollusc eggs, successive cleavage quartets are produced by a
spiral cleavage mode around the a-v axis. The surface architec-
ture is also orientated with reference to these specific mi-
cromere quartets. Thus the surface architecture may be a
morphological marker for a field system which organises the a-
v axis and the cleavage pattern. Thirdly, the animal-vegetal
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architecture organisation correlates with the animal-vegetal
polarity of ionic current pattern in eggs of the mollusc, Lymnaea
(Zivkovic et al., 1990, Creton et al., 1993). Such ionic current
patterns reflect a polarised endogenous DC current driven
through embryos (Shi and Borgens, 1995). This phenomenon is
widespread throughout animal and plant taxa, foreshadowing
certain developmental events for which they may thus have a
causal role.

 The surface architecture ridges are revealed by FITC-
conjugated lectins, probably because the ridges provide an
increased surface area which can accommodate more lectin-
binding receptors (Dohmen, 1992). The ridges can also be
delineated by cryo-SEM (Tyler et al., 1998).

 One of the clearest examples of a direct role for ionic
currents in morphogenesis is in the polarising fucoid egg, in
which an intracellular Ca2+ flux orientates rhizoid growth
(Nuccitelli 1978, 1988; Jaffe et al., 1987). Another example is
the insect ovarian follicle, in which an intracellular voltage
gradient generates the polarity of protein transport, influencing
oocyte polarity (Woodruff and Telfer, 1973, 1980). Ion currents
are also involved in early cleavage, for instance polar lobe
formation in mollusc eggs (Zivkovic and Dohmen, 1991) and
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mouse blastomere polarisation (Nuccitelli and
Wiley, 1985). An outward flow of ionic current
pattern predicts limb bud location and develop-
ment (Borgens et al., 1983; Robinson, 1983)
and has been implicated in limb regeneration
(Borgens et al., 1977, 1984; Eltinge et al.,
1986), wound regeneration (Stump and
Robinson, 1983; Jaffe and Vanable, 1985;
Chiang et al., 1991; Nuccitelli, 2003) and spinal
cord neuronal regeneration (Borgens et al.,
1987, 1990, 1999); amphibian neural tube for-
mation (Metcalf et al., 1994); neural crest cell
migration (Cooper and Keller, 1984); neurite
projection (Hinkle et al., 1981; McCaig, 1987;
Borgens and McCaig, 1989); lens development
(Parmalee et al., 1985); and chick tail morpho-
genesis (Hotary and Robinson, 1990).

 A more precise role of ionic currents in
development has been elucidated by applied
magnetic fields leading to perturbations of de-
velopment. In frog eggs, for example, the cleav-
age furrows align in parallel with the magnetic
field vector (Denegre et al., 1998). Embryogen-
esis is also affected in the chick (Ubada et al.,
1985; Jutilainen et al., 1986; Koch et al., 1993),
Drosophila (Ho et al., 1992) and the sea urchin
(Levin and Ernst, 1997).

 In this study, firstly we explore the tempero-
spatial characteristics of the surface architec-
ture during cleavage of Crepidula embryos,
asking the question: is the architecture static
once formed, or does it develop in complexity?
Secondly we explore the tempero-spatial char-
acteristics of the underlying microtubule net-
work: what is the relationship between the sur-
face and the microtubules, if any? Thirdly we
apply magnetic fields within the physiological
range to cleaving Crepidula eggs. The ratio-
nale for this is that if the architecture is gener-
ated by a transembryonic electromagnetic field,
then perturbation of that field is likely to result
in visible effects upon the architecture.

Results

Surface architecture
FITC-conjugated GSL-1 lectin labelled em-

bryos revealed the following characteristics.

Uncleaved eggs to 4-cell stage
 Ridges of surface architecture radiated out

from the animal pole, but elsewhere on the
animal surface no pattern was evident (Fig.
1A). A more prominent surface architecture
radiated out from the vegetal pole (Fig. 1B).
During first cleavage, the ridges radiating from
the animal pole lengthened. Later, during sec-
ond cleavage, swirls of ridges were observed
on the animal and vegetal surface (Figs. 1C

Fig. 1. Surface architecture features of uncleaved eggs and 2-cell stages revealed by

FITC-GSL-1 lectin staining. (A) The animal surface of an uncleaved egg, with no organisation
of pattern evident, except for ridges radiating (arrowed) from the animal pole region. (B) The
ventral region of an uncleaved egg, with surface architecture ridges swirling (arrowed) from the
vegetal pole region. (C,D) Swirls of surface architecture (arrowed) during 4-cell formation on
the animal surface (C) and vegetal surface (D). Scale bar, 50 µm.

Fig. 2. Development of surface architecture pattern from 8-cell to later cleavage stages,

as revealed by FITC - GSL-1 lectin-staining. (A) 8-cell formation. Ridges of architecture
(arrowed) swirl over the region of 1st micromere quartet formation. (B) 13-cell stage of 16-cell
formation. The arrow indicates dextral swirl of surface architecture, whereas the arrowhead
denotes architecture swirling into a developing 1q2 cell. (C) 16-cell formation. The surface
architecture pattern is constricted (arrow) between 1q1 and 1q2 cells. (D) Later cleavage stage,
showing surface architecture continuity between cells as it radiates out from animal pole
region. p, polar body, denoting animal pole. Scale bars: A,B, 50 µm; C,D, 25 µm.
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and D). At this stage, the leading edge of the swirl on one
blastomere was orientated in the opposite direction to that of
the neighbouring blastomere. Distinct regions of architecture
pattern were noted, in which the ridges radiated out from a
central point (centre of radius [CR]) (Fig. 5A).

4-cell to 8-cell formation
 On the animal surface, ridges radiated from the animal

surface uniformly over all 4 cells. Then, during 8-cell formation,
a series of ridge architecture appeared where each of the
prospective micromeres are forming (Fig. 2A). At the end of this
stage the micromere quartet makes the typical spiralian dextral
rotation to lie in the furrows between the macromeres (Conklin,
1897). The observed series of ridge architecture orientation
correlated with this dextral rotation.

12-cell to 16-cell
 As each apical and turret (1q2) cell was being formed from

the 1q cell, the surface architecture formed a characteristic
dextral swirl (e.g. arrowed on Fig. 2B). This swirl reached into
the developing 1q2 cell. As the 1q1 cell divided from the 1q cell,
the surface architecture initially still spanned the two cells, but
later became constricted (Fig. 2C).

 The characteristic surface architecture described earlier

the orientation of surface architecture ridges observed at this
stage on the same cells (as in Fig. 2C). Later cleavage stages
showed some synchronisation of mitotic activity and a perva-
sive microtubular network (Fig. 4B).

 Double labelling of both surface architecture and the micro-
tubule network revealed a very close association between the
two, such as in the centres of radius (Figs. 5A-D). This is further
substantiated by examining successive optical sections of Z-
series (see Files S1, S3 and S4 in "Supplementary Material"
link) in which the microtubule asters seem to be continuous with
the surface architecture pattern.

 Moreover, the spindle-astral network exhibits a spiral pat-
terning behaviour which with double labelling correlates with
that observed in the surface architecture pattern (Figs. 6A-D).
Observation of the Z-series (See "Supplementary Material"
link)  reveals further characteristics. Firstly, it not only indicates
the three-dimensional nature of the microtubule network but the
degree to which it is inter-connected throughout the whole
embryo (File S4). Secondly, by manually advancing and revers-
ing the movie clip in File S4, the spindle-astral network (such as
those of the macromeres) and intercellular mid bodies give the
appearance of an orientation and position that is co-ordinated
together as a whole. With reference to opposite and adjacent
cell counterparts and in relation to the animal-vegetal pole, the

Fig. 3. Microtubule topography, revealed by FITC-anti-ααααα tubulin antibody labelling.

(A) 4-cell stage showing dextral curve of spindles. (B) 8-cell formation, showing
microtubules (arrowed) radiating from the animal pole region of the developing 1st
micromere quartet. (C,D) Microtubules connected via mid-body (arrowed) at 12-cell
stage (C) and 16-cell (D) stages. Scale bars A,C, 50 µm; B,D, 25 µm. p, polar body,
denoting animal pole.

(Tyler et al., 1998) was now evident, comprising
ridges radiating in all directions from the animal
pole; and linear arrays swirling outwards from the
turret (1q2) cells and then in a dextral direction on
to the macromeres.

Later cleavage stages
 The surface architecture observed in the ani-

mal region was still evident at the 24-cell stage and
much later cleavage stages (Fig. 2D), in which both
the radiation of architecture outward from the ani-
mal pole and the continuity of pattern between
cells persisted.

Microtubule network
 Anti-α tubulin antibody staining revealed the

location and orientation of spindles. At the 4-cell
stage just prior to the formation of the 1st mi-
cromere quartet, the spindles were orientated radi-
ally outwards from the animal pole, but also dis-
played a dextral spiral arrangement, characteristic
to this stage (Fig. 3A and File S2 in "Supplemen-
tary Material" link at:http://www.intjdevbiol.com/
web/paper.php?doi=052007st). At higher magnifi-
cation, astral and spindle microtubules were seen
to radiate outwards from the animal pole region
during the formation of the 1st micromere quartet
(Fig. 3B).

 The microtubular network was connected be-
tween cells via the mid body (Figs. 3C and 3D).

 During the formation of the second quartet of
micromeres, the spindles were again found to
radiate outwards from the animal pole region and
the spindle fibres spanned the 1q cell as it divided
into its 1q1 and 1q2 cells (Fig. 4A), reminiscent of
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network seems to be highly orchestrated together.

Magnetic field exposure
Exposure of uncleaved embryos to a 220mT magnetic field

resulted in delayed cell division and embryos in which morphol-
ogy was evident with FITC-anti-α -tubulin antibody exhibited
aberrant, multipolar spindles (Figs. 7A, 7B, and File S5 in "Supple-
mentary Material" link). Embryos developed to no further than the
2-cell stage. Control embryos showed no such abnormalities and
developed to normal 4-cell stages (Fig. 7D). With longer field
exposure (up to 24 hours) embryos also developed abnormal
macromere numbers and position.

 The incompatibility of fixations for lectin and microtubule
staining made double –labelling in most instances problematic for
the observation of surface architecture-microtubule association.
The best solution found was to focus on the fluorescent-stained
microtubules at increasingly superficial levels of optical section
plane, until they were indistinguishable from surface architecture
topography. This may not be such a compromise: such locations
represent where the microtubules are in the closest, most inti-
mate association with the surface architecture. In such section
planes, this surface-associated microtubule network exhibited
swirls between the multipolar spindles (Fig. 7C). Two experi-
ments gave a similar result. In a third experiment, the embryos
developed normally (see Table).

Discussion

Dynamic changes in surface architecture
 The results indicate firstly that as cleavage progresses, the

surface architecture is stabilised once formed and increases in
complexity. The stabilised features include the characteristic
series of parallel ridges radiating outwards from the animal pole,
across not only the first micromere quartets but over cells pro-
gressively more distal to the animal pole at later cleavage stages.
Moreover, there is a remarkable continuation of pattern between
such cells. There are also transient features, including the sur-

centrosomal microtubules in Caenorhabditis eggs (Hyman, 1989).
 Our results show that this association was evident too in the

orientation and developmental stages of the mitotic spindles.
Thus the dextral spiralling of the mitotic spindles prior to the
formation of the 1st micromere quartet correlated with the dextral
spiral swirling of surface architecture seen at this stage. This
spiral activity of microtubules in early molluscan cleavage has
been similarly documented in the unequally cleaving embryo of
the bivalve mussel Dreissena polymorpha, in which the spiral
character is attributed to an assymetrical tilt of the D cell vegetal
aster (Luetjens and Dorresteijn, 1998).

The orientation and distribution of spindle fibres throughout the
1q cell as it divided into the 1q1 cell and 1q2 cell correlated with the
orientation and distribution of surface ridges radiating from the
animal pole in these cells. Moreover, the point at which such
architecture becomes laterally constricted correlates with the
location and appearance of intercellular microtubular contacts at
sites of cytokinesis. Such contacts have been observed in Ilyanassa
eggs by Conrad et al., (1994), who suggested that they stabilised
the bridge constriction until the completion of cytokinesis. More-
over, if intercellular cytoplasmic continuity could be demon-
strated, these bridges might well be involved in intercellular
trafficking of developmentally important signalling molecules ac-
tively transported by kinesin motors along the microtubules (re-
viewed by Schnapp, 2003).

Fig. 4. Embryos stained with anti-ααααα tubulin anti-

body (A) 16-cell stage formation, showing spindle
microtubules (arrowed) spanning 1q1 and 1q2 cells.
(B) Later cleavage, showing some synchronisation
of mitotic stages (arrows). Scale bars, A, 20 µm; B,
50 µm.

face architecture swirls at the 2-cell stage and
during the formation of the 1q cells leading to
the 8-cell stage. From established data on
cleavage activity in Crepidula (e.g. Conklin,
1897), it appears that the stability is thus
broken by cells undergoing mitotic activity and
this activity correlates with an increase in
surface architecture complexity.

Surface architecture-microtubule network
association

 Secondly, the cytological basis of the above
correlation is at least partly explained by the
observed close association of the surface
architecture with the underlying microtubule
network and the dynamic relationship between
the two. For example, association is apparent
between the surface CRs and the underlying
astral fibres where the latter come to a cortical
focus at what could be cortical attachment
points. Cortical attachment sites are well docu-
mented, for instance in the attachment of

Experiment Delayed/abnormal Normal Incidence of multipolar Normal, bipolar
cell division cell division spindles  spindles

when detectable when detectable

1. + field 60 0 44 (100 %) 0

- field 0 75 0 (0 %0 58 (100 %)

2. + field 78 2 52 (96 %) 2 (4 %)

- field 0 84 0 (0 %) 67

3. + field 0 120 0 (0 %) 88

- field 0 83 0 (0%) 56

EFFECT OF APPLIED MAGNETIC FIELD ON UNCLEAVED EGGS

TABLE 1
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Fig. 6. Relationship between surface architecture and micro-

tubules, revealed by double labelling with FITC-GSL-1 lectin

and anti-ααααα tubulin antibody. Detail (A-C) of an embryo during 8-
cell formation (D). (A) FITC-GSL-1 lectin stained surface architec-
ture. Note the dextral spiral pattern of ridges (arrowed). (B) Same
embryo as in (A), showing microtubule pattern (arrowed) stained
with anti-α tubulin antibody. (C) (A,B) merged to show correlation
(arrowed) of surface architecture and microtubule pattern. (D)

Double labelling of 8-cell stage detailed in (A-C). Area detailed in
(A-C) denoted by box. Scale bars: A-C, 25 µm; D,  50 µm.

 In the induction of multipolar spindles by magnetic field expo-
sure, surface-associating microtubules were seen to swirl be-
tween such spindles. This may indicate a perturbation of the
topographical pattern of the surface architecture-microtubular
association by the applied magnetic field. Normal embryos were
observed after magnetic field exposure in one experiment. One
possibility is that the applied field effects are cell cycle-specific.

 These results indicate magnetic field specific effects. Many of
these influence charged molecules associated with membranes
(reviewed by Barnes, 1992). These effects include the exertion of
force on moving charge carriers; alteration of the trans-mem-
brane diffusion rate; distortion of bond angles which in turn affects
protein binding and macromolecular synthesis; and change in the
rate of proton tunnelling between DNA nucleotide bases (Barnothy,

association surface architecture and micro-
tubule network association may be ex-
plained by either one being causal upon the
other, or that they have a common causality
residing in a morphogenetic field. The hint
of more subtle patterning which was difficult
to resolve due to the limitations of the mi-
croscopy system, may reflect an underlying
greater subtlety and complexity of field pa-
rameters than has been hitherto appreci-
ated.

 One hypothesis can be proposed that
the surface architecture pattern is gener-
ated by tensile stresses at cortical attach-
ment points and any other cortical attach-
ment zones, which in turn reflect the activity
of the mitotic spindle microtubular network.
However, the generative basis of the latter
remains unknown. An alternative hypoth-
esis is that the peripheral or cytoplasmic
microtubules may be influenced by a mor-
phogenetic field system. If this field resides
in the cortex and/or surface, the surface

1969). EMFs interact with chromatin and
gene expression (Chiabrera et al., 1985),
so an applied magnetic field may perturb
gene expression.

Morphogenetic field parameters
 Thirdly, the microtubular network as-

sociated with the surface architecture is
seen, particularly in the a-v presenta-
tions, to be interconnected and spatially
co-ordinated throughout the embryo. Thus
for example the spindle-astral networks
of the macromere quartet and intercellu-
lar bridges are orientated with reference
to one another and to the animal-vegetal
pole, as a system moving dynamically as
a whole, almost as if it were a single unit
unimpeded by cell boundaries. We have
suggested that the surface architecture
pattern is a morphological marker for a
morphogenetic field which organises
cleavage (Tyler et al., 1998). This close

Fig. 5. Relationship between surface architecture and

microtubules, revealed by double labelling with FITC-

GSL-1 lectin and anti-ααααα tubulin antibody. Detail (A-C) of the
astral spindle region of a 2-cell stage embryo (D). (A) FITC-GSL-
1 lectin stained surface architecture. Note the radiating pattern
of ridges (arrowed). (B) Same embryo as in (A), showing
microtubule pattern (arrowed) stained with anti-α tubulin anti-
body. (C) (A and B) merged to show correlation (arrowed) of

surface architecture and microtubule pattern. (D) Double labelling of astral spindle region
(arrowed) of 2-cell stage detailed in (C). Scale bars A-C, 25 µm; D, 50 µm.

architecture may be the source or product of that field, which is
perturbable by the magnetic field exposure. The disruption could
in turn lead to the generation of multipolar spindles, perhaps by
disruption of the centrosome spreading and replication cycle. This
has been implicated in frog eggs exposed to a strong magnetic
field, leading to mitotic apparatus reorientation (Valles, 2002).
These hypotheses provide a framework for our prospective ex-
perimental focus, especially the further dissection of the surface-
microtubular association and its fine – scale resolution. The
developmental dynamics of the architecture in the polar lobe and
lobe-forming region also deserve further interest.

 Abnormal multipolar spindles have been induced by a number
of agents, including colcemid, X-rays, docetaxal, cytomegalovi-
rus, fungicides such as methyl 2-benzimidazole-carbamate and
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dimethylarsinic acid (reviewed in Ochi, 2002). In the Ochi study,
the intrinsic changes in the centrosomal MTOCs resulting in the
multiple foci of MTOCs inherent to the multipolar spindles remain
unclear, except that they are kinesin-dependent. Kinesin motor
proteins provide directional cues in anchoring microtubules to the
cell cortex (Yeh et al., 2000). Moreover, the cytoplasmic microtu-
bule - cell cortex interaction is a complex one: in budding yeast
cells microtubules interact with a broad region of both bud and
mother cell cortex, but have only a single focus in unbudded cells
(Carminati and Stearns, 1997).

 Endogenous fields have the potential of being carriers of
morphogenetic information, rather than having only a mechanical
influence (reviewed by Levin, 2002). In planarians, for example,
a head-tail dipole exists, which persists in cut regenerating
segments and induced field reversal led to polarity reversal in the
fragments. Anode-orientated fragments developed head struc-
ture in the tail end, or two heads, or underwent polarity reversal,
according to applied current density (Marsh and Beams, 1957). In
earthworm segment regeneration, each segment has a specific
electric potential. Segments are added until the total endogenous
field potential is that of a normal full-sized worm (Kurtz and
Schrank, 1955). Following vertebrate limb amputation, an injury
current provides spatial cues for cells migrating into the limb and
applied electrical fields have resulted in at least part limb regen-
eration in normally non-regenerating animals such as mammals
(Becker and Sparado, 1972). Such biological effects are due to
informational interactions, involving the transmission, coding and
storage of information (Presman, 1970). Importantly, field theory
can be applied to give a rational explanation for a wide range of
human birth defects (Martinez-Frias et al., 1998), but the molecu-
lar nature of which remain unknown.

 In relation to this it is crucial to identify the downstream targets

Fig. 7. Magnetic field exposure: microtubule pat-

tern indicated by anti-ααααα tubulin antibody label-

ling. (A, B) Field-induced aberrant multipolar spindles
of 2-cell stage embryos and delayed development
compared with control (D). (C) Surface region of 2-
cell stage, showing architecture (arrowed) swirling
between multipolar spindles. (D) Control embryos
(no magnetic field - exposure), developing to 4-cell
stage and showing normal spindles (arrowed). Scale
bars: A, 25 µm; B,C, 20 µm; D, 40 µm.

of endogenous fields (Levin 2002), which both detect
the fields and transduce them to gene expression and
cellular events. The surface architecture and the cor-
relative pattern of the underlying microtubular network
point to being end points of such targets. They both
demonstrate a geometrical organisation with reference
to the a-v axis and associated endogenous fields
reflected by, for instance, ionic current characteristics
in the molluscan embryo (Zivkovic et al., 1990; Creton
et al., 1993). The surface-microtubular architecture
patterns may be involved in the physical mediation for
the co-ordination of cytokinesis, cleavage and devel-
opment in relation to the primary body axis. The further
study of these patterns may therefore provide crucial
clues to the understanding of morphogenetic fields and
their mode of action.

Materials and Methods

Crepidula fornicata
 Specimens were obtained from the Spring low tide water

mark (MLWS) at Hillhead, 4 miles (6.4 km) West of Ports-
mouth, UK (Ordnance Survey OS540 020), where they are
abundant. Adults obtained from the low tide site are in prefer-
ence to either the high tide location or by dredging. The force
of the tide at the high water mark or the dredging process often
dislodge the small male adults residing on the top of the clump
of females. The males are of course essential for fertilisation

of the eggs. Collected specimens were kept in aerated seawater with a
coral sand - based undergravel filtration system and cooled to about 8°C
to prevent egg laying. Other details of animal husbandry and egg
collection are as in Tyler et al. (1998). Briefly, induction of egg laying
involved placing clumps of animals in a separate aquarium tank, in which
the temperature was raised to 12°C for 1-2 days.

Fluorescent lectin and staining
 Lectin staining and confocal imaging microscopy were similar to the

description in Tyler et al., (1998). As far as possible, live embryos were
employed for observation of surface architecture. Essentially, embryos of
Crepidula were incubated in 100 µl/ml FITC-conjugated Griffonia
simplicifolia lectin (GSL-1) (Vector labs) in micropore-filtered seawater
containing 1 % bovine serum albumen [BFSW] for 1 h, then rinsed in
BFSW. Sodium azide was omitted from the medium so as to not prevent
normal development. Capping of lectin label was not observed. Where
fixation was necessary, prior to lectin staining embryos were fixed in
freshly prepared 4 % paraformaldehyde in Conrad’s PBS (Conrad et al.,
1973) containing 1 % BSA, pH 7.2 [CPBS] for 30 min., then rinsed in
CPBS. To remove excess paraformaldehyde, embryos were quenched in
1 mg/ml freshly prepared sodium borohydride. Lectin staining was as
above, but replacing the seawater medium with CPBS.

Magnetic field exposure
Embryos in MPFSW were placed in a 3.5 cm diameter Petri dish with

lid. This was placed horizontally between two bar magnets which were
kept apart by perspex spacers. The centre of gravity of the embryos is
nearer to the vegetal pole and so the embryos in general settle with their
a-v axis parallel to the gravitational field vector. The magnetic field vector
thus passed between the bar magnets in parallel to the animal-vegetal
axis of the embryos. Using a gaussmeter, the magnetic field strength was
measured to be 220 mT. In preliminary experiments with magnets of
weaker field strength than this, embryo development was normal. Em-
bryos were exposed to the field overnight for 12 to 16 h. They were then
fixed briefly in 4 % paraformaldehyde in PHEM buffer (modified from
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Schliwa and Blerkom, 1981, with the addition of 250 mM sucrose, pH 6.9)
before removal from the magnetic field. Fixation was then continued in
methanol at -20ºC for 30 min., then embryos were rehydrated gradually
to PHEM buffer. Control embryos were incubated in the same way but
omitting exposure to the magnetic field. The level of background electro-
magnetic radiation (<0.1 mT) was insignificant.

Microtubule staining
Embryos fixed in methanol and rehydrated as described above were

incubated in 5% normal rabbit serum in CPBS [NR-CPBS] for 1 h., then
overnight in YOL1/34 anti-α-tubulin antibody (Harlan seralabs) diluted to
1 in 200 in 1 % NR-CPBS. Embryos were washed in CPBS for 3 h., then
incubated in either FITC- or rhodamine-conjugated anti-rat antibody
diluted to 1 in 80 (Sigma) in 1% NR-CPBS for 30 min. and finally rinsed
in 1 % NR-CPBS for 3 h.

Microscopy
Confocal imaging was with a Biorad MRC 600 confocal scanhead, with

a krypto-argon laser emitting 2 lines at 388 nm and 514 nm. The filters
were calibrated to image the FITC and rhodamine with both laser lines.
Optical lenses used included an Olympus 10 x 0.3NA, a Nikon 60 x 1.4 and
a Zeiss 100 x 1.3 oil objectives. Images were stored as Bio-rad’s own Pic
format. Single images and Z-series of optical sections, using usually a
kalman filter (average of 3) were collected, at either 2 µm or 5 µm intervals,
from which projections were made. Confocal imaging observations were
also made using a Biorad MRC 1024 scanhead with a Nikon TE300 x 60
oil objective, but a consistently better resolution of surface architecture
and microtubule networks was obtained with the MRC 600 system.
Images were processed in Adobe photoshop 7 to optimise contrast and
brightness.
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