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Fertilized Zhikong scallop (Chlamys farreri) eggs were treated with cytochalasin B
(CB 0.5 mg/L) at 14–15 min postfertilization to inhibit first polar body formation.
The eggs were then stained with fluorescein isothiocyanate (FITC) -anti-α-tubulin
and propidium iodide (PI) to examine their microtubule patterns and chromosome,
respectively. Fluorescent microscope observations of treated eggs sampled every 2–
3 min during meiotic maturation revealed meiotic apparatus assembly and correlated
chromosome segregation. In CB-treated groups, meiosis I proceeded normally and
produced two groups of dyads, with 19 in each group. Both dyad groups were retained
in the eggs as they entered meiosis II. Two, three, or four asters (centrosome with
microtubules around it) in meiosis II rearranged the spindle in several patterns: bipolar
[24.0 ± 4.1 µm (long axis) × 18.3 ± 4.1 µm (diameter: metaphase plate)], tripolar
(18.6 ± 3.9 µm × 9.9 ± 1.3 µm), separated bipolar (18.3 ± 2.8 µm × 11.2 ± 1.8 µm),
and other unclassified spindle patterns. Corresponding chromosome segregation,
including bipolar (18.9%), tripolar (38.9%), double bipolar (16.5%), and unclassified
(25.6%), was observed during meiosis II in CB-treated eggs. The data indicated
that chromosome segregation patterns determined by spindle patterns were critically
influenced by the number of centrosomes in meiosis II eggs following inhibition of polar
body 1 (PB1) formation with CB.
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INTRODUCTION

Chromosome manipulation of marine bivalves has received considerable research interest.
Following inhibition of polar body 1 (PB1) formation, tetraploids have been reported in Manila
clam Ruditapes philippenarum (Li et al., 2017), Pacific abalone Haliotis discus hannai (Arai et al.,
1986), American oyster Crassostrea virginica (Stanly et al., 1981), Pacific oyster Crassostrea gigas
(Stephens and Dowing, 1988; McCombie et al., 2005), Hong Kong oyster Crassostrea hongkongensis
(Qin et al., 2018), pearl oyster Pinctada martensii (He et al., 2000), and other mollusk species
(Yamamoto and Sugawara, 1988; Guo and Allen, 1994; Yang et al., 2000a; Tan et al., 2017).
When PB1 formation was blocked in C. gigas zygotes, observations of chromosome segregation
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revealed possible mechanisms of different ploidy formation
(Guo et al., 1992). Previous studies of the effect of blocking
PB1 formation on the subsequent chromosome segregation in
fertilized eggs from triploid C. gigas revealed various segregation
patterns during meiosis II, including tripolar segregation, united
bipolar segregation, and separated bipolar segregation (Que et al.,
1997). Yang et al. (2000b) used a hematoxylin staining method
to analyze chromosome segregation in fertilized Zhikong scallop
(Chlamys farreri) eggs following blocking of PB1 formation by
cytochalasin B (CB). They hypothesized that centrosomes and
spindles might play an important role in meiosis. However, this
hypothesis was not supported by cytological observations based
on immunofluorescent staining (Que et al., 1997).

In this study, a new fluorescent staining method for eggs of
marine bivalves was established using fluorescein isothiocyanate
(FITC)-anti-α-tubulin and propidium iodide (PI); these agents
allow for observation of spindles and chromosomes, respectively.
Asters, which are the meiotic apparatuses that assemble spindles
and coordinate chromosome segregation, were observed in
fertilized eggs from normal diploids when PB1 formation was
blocked with CB. The probable cytological explanation for the
production of tetraploids was documented, and the hypothesis
that centrosomes and spindles are the primary factors controlling
patterns of chromosome segregation was tested.

MATERIALS AND METHODS

Gametes
In this study, 2-year-old Zhikong scallop breeders were collected
from Qingdao, Shandong, China. The scallops were conditioned
indoors until the gonads reached maturity. Gametes were
obtained from several parent scallops through natural spawning.
Eggs were filtered through a 60 µm Nytex screen to remove
gonadal tissue and debris, and washed twice in sea water, then
re-suspended in 4 L seawater at 20◦C, at which time they were
ready for fertilization. Sperm were filtered through a 25 µm
screen to remove tissue debris. For fertilization, sperm were
added to the egg suspension at a final density of 5–7 sperm per
egg. All fertilizations and incubations were conducted at 20◦C in
filtered seawater.

Cytochalasin B Treatment
Two experimental groups were established: In the first group,
fertilized eggs were allowed to develop normally, and these served
as the control. In the second group, fertilized eggs were treated
with 0.5 mg/l CB in 0.05% dimethylsulfoxide (DMSO), and these
served as the treated group. In the treated group, CB was added to
egg suspensions just before insemination, immediately following
PB1 formation, or during the PB1 forming period [14–15 min
post-fertilization (PF), at which time PB1 had occurred in the
control]. The CB treatment was stopped as soon as PB2 was
observed in the control group (33–35 min PF). Zygotes were
washed twice and suspended in fresh seawater. The fertilized
eggs in the control group were suspended in DMSO at a final
concentration of 0.5 g/L. The experiment was repeated twice
using different parent scallops.

Immunofluorescent Staining
Fertilized eggs from both the control and CB-treated groups
were sampled every 2–3 min during development until 40 min
PF. Samples were directly fixed using formaldehyde fixative [4 g
polyformaldehyde dissolved in 100 mL 0.2 mol/L phosphate
buffered saline (PBS)], which was changed twice, and the samples
were stored at 4◦C for analysis.

Specimens were permeabilized with 0.5% Triton X-100 for
40 min and then washed twice in PBS and suspended into
RNase solution for 60 min at a final concentration of 200 µg/ml.
Specimens were incubated in 3% bovine serum albumin (BSA) in
PBS for 1 h, followed by 1 h incubation in FITC-anti-α-tubulin
(1/50 dilution, Sigma). Specimens were washed twice in PBS,
incubated in PI (10 µg in 1 mL PBS, Sigma) for 10 min, rinsed
in PBS, and then transferred into a drop of mounting medium
(2% DABCO in 90% glycerol in 0.1 mol/L Tris–HCl, pH 7.4) on
clean slides. A clean cover glass was placed gently on the sample.

Slides were examined under a Nikon Eclipse 50i fluorescent
microscope. Photographs were taken using a CCD system. The
length and width of the first and second meiotic spindles
were measured for 50 samples. Spindle measurement data are
presented as means± SD.

RESULTS

Initially, normal (i.e., control) cells were observed in the
metaphase of meiosis I with chromosomes anchored in the
metaphase plate. The long axis of the first meiotic spindle was
27.2± 4.4 µm, and its diameter at the metaphase plate measured
14.8 ± 2.5 µm. In all specimens examined, the long axis of the
spindle was positioned normal to the egg surface.

In the control group, the chromosomes began to segregate at
about 9–10 min PF and then divided into two groups. One group
of chromosomes condensed and was released as PB1. This was
followed by reorganization of the second group of chromosomes
onto the metaphase plate of the spindle in meiosis II. The size
of the second meiotic spindle, including both the long axis
(19.7± 3.7 µm) and diameter (9.4± 2.9 µm), was approximately
2/3 that of the first group of chromosomes that produced PB1
during meiosis I.

In the CB-treated group, meiotic apparatuses and
chromosome segregation during meiosis I were similar to
those in the control group, except PB1 formation was blocked
in the majority of fertilized eggs. However, in the metaphase
and anaphase of meiosis II, the meiotic apparatuses and
chromosome segregation pattern differed greatly from those of
the control group. Four typical spindle patterns were observed
(bipolar, tripolar, separated bipolar, and unclassified), and they
corresponded to four chromosome segregation patterns (bipolar,
tripolar, separated bipolar, and unclassified).

Bipolar Segregation
The bipolar spindle (Figure 1A) formed in prophase II and
was followed by reorganization of the chromosomes onto the
metaphase plate of the spindle. All chromosomes segregated in
a bipolar pattern in the anaphase, just like normal meiosis II, and

Frontiers in Marine Science | www.frontiersin.org 2 March 2021 | Volume 8 | Article 653000

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-653000 March 4, 2021 Time: 17:3 # 3

Li et al. Meiotic Spindle Formation in Scallop

FIGURE 1 | Meiotic apparatuses assembling and correlated chromosome segregation observed in fertilized eggs from triploid Zhikong scallop, following inhibition of
polar body I. (A) Bipolar segregation with bipolar spindles. (B,C) Tripolar segregation with tripolar spindles. (D,E) Separated bipolar segregation with two bipolar
spindles. (F–L) Unclassified segregation with several types of spindles at low frequency.

they divided into two groups of chromosomes. One group was
released as PB2 after CB treatment. The spindles, especially those
along the metaphase plate, were a larger size than those in normal
meiosis II (Table 1) and they had more polar microtubules. In

TABLE 1 | Spindle patterns and corresponding chromosome segregation patterns
in meiosis II eggs from C. farreri following inhibition of PB1 with CB.

Segregation
patterns

Percentage Spindle patterns Spindle size (long
axis × diameter)

Bipolar 18.9% Bipolar spindles 24.0 ± 4.1 µm ×
18.3 ± 4.1 µm

Tripolar 38.9% Tripolar spindles 18.6 ± 3.9 µm ×
9.9 ± 1.3 µm

Separated
bipolar

16.5% Two bipolar spindles 18.3 ± 2.8 µm × 11.2
± 1.8 µm

Unclassified 25.6% Several types of
spindles at low
frequency

all specimens examined, the spindle was positioned near the
membrane with the long axis perpendicular to the cell surface.

Tripolar Segregation
All chromosomes were reorganized onto three metaphase
plates of the tripolar spindle in metaphase II (Figure 1B).
Chromosomes in each plate segregated in a bipolar pattern in the
anaphase and eventually were concentrated at three poles, with a
random number of chromosomes at each pole (Figure 1C). The
spindle was shaped like an equilateral triangle, with the length
of each side approximately equal to the long axis of spindles
that formed at metaphase II in untreated eggs (Table 1 and
Figures 1B,C).

Separated Bipolar Segregation
For separated bipolar segregation, two spindles were present
near the surface of the zygote in metaphase II, with two groups
of chromosomes in two metaphase plates, respectively. The
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chromosomes were segregated in a normal bipolar pattern in
anaphase II (Figures 1D,E). The size and shape of the two
spindles in a given egg were similar. However, the length was
appreciably smaller and the diameter at the metaphase plate
was appreciably larger than those of spindles that formed at
metaphase II in untreated eggs (Table 1).

Unclassified
In addition to the above segregation patterns, other unclassified
patterns were observed, but these segregation patterns were not
in disorder. Spindles observed in these eggs were present in
special structures and were not similar (Figures 1F–L). Examples
include three spindles joined together by two communal
centrosomes (Figure 1F); three spindles joined together by
only one communal centrosome (Figure 1F); two spindles of
different sizes joined together by one communal centrosome
(Figures 1I,L); and tetrapolar spindles with four centrosomes in
the shape of a square (Figure 1J). Generally, dissociative asters
were observed in several zygotes except for zygotes in which
the spindle inside had four poles (Figure 1K). Some dissociative
asters organized chromosomes onto the asteral microtubules.

The frequencies of the three segregation patterns in meiosis II
were calculated based on observations of the meiotic apparatuses
of fertilized eggs for which PB1 had been blocked (Table 1).
Table 1 also shows the spindle measurements from meiosis II.

Asters
Aster number was counted when chromosome segregation in
eggs treated with CB was examined. Zygotes of treated groups had
two, three, or four asters (Table 2), and several zygotes (2–3%)
contained dissociative asters.

DISCUSSION

Double Staining Method
Immunofluorescence is used to study microtubule skeletal
structure, spindles, and centrosomes in the fertilized eggs of
many animals (Zhu et al., 2008). We developed a new modified
immunofluorescent double staining method using FITC-anti-α-
tubulin and PI to observe the assembly of meiotic apparatuses
and the correlated chromosome segregation in fertilized C. farreri
eggs. This method proved to be effective for simultaneous
observation of spindles and chromosomes in C. farreri eggs
and should be applicable to other marine bivalves. It offers

TABLE 2 | Percentage of fertilized C. farreri eggs with a specific number of asters
in meiosis II following inhibition of PB1 with CB.

Replicate (number) Number of asters

n 2 3 4

1 173 19.1% 39.3% 41.6%

2 171 12.7% 42.3% 45.1%

Average 15.9% 40.8% 43.3%

both simplicity in slide preparation and high imaging definition
(Li et al., 2009).

In a study of morphogenesis of maternal and paternal
genomes in Pacific oyster eggs, Longo et al. (1993) used 7-
aminoactinomycia D (7-AAD) and anti-β-tubulin to examine
DNA; however, it is difficult to examine spindle formation
and chromosome segregation patterns in one zygote because
of unsynchronous spindles. Komaru et al. (1990) and Aya
et al. (2017) used 4′6-diamidino-2-phenylindole (DAPI) to
study chromosomes of pearl oysters. PI used in this study
produced high luminance but poor contrast. Consequently,
we used BSA and RNase solution to decompose RNA and
enhance contrast. Compared with staining methods using orcein
or hematoxylin, our new staining method allows observation
of meiotic apparatuses, including spindles and chromosomes,
but it is difficult to count the number of chromosomes due
to low definition.

Spindles and Chromosome Segregation
Fan et al. (2002) reported that the meiotic cell cycle progression
of rat oocytes is accompanied by extensive rearrangement of
the microtubule network of the cell. The fertilized oocyte of
C. elegans assembles two consecutive acentrosomal meiotic
spindles that function to reduce the replicated maternal diploid
set of chromosomes to a single-copy haploid set (Muller-Reichert
et al., 2010). Our observations of meiotic apparatuses in Zhikong
scallop zygotes with PB1 blocked illustrated that chromosome
segregation patterns were determined by spindle patterns.
Spindles with a given shape organized chromosomes according to
their specific character. For example, when a tripolar spindle was
present, all chromosomes were reorganized onto three metaphase
plates during the metaphase and separated into six groups during
anaphase II (Figures 1B,C). In the case of a separated bipolar
spindle, two groups of chromosomes reorganized onto two
metaphase plates of two separate spindles and separated into four
groups during anaphase II (Figures 1D,E). In eggs from both
Zhikong scallop and American oyster C. virginica (Hotta et al.,
2017), the percentage of each chromosome segregation pattern
calculated based on spindle type was approximately equal to that
based on chromosome distribution.

Among the three main types of meiosis II spindles in C. farreri
eggs with PB1 blocked by CB treatment, the bipolar spindle
was the largest; it even had a greater diameter than that of
normal meiosis I spindles at the metaphase plate. The number
of chromosomes on the bipolar spindle was twice that of a
normal bipolar spindle during meiosis II. Accordingly, it also was
nearly twice the diameter at the metaphase plate. In contrast, the
tripolar spindle, separated bipolar spindle, and normal spindle
were similar in length and diameter at the metaphase plate during
meiosis II (Table 1). However, the diameter at the metaphase
plate of separated bipolar spindles was appreciably larger than
that of bipolar spindles. We conclude that (1) the long axis in
meiosis II was shorter than that in meiosis I regardless of the
separation pattern.

Previous studies of the effect of blocking PB1 on subsequent
chromosome segregation in diploid eggs using the squashing
method revealed an unsynchronized segregation pattern. One
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group of dyads from meiosis I remained as sister chromatids,
whereas the other group of dyads was divided and moved
toward opposite poles (Yang et al., 2000a). In this study, we
observed dissociative asters in several zygotes (1%–2%), and
some dissociative asters organized chromosomes onto the asteral
microtubules (Figure 1K). The method used in this study failed to
reveal if the chromosomes fixed on dissociative asters were dyads.

Centrioles and Spindles
Centrioles are intimately involved in the formation of meiotic
spindles in Mytilus edulis (Longo and Anderson, 1969), Spisula
solidissima (Longo and Anderson, 1970), and mouse oocytes
(Bennabi et al., 2018). The role of centrioles in establishing
tripolar meiotic apparatuses was also suggested in a recent
investigation of the effect of CB during meiotic maturation of
diploid eggs from C. gigas (Longo et al., 1993). In mammals,
centrioles in PB1 can divide normally under appropriate
conditions (Fan, 1999). In addition, centrioles and associated
proteins may regulate microtubule organization and spindle pole
integrity in mouse oocytes (Yuan et al., 2009).

This study illustrated that the behavior of centrioles was
ultimately responsible for the observed spindle and chromosome
segregation patterns. Normally, the centrosome from sperm does
not participate in meiosis (Sluder et al., 1993). With PB1 blocked
in eggs, we observed that aster number ranged from two to
four (Table 2) depending on whether the centrosomes replicated.
Two asters resulted in bipolar spindles (Figure 1A); three asters
resulted in tripolar spindles and some of the unclassified spindle
patterns (Figures 1B,C,I,L), and four asters resulted in separated

bipolar spindles and some of the unclassified spindle patterns
(Figures 1D–H,J,K).
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