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Abstract

Centrosomes represent the major microtubule organizing center (MTOC) in eukaryotic cells and are responsible for nucleation of
the spindle, the vehicle of chromosome segregation. In human female meiosis, however, spindle assembly occurs in the absence
of centrosomes or other MTOCs and microtubules are nucleated around chromosomes. In yeast, spindle formation in mitosis and
meiosis depends on the activity of spindle pole bodies (SPBs), the functional equivalents of centrosomes; thus, SPBs and
centrosomes use similar machineries to assemble spindles. Here, we develop a system to explore the molecular mechanisms
supporting acentrosomal spindle formation using fission yeast meiosis as a model scenario. We achieve this situation by
removing access of the SPBs to the nucleus after their duplication. Under these conditions, we observe self-assembly-based
spindle formation in the nuclear environment, conferring an ability to segregate chromosomes independently of the SPBs. Our
results open the possibility to utilize the experimental advantages of fission yeast for insights into the molecular basis of
acentrosomal spindle formation in meiosis.

Keywords Spindle - Meiosis - Fission yeast - Centrosome - Spindle pole body

Introduction

Faithful chromosome segregation depends, in most of metazoa,
on the precise action of centrosomes, the major microtubule
organizing centers (MTOCs). Centrosomes establish the poles
of mitotic spindles and delineate its microtubule axis, which
guides the distribution of chromosomes into the daughter cells
(Pavin and Tolic 2016). In general, centrosomes contain a pair
of centrioles embedded in pericentriolar material, a matrix of
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proteins required to nucleate and anchor microtubules (Vertii
et al. 2016). Defects in activity and regulation of centrosomes
lead to alterations in spindle formation, for instance, monopolar
or multipolar spindles, and consequently, errors in chromosome
segregation and aneuploidy (Nam et al. 2015).

Despite the relevance of centrosomes for cell cycle progres-
sion, most metazoan oocytes eliminate their centrosomes dur-
ing oogenesis (Hertig and Adams 1967; Mikeladze-Dvali et al.
2012; Pimenta-Marques et al. 2016; Szollosi et al. 1972). The
centrosome is re-established upon fertilization thanks to sperm
components that prompt its construction in the cytoplasm of the
zygote (Courtois et al. 2012). Several possible explanations
have been proposed for why oocytes lack centrosomes
(Manandhar et al. 2005); for instance, it is thought that oocytes
remove centrosomes to prevent the coexistence of more than
one centrosome after fertilization, which would lead to multi-
polar spindles and, consequently, chromosome segregation de-
fects (Rodrigues-Martins et al. 2008; Severson et al. 2016);
another explanation might be to provide extra constraint on
initiation of parthenogenesis, since centrioles are sufficient to
trigger the mitotic cycle in unfertilized oocytes (Tournier et al.
1989). For all these reasons, elimination of centrosomes in the
female germ line is an important event for ensuring the success
of meiosis (Pimenta-Marques et al. 2016).
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The fact that oocytes of most animal species complete the
two rounds of meiotic divisions without centrosomes indicates
that meiotic spindles must self-assemble without their canon-
ical reference point (see Fig. 1a). Because of this, microtubule
assembly in the absence of centrosomes necessitates a differ-
ent strategy for nucleation and organization. In this scenario,
chromatin plays the active role in spindle formation, establish-
ing the appropriate microenvironment to organize microtubule
nucleation (Heald et al. 1996). Spindles formed around chro-
matin without centrosomes are referred to as acentrosomal
spindles.

Molecular mechanisms behind meiotic acentrosomal spin-
dles assembly are much less established than those supporting
mitotic spindles. One of the reasons for this lack of knowledge
is the limited availability of oocytes for research. Despite these
difficulties, it is known from studies in various model systems
that the chromatin-bound protein RCC1 (Regulator of
Chromosome Condensation) plays an essential role in
chromatin-dependent microtubule assembly. RCC1 is the G-
nucleotide exchange factor for the Ran system on chromatin;
it transforms RanGDP to RanGTP, which activates spindle
assembly elements (Carazo-Salas et al. 1999; Clarke and
Zhang 2008; Halpin et al. 2011). It has been also described
that spindle formation without centrosomes is stabilized by the
role of the Ran target, Rael (Blower et al. 2005). In addition,
cytoskeleton elements like dynein, kinesin (Walczak et al.
1998), and actin are also contributing to chromatin-mediated
spindle formation in meiosis (Mogessie and Schuh 2017).

Spindle nucleation in yeast meiosis depends on the spindle
pole bodies (SPBs, centrosome-equivalent structure); in con-
trast to female meiosis in animals, SPBs support spindle for-
mation in meiosis as well as mitosis (Fig. 1a). In fission yeast,
SPBs are sitting on the nuclear envelope (NE) in interphase,
and for each cell cycle, the NE must be disassembled beneath
the SPBs in order to allow the access of microtubules to the
chromosomes (Ding et al. 1997; Fernandez-Alvarez and
Cooper 2017) (Fig. 1b); this well-controlled process is known
as SPB insertion into the NE, and it is the nuclear envelope
breakdown (NEBD)-equivalent event in fission yeast
(Fernandez-Alvarez et al. 2016; Makarova and Oliferenko
2016). With the aim of disclosing the molecular mechanisms
that substantiate acentrosomal spindle formation in meiosis,
we have optimized a system to study the behavior of
chromatin-dependent spindle formation in meiosis using the
fission yeast Schizosaccharomyces pombe. This system is
based on a combination of mutations which abolishes NE
disassembly and, consequently, SPB insertion in almost
100% of cells (Fernandez-Alvarez et al. 2016). Remarkably,
in this scenario of the absence of SPB insertion, microtubules
show the ability to organize into spindles with the capacity to
segregate chromosomes, which resembles the acentrosomal
spindle formation in higher eukaryotes. Hence, this study
demonstrates that microtubules can be organized around
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Fig. 1 bgtl A sadl.2 meiotic cells do not show proper spindle formation p

in a wide range of temperatures. a Comparison of microtubule
organization in mammals mitosis and female meiosis, i.e., centrosomal
and acentrosomal spindles, respectively. During mitosis in higher
eukaryotes, centrosomes, the major microtubule organizing center in
eukaryotic cells nucleates the spindle to segregate the chromosomes. In
order to reach the chromosomes, the nuclear envelope (NE) must be
disassembled during a regulated process called nuclear envelope break-
down (NEBD). In contrast, centrosomes are eliminated in female meiosis
oocytes and spindles are organized around the chromosomes. In yeast
mitosis and mitosis, the spindle pole bodies (SPBs) are responsible of
microtubule nucleation and spindle formation during cell division. SPB
access to nuclear environment by an analogous process to NEBD
denominated SPB insertion into the NE. b In fission yeast, SPB insertion
into the NE necessitates localized NE disassembly beneath the SPB
which is regulated by previous chromosome-NE contacts (Fernandez-
Alvarez et al. 2016). Loss of the chromosome-NE contacts by using
sadl.2 allele together with the loss of the meiotic-specific protein Bqtl
fully abolishes NE disassembly and, consequently, the SPB insertion
process in around 100% of cells. c—e Frames from films of meiosis for
meiotic chromosomal organization in wt and bouquet-deficient cells.
Hht1-CFP (histone H3 tagged at one of the two endogenous Aht1™" loci;
chromosomes), Sid4-mCherry (endogenously tagged; SPB), ectopically
expressed mCherry-atb2 (Tubulin), and Mis6-GFP marking the centro-
mere. Numbers underneath indicate time (minutes) from meiosis I onset.
Scale bars represent 5 pm. Schematic for each chromosomal organization
is shown on the left. ¢ In wt cells, prophase stage, characterized by horse-
tail movement thanks to telomeres cluster beneath the SPB to form the
bouquet, is followed by spindle formation in MI and MII which leads to
equal chromosome segregation into four haploid cells (spores).
Centromeres do not interact with the SPB during meiotic prophase in a
wt setting. d In bouquet mutant cells (bouguetA), telomeres detach from
the SPB. bouquetA cells (bgt! deletion) show no telomere bouquet for-
mation during prophase, chromosomes cannot follow the SPB move-
ment, and the SPB is able to duplicate but not separate in MI and MII
due to a failure in the SPB insertion process. Consequently, proper spindle
formation is fully abolished. e In around 50% of bouquet-mutant cells,
centromeres contact with the SPB during prophase trigger SPB insertion
into the NE and spindle formation (Fennell et al. 2015). Hence, alternative
centromere-SPB contacts emerge to trigger NE disassembly and spindle
formation. Yellow arrowheads indicate clear centromere-SPB contact
during prophase. f Quantitation of the phenotypes shown in e at different
temperatures (25-33 °C) in bgt1 A sad 1.2 meiotic cells. Centromere-SPB
interactions are reduced in bgtl A cells by introducing sadl.2 allele.
Analysis of centromere contacts was performed by time-lapse images of
S-min intervals. wt and bqt! A cells were analyzed at 27 °C as controls. N
is the total number of cells scored from more than two independent ex-
periments. Data were subject to Fisher’s exact test: ****P<0.0001;
*#%(0,0001 < P<0.001. g Quantitation of proper spindle formation in wt
and bqt1 A sadl.2 cells at different temperatures (25-33 °C). Total num-
ber of cells (V) is shown, and statistical analysis was performed as in f. h, i
Frames from films of wt and bgt! A sad1.2 meiotic cells at 31 °C carrying
Hht1-CFP (histone H3 tagged at one of the two endogenous Akl loci;
Chromosomes), Sid4-mCherry (endogenously tagged; SPB), and ectopi-
cally expressed mCherry-atb2 (Tubulin). Yellow arrowhead indicates a
failure in the separation of the SPBs. Numbers underneath show time in
minutes from meiosis I onset. Scale bars represent 5 pm

chromosomes in fission yeast in the absence of “active”
SPBs and it opens up the possibility to explore, using the
genetic and technical advantages of a yeast model, the molec-
ular mechanisms controlling meiotic spindle formation in the
absence of centrosomes.
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Results and discussion

Optimization of meiotic parameters to study
acentrosomal spindle formation in fission yeast

To address the question of whether chromosomes are able to
organize spindles in fission yeast meiosis independently of the
SPBs, we examined the properties of mutants showing impaired
SPB insertion to determine whether there is a microtubule orga-
nization activity that might emanate from chromosomes in a
manner reminiscent of metazoan oocytes. SPB insertion can
be disturbed by the loss of SPB components like Cutl2,
Cutl1, or Brr6, which coordinate cell cycle progression with
msertion of SPBs into the NE. However, while mutants in all
these proteins show defects in SPB activation and insertion, NE
disassembly beneath the SPBs seems to be normally triggered,
and frequently one of the SPBs is embedded in the NE, leading
to monopolar spindle formation (Tallada et al. 2009; Tamm et al.
2011; West et al. 1998). In order to generate a scenario where
SPBs and chromosomes are permanently disconnected by the
NE throughout cell cycle, we studied the behavior of mutants
where the NE disassembly process is fully abolished. In this
context, it has been recently observed in S. pombe that NE
disassembly in mitosis and meiosis requires previous
chromatin-NE contacts during interphase. In particular, loss of
the telomere bouquet, the meiotic-specific chromosomal config-
uration where telomeres cluster together at the NE beneath the
centrosome during meiotic prophase, compromises NE disas-
sembly and SPB insertion during meiosis (Fennell et al. 2015;
Fernandez-Alvarez et al. 2016). Telomere bouquet formation is
achieved by expression of the meiotic-specific proteins Bqtl and
Bqt2, which form a bridge between telomeric proteins and the
SUN-domain protein Sadl, located at the inner nuclear mem-
brane (Chikashige et al. 2006). Deletion of bqt! or bqt2 abol-
ishes the telomere bouquet formation and, consequently, the pre-
meiotic telomere-NE contacts required for NE disassembly
(Fernandez-Alvarez et al. 2016; Tomita and Cooper 2007).
Nevertheless, centromeres can be substitutes for telomeres in
the absence of the bouquet, and, for this reason, centromere-
NE contacts can also trigger NE disassembly in bgt/ A cells
(Fig. lc—e) (Fennell et al. 2015). To avoid “centromere
contacts” in bouquet-deficient cells and generate complete loss
of chromatin-NE interactions and consequently, abolish SPB
insertion, we combined deletion of bgt/ together with a
thermo-sensitive version of Sadl, Sad1.2 (bqtl A sadl.2 cells).
Sadl connects centromeres and telomeres with the NE (Hagan
and Yanagida 1995) and Sad1.2 harbors two substitutions on its
N-terminal region, Thr-3-Ser, and Ser-52-Pro, which together
disrupt the connection between Sadl and centromeres when
sadl.2 cells are grown at restrictive temperatures (Fernandez-
Alvarez et al. 2016). In order to optimize growth conditions that
reduce the number of centromere-NE interactions in bgtl A
sadl.2 cells, we first analyzed the state of centromere-NE
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Fig. 2 Spindle self-assembly in the absence of “active” SPBs in fission P>

yeast meiosis. a—f Frames from films of wz and bgtI A sadl.2 meiosis at
31 °C harboring the specified tags: tubulin and chromosomes tagged as in
Fig. 1. Cut12-GFP, Sid4-GFP, and Pcp1-GFP, endogenously tagged, were
used as SPB markers. Scale bars represent 5 pm. Self-assembled spindle
formation independent of the SPBs can be observed in bgt1 A sadl.2 cells
(b, d, ). g Quantitation of self-assembled spindles in the absence of SPB
insertion. N is the total number of cells scored from more than two inde-
pendent experiments at 31 °C. Data were subject to Fisher’s exact test:
#HkkP < 0.0001

interactions in bgtl A sadl.2 cells at different temperatures:
25°C, 27 °C, 29 °C, 31 °C, and 33 °C (see “Methods”); higher
temperatures showed problems in the triggering and progression
of meiosis. As can be observed in Fig. 1f, the percentage of
bqt1 A cells showing centromere-NE contacts significantly de-
creases by introducing sadl.2 allele into a bgtA setting even at
25 °C. Consistently with previous data in mitosis where more
penetrant effects of Sadl.2 on centromere clustering occur at
higher temperatures (Fernandez-Alvarez et al. 2016), this de-
crease is more obvious at 31 °C and 33 °C, suggesting that
around these temperatures, Sadl.2 suffers a conformational
change which leads to disruption of its interaction with
centromeres.

Loss of telomere/centromere-NE interaction leads to defec-
tive NE disassembly and consequently, defective spindle for-
mation. Congruently, quantification of proper spindle forma-
tion in bqtl A sadl.2 meiosis showed such defects at all tem-
peratures tested; notably, we found 100% penetrance of de-
fects at 31 °C and 33 °C, consistent with the reduction of
centromere-SPB interactions at these temperatures.
Interestingly, we found that although centromere contacts at
25 °C, 27 °C, and 29 °C occur in around 30% of cells, proper
spindle formation is only found in less than 10% of the pop-
ulation (Fig. 1g). There is a tight correlation between the lon-
gevity of prophase chromatin-Sadl contacts and proper spin-
dle formation; in this context, Sadl.2 mutations are addition-
ally affecting longevity of centromere-NE interactions. Thus,
bqtl A sadl.2 cells show not only a reduced but also a less
stable number of centromere contacts throughout meiosis. An
example of bgtl A sadl.2 meiotic progression at 31 °C is
shown in Fig. 1i. In wt cells, horsetail movement during pro-
phase is followed by proper spindle formation in meiosis |
(MI) and meiosis II (MII), which leads to the generation of
four equal masses of chromatin (Fig. 1h). In contrast, due to
loss of the telomere bouquet (bgtlA), the fluctuating SPB
during prophase lacks contact with telomeres and the sadl.2
allele prevents centromere-NE interactions; for this reason, the
horsetail movement is abolished in bgtl A sadl.2 cells and,
although SPBs are able to duplicate, their separation is com-
promised due to an unsuccessful SPB insertion into the NE as
previously demonstrated (Fernandez-Alvarez et al. 2016)
(yellow arrow in Fig. 11). In this scenario, proper spindle for-
mation is abolished in around 100% of bgtI A sadl.2 cells.
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Hence, and considering 27 °C as optimal temperature for mei-
otic studies in fission yeast, we established bqtl A sadl.2 mei-
osis at 31 °C as the best condition to examine possible spindle
formation in the absence of SPB insertion.

Microtubules organize into spindles
around chromosomes in the absence of SPB insertion

To pinpoint if the nuclear environment can confer spindle
assembly when SPB insertion is compromised, we studied
meiotic progression in bgtl1 A sadl.2 cells at 31 °C. During
this analysis, we found that a population of bgt1 A sad1.2 cells
seemed to be able to separate chromosomes even in the ab-
sence of separation of the SPBs, and this phenotype was me-
diated by microtubules. As we can see in Fig. 2, microtubules
are able to organize into spindles in the mutant, with the pu-
tative ability to segregate chromosomes (20" and 30’ in Fig.
2b; 10" and 20" in Fig. 2d; and 20" and 30’ in Fig. 2f).
Remarkably, the spindle axis is established independently of
SPB localization, suggesting that the mechanism governing
acentrosomal spindle formation in higher eukaryotes might
be responsible of these phenotypes. These observations were
consistent using different SPB markers located at different
SPB layers (Bestul et al. 2017) (Fig. 2). Stimulatingly in terms
of future studies to decipher the basis for this spindle forma-
tion, we found that the rate of spindles self-assembled in the
absence of SPB insertion is around 60% (Fig. 2g).

To confirm that spindle self-assembly in bqtl A sadl.2
cells is accomplished inside the nucleus and is not a cytoplas-
mic event, we followed the behavior of the NE in bgt/ A
sadl.2 meiosis via the endogenously GFP-tagged Ishl pro-
tein. As shown in Fig. 3b, ¢, we found that the spindle is
clearly formed around chromosomes within the nucleus.
Interestingly, the NE is pushed from the inside as a conse-
quence of spindle extension, even when the SPBs are clearly
dislodged from the NE (Fig. 3b—d).

These observations strongly suggest that some component
within the nucleus is able to trigger spindle assembly in the
absence of SPB insertion, resembling the scenario found in
female meiosis in most animals. Several studies have demon-
strated that kinetochores have the ability to generate microtu-
bules (Kitamura et al. 2010; McGill and Brinkley 1975). We
speculate that self-assembly of spindles without SPBs might
be supported by key elements already imported inside the
nucleus, which might be recruited to the kinetochores, in a
cell cycle-regulated manner. These elements might also be
necessary for SPB-mediated spindle nucleation; their ability
to form spindles in the absence of SPB insertion is unmasked
by blocking the partial NEBD required for SPB insertion. In
this context, it is known that importin o« mediates the traffick-
ing of elements regulating spindle assembly in fission yeast
meiosis (Flor-Parra et al. 2018); it would be interesting to
determine whether loss of Impl alters the formation of
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acentrosomal spindles in bgtl A sadl.2 cells. Current studies
aim to study the role of nuclear import in these phenotypes.

Self-assembled spindles share features with proper
spindles but segregate chromosomes with high rate
of errors

To illuminate the properties of self-assembled spindles in the
absence of SPB insertion, we compared the spindle dynamics
in a wt setting, in which SPBs nucleate proper spindles, with
self-assembled spindles in bgtl A sadl.2 cells. In the absence
of SPB insertion, we noticed that self-assembled spindles are
able to assemble, extend, and disassemble; in particular, initi-
ation of self-assembled spindles takes around 5—10 min longer
compared to those mediated by the SPBs (Fig. 4a). Once spin-
dle formation is triggered, self-assembled spindles reach max-
imal length of 8.36£0.67 um (N=15 cells), in contrast to
1430+£0.46 pm (N =14 cells) in wt cells (Fig. 4b) (Flor-
Parra et al. 2018). Accordingly, we noticed that intensity of
alpha tubulin signal is weaker for acentrosomal spindles com-
pared to spindles mediated by the SPBs. Reasons for these
differences include two possible scenarios: (i) Gamma tubu-
lin, tubulin, and other nucleation factors might be scarce in the
nucleus since SPB insertion or rather, partial NEBD, which is
lost in the bgtl A sadl.2 background, might be necessary to
import all necessary factors for proper spindle formation; (ii)
alternatively, all key elements for the formation of a robust
spindle have efficiently been imported inside the nucleus,
but without the SPBs inserted into the NE, the reference point
to orchestrate the formation of the spindle is lost and then, the
process is compromised. In this context, it would be interest-
ing to force the accumulation of tubulin and gamma tubulin
complex inside the nucleus in the absence of SPB insertion in
bqtl A sadl.2 cells in order to see if the robustness of the
spindle can be improved. In line with this idea, it has been
shown that forced import of the microtubule-associated pro-
tein Alp14/TOG is enough to trigger spindle formation during
interphase (Kume et al. 2018).

Despite the weakness of self-assembled spindles, a crucial
stabilizing factor of proper spindles, Asel/PRCl, is also lo-
cating in the mid-zone (Fig. 4c), suggesting that at least part of
the molecular machinery controlling the SPB-mediated spin-
dle formation might be also somewhat involved in the forma-
tion of self-assembled spindles in fission yeast.

To determine if the self-assembled spindles observed in
bqtl A sadl.2 cells have the genuine ability to segregate chro-
mosomes, we analyzed the behavior of centromeres during the
extension of the spindle in the absence of SPB insertion. As
we can observe in Fig. 5a, centromeres (visualized via GFP-
tagged Mis6) are captured by the spindle (10’ frame in Fig. 5a)
and separated to opposite poles of the cell (30’ frame in Fig.
5a), indicating that the spindle can attach chromosomes.
Congruently, sporulation efficiency showed that around 60%
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Fig. 3 Spindle self-assembly occurs in the nuclear environment. a—¢
Frames of films of wr and bgt/ A sadl.2 meiosis at 31 °C. SPB is seen
via Sid4-mCherry, spindles via ectopically expressed mCherry-Atb2 (nda3
promoter controlled) and chromosomes (histone H3 tagged at one of the
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Fig. 4 Self-assembled spindles show similarities with proper spindles. a
Quantitation of spindle extension in w¢ (SPB-mediated spindles) and
bqtl A sadl.2 (self-assembled spindles) cells at 31 °C. Time on x-axis
starts from the moment when SPB duplication was detected. Each line
represents one single cell. b Quantitation of maximum spindle length
derived from data shown in a; mean and SEM are shown. Data were
subject to Fisher’s exact test: **%0.0001 <P <0.001. ¢ Asel/PRC1

of bqt1 A sadl.2 asci contained 2, 3, or 4 spores (Fig. 5b, c¢),
which implies events of chromosome distribution. However,
we found only around 30% of asci with four equally sized
spores (Fig. 5b, c). In line with this observation, we also

@ Springer

bqgt1A sad1.2 Self-assembled spindles

Tubulin

Ase1l

Chromosomes

Prophase

M-I & M-Il
protein localizes to meiotic self-assembled spindles. Frames from films
of meiosis. Chromatin and tubulin are viewed as in Fig. 1, Asel-GFP
(endogenously tagged). In wt cells, Asel protein localizes to the spindle
poles and midzone (arrowheads in 45’ frame). In 93% of self-assembled
spindles in bgtl A sadl.2 cells, Asel-GFP also locates to the midzone of
the spindle (35’ frame, arrowheads). Scale bar represents 5 um

noticed a high rate of lagging and unsegregated chromosomes
(Fig. 5d); approximately 80% of segregations showed such
errors (Fig. 5e). Chromosome segregation in human female
meiosis has an intrinsically high rate of errors, and one of the
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Fig. 5 Self-assembled spindles in
the absence of SPB insertion
show high rate of failure of
chromosome attachment. a
Frames from films of bgt/ A
sadl.2 carrying chromatin, SPB
and tubulin, viewed as in Fig. 1,
and centromeres via
endogenously GFP-tagged Mis6.
Bar 5 um. Behavior of
centromeres is indicated by
yellow arrowheads. b, ¢ Asci
generated from wr and bgtl A
sad1.2 were analyzed by light
microscopy. Data were scored
from more than three independent
experiments at 31 °C. Yellow
arrows point bqtl A sadl.2 asci
containing more than one spore
suggesting segregation of
chromosomes. d Series of frames
from films of wt and bqt1 A
sadl.2 cells undergoing meiosis.
Tags and numbers as in Fig. 1.
Scale bars represent 5 um. Failed
spindle attachment for
chromosomes is indicated by
arrows. e Quantitation of the
frequency of non-attached
chromosome events as observed
via tagged histone H3. Data were
subject to Fisher’s exact test:
##%%P < (0.0001. N is the total
number of cells scored from more
than two independent
experiments

a Tubulin Chromosomes SPB Centromeres
bqtiA sad1.2 Self-assembled spindles

Tubulin
SPB

Chromosomes Centromeres

M-I & M-I

c Spores
1' per ascus

e

100

mwt
m bqt14 sad1.2

.II
>

€ Unsegregated
chromosomes

100

O o
o o

% of asci
=
o

d Tubulin Chromosomes SPB

wt
!

M-1 & M-Il

*kkk

Prophase

wt
! ] l!!

—na—aa—a P
M-I & M-I

Prophase
bqt1A sad1.2 Self-assembled spindles

!! l 50’

Prophase

% of cells

M-I & M-I

@ Springer

36

Author: Alberto Pineda Santaella



ARTICLE 1

Characterization and improvement of a self-assembled spindle in fission yeast

276

Chromosoma (2019) 128:267-277

most pertinent reasons is the absence of centrosomes or other
MTOCs (Hassold and Hunt 2001; Holubcova et al. 2015;
Mogessie et al. 2018). Congruently, the spindle which we
observed in bqtl A sadl.2 cells is also very inefficient at seg-
regating chromosomes accurately. With the aim to improve
faithful chromosome segregation in acentrosomal meiosis,
we are currently trying to identify elements which can im-
prove the robustness of the self-assembled spindles.

Conclusion

In this study, we have observed the formation of self-
assembled spindles in the absence of SPB insertion. This phe-
notype is consistent with the notion that chromatin has the
capability to organize microtubules in the absence of centro-
somes and other MTOC:s.

The conserved ability of components of the nuclear envi-
ronment to nucleate spindles without centrosomes has been
long recognized, and the optimization of a robust and geneti-
cally manageable scenario, using fission yeast as model sys-
tem, is a new powerful tool for deciphering the basis for
acentrosomal meiotic spindles.

Methods
Strains, plasmids, and growth conditions

Strains used in this work are listed in Supplementary Table 1.
Standard fission yeast and molecular biology approaches
(Moreno et al. 1991) were used. Gene deletion and C-
terminal tagging were performed as described (Fennell et al.
2015). pFA6a plasmids were used to amplify kanMX6,
hphMX6, and natMX6 resistance cassettes. Insertions of
mCherry-Atb2 at the aurl locus (Hashida-Okado et al.
1998) utilized pYC19-mCherry-Atb2 (Nakamura et al.
2011) provided by T. Toda (Hiroshima University). Final con-
centrations of aureobasidin A (0.5 pg/mL), nourseothricin
(100 pg/mL clonNAT), G418 (150 pug/mL geneticin), and
hygromycin B (300 pg/mL) were added for selection purpose.

Meiosis induction and microscopy sample preparation

Homothallic (h°) haploid strains were grown on YES rich
medium plates at 32 °C and then were plated on SPA (nitrogen
source free media) plates at 28 °C. Live analysis was carried
out 6-6.5 h after meiosis induction. Asci formation studies
were performed 2 days after meiosis induction.

To prepare the samples for live microscopy, cells were re-
suspended in 200 uL of milli-Q water and 100 uL of the
mixture incubated for 4 min on lectin-coated glass bottom
35-mm dish (Ibidi Gmbh, Germany) at room temperature.

@ Springer

To maintain sporulating conditions and ensure meiosis pro-
gression, minimal medium without nitrogen was added to the
chamber up to a final volume of 3 mL.

Live imaging of meiotic cells and image analysis

Meiotic cells were filmed through fluorescence confocal spin-
ning disk microscopy (Photometrics Evolve camera; Olympus
100 x 1.4 NA oil immersion objective; Roper Scientific) and
DeltaVision microscope system (Applied Precision, Seattle,
WA). In the case of spinning disk, a timelapse of 61 timepoints
of 5 min duration each (5 h) with 13 focal planes of 0.5 pm
stepsize each, using 100 ms and 50 ms of exposure for fluores-
cence and DIC channels, respectively, was conveyed. For anal-
ysis using Delta Vision, images were acquired over 26 focal
planes at a 0.35 um step size. For time-lapse imaging at
25 °C, 27 °C, 29 °C, 31 °C, and 33 °C, we used an
Environmental Chamber with a DeltaVision Spectris (Applied
Precision) comprising an Olympus [X70 widefield inverted
epifluorescence microscope, an Olympus UPlanSapo x 100
NA 1.4 oil immersion objective, and a Photometrics CCD
CoolSnap HQ camera.

Deltavision images were deconvolved and combined into a
2D image using the maximum intensity projection setting
using SoftWorx (Applied Precision). Image processing and
analysis were performed using Image] and Adobe
Photoshop CS5.1.
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