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Centromeres play a pivotal role in maintaining genome integrity
by facilitating the recruitment of kinetochore and sister-chromatid
cohesion proteins, both required for correct chromosome segre-
gation. Centromeres are epigenetically specified by the presence
of the histone H3 variant (CENH3). In this study, we investigate the
role of the highly conserved γ-tubulin complex protein 3-interact-
ing proteins (GIPs) in Arabidopsis centromere regulation. We show
that GIPs form a complex with CENH3 in cycling cells. GIP depletion
in the gip1gip2 knockdown mutant leads to a decreased CENH3
level at centromeres, despite a higher level of Mis18BP1/KNL2
present at both centromeric and ectopic sites. We thus postulate that
GIPs are required to ensure CENH3 deposition and/or maintenance
at centromeres. In addition, the recruitment at the centromere of
other proteins such as the CENP-C kinetochore component and the
cohesin subunit SMC3 is impaired in gip1gip2. These defects in
centromere architecture result in aneuploidy due to severely al-
tered centromeric cohesion. Altogether, we ascribe a central func-
tion to GIPs for the proper recruitment and/or stabilization of
centromeric proteins essential in the specification of the centro-
mere identity, as well as for centromeric cohesion in somatic cells.
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In eukaryotes, centromeres play a critical role in accurate
chromosome segregation and in the maintenance of genome

integrity through their regulated assembly and the maintenance
of their cohesion until anaphase. Centromeres consist each of a
central core (1) characterized epigenetically by the recruitment
of the histone H3 variant CENH3 (CENP-A in animals). Ex-
tensive studies are still ongoing to identify the regulatory factors
for loading and maintenance of CENH3 at centromeres. In
yeast, suppressor of chromosome missegregation protein 3 was
identified as a specific chaperone for CENP-A loading (2). In
animals, the Mis18 complex, including the CENH3 assembly factor
Kinetochore Null 2 (KNL2; also called Mis18BP1), recruits the cell
cycle-dependent maintenance and deposition factor of CENP-A,
HJURP (Holliday junction recognition protein), to centromeres
(3). Recently, two Mis18-complex components, Eic1 and Eic2,
were identified in fission yeast (4). Whereas Eic1 promotes
CENH3 loading and maintenance, Eic2 is recruited at centro-
meres independently of its association with Mis18. Together
with CENH3, the conserved kinetochore assembly protein
CENP-C participates in pericentromeric cohesin recruitment
(5). The CENH3 loading machinery changed rapidly during
evolution, and a CENH3 chaperone has not been identified in
plants thus far. Moreover, nothing is known about a possibly
conserved interplay between CENH3 loading and sister chro-
matid cohesion at centromeres. Recently, the plant homolog of
KNL2 was proposed as an upstream component for CENH3 de-
position at centromeres (Table S1) (6). Finally, the regulation of
centromeric complex positioning at the nuclear envelope envi-
ronment is still elusive in plants.

Previously, we characterized the γ-tubulin complex protein 3-
interacting proteins (GIPs), GIP1 and GIP2 (Table S1), as es-
sential for the recruitment of γ-tubulin complexes at microtubule
(MT) organizing centers in Arabidopsis (7, 8). This function seems
conserved in the human and Schizosaccharomyces pombe GIP
homologs named mitotic spindle organizing protein 1 (MZT1)
(9–11). More recently, we localized GIPs at the nucleoplasm pe-
riphery, close to chromocenters, where they modulate the nuclear
architecture (12, 13). Here, we exploit the various phenotype
gradations of knockdown gip1gip2 mutants to investigate the role
of GIPs at centromeres. We demonstrate that GIPs are required
for CENH3 stabilization and centromere cohesion in Arabidopsis.
We further show that these nuclear functions are not related to
mitotic checkpoint controls and occur in addition to the previously
established role of GIPs/MZT1 in spindle microtubule robustness.
Our results highlight a previously unidentified aspect of centro-
mere regulation mediated by GIPs/MZT1 to maintain genomic and
ploidy stability.

Results and Discussion
GIPs Are Required for Proper Centromere Cohesion. Previously, we
observed aberrant chromosome segregation and micronuclei
formation in meristematic gip1gip2 cells (8). As these may sug-
gest defects in centromere/kinetochore functions, we analyzed
centromere cohesion and subsequent ploidy maintenance in
gip1gip2. Because these mutants—hereafter named gip—exhibit
variability in growth and development, we used qualitative phe-
notypic traits to classify mutants into three categories (Fig. S1A,
types 1–3). Then, using the 180-bp-centromeric (pAL) FISH
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probe, we compared the distribution of the centromeric signals
between 2C and 4C nuclei flow sorted from WT and gip plantlets
(Fig. 1 A and B). In type 1 mutants, the number of pAL signals in
2C nuclei was similar to WT and never exceeded ten (2n = 10 in
Arabidopsis). In contrast, although 4C nuclei showed 10 pAL
signals in WT, as previously described (14), 18% of 4C nuclei
showed more than 10 signals in the type 1 gip mutants, high-
lighting centromere cohesion defects. Three percent to 9% of 2C
nuclei in type 2 and 3 mutants, respectively, presented more than
10 signals, indicating ploidy instability as confirmed by FACS
profile analyses (Fig. S1B). To support this hypothesis, we ob-
served an increased number of pAL signals (>10) in up to 38%
and 41% of the 4C fraction in type 2 and 3 mutants, respectively
(Fig. 1B). Next, we focused our analyses on the most affected
classes of gip mutants (types 2 and 3). Using the pericentromeric
BAC probe F28D6, we observed a similar increase in the number
of signals in 4C nuclei as with the pAL probe (Fig. S2A), which
indicated that both centromeric and pericentromeric cohesions
were affected in gip. These observations were in accordance with
the whole-mount FISH analyses performed in mutant root tips
(Fig. S2B).
Because the structural maintenance of chromosome 3 (SMC3)

cohesin subunit is enriched at centromeres in root meristems (15),
we further investigated whether its localization was modified in gip.
SMC3 immuno-signals were severely decreased at centromeric
chromocenters in gip nuclei compared with WT (Fig. 1C), thus

supporting a role of GIPs in stabilizing and/or assembling the
cohesin complex at centromeres during interphase.
To further characterize the centromere function of GIPs, we

analyzed, in gip mutants, the spatial localization of CENH3 at
centromeres in G2 cells and at kinetochores in mitotic cells
(Fig. 2). Although the expected doublets of CENH3 signals
were observed after replication in WT G2 cells (Fig. 2A), as
previously described (16), additional single signals (i.e., from
one to five per cell) were visible in gip mutants (Fig. 2B, ar-
rows). Similar results were obtained in prometaphase and
metaphase gip cells compared to WT (Fig. 2 E and F). In-
terestingly, more than 20 chromatids were observed in gip1gip2
metaphase cells (Fig. 2F), which are indicative of ploidy in-
stability. Additionally, intercentromere and interkinetochore
mean distances were found increased in gip compared with WT
by 32% and 42%, respectively (Fig. 2 C–I). Such increases led
to isolated chromatids (in 16.6% of gip cells; n = 30) or pre-
mature chromatid separation (Fig. 2F, arrowheads), indicating
the occurrence of aneuploidy, as suggested by FACS profile
analyses (Fig. S1B). Together, our results are in favor of defects
in centromeric cohesion as a leading cause of aneuploidy in
gip mutants.
To assess whether such reduced cohesion between centro-

meres is linked to the mitotic spindle assembly defects that we
previously described in gip mutants (8), we quantified the inter-
centromere distance in the defective spindle assembly mitotic arrest
deficient (mad) mutants (Table S1). Even though mad3.1mad3.2
show mitotic spindle defects (17), we did not observe any deviation
from the interkinetochore distances measured in mitotic WT cells
(Fig. 2 G and H). Altogether, our data strongly support a specific
role of GIPs in the maintenance of centromere cohesion in addition
to their role in γ-tubulin complex recruitment for mitotic spindle
assembly (8).

GIPs Form a Protein Complex with the Centromeric Histone CENH3 in
Cycling Cells. To address the spatial and temporal relationships
between GIPs and centromeres/kinetochores, we labeled fixed
root tip nuclei of gip lines expressing GIP1::GIP1-GFP with anti-
CENH3 antibodies. During interphase, GIP1-GFP exhibited a
punctuated distribution at the nuclear envelope, at the outer nu-
clear membrane where MTs are nucleated (Fig. 3A, arrows) and
also close to the inner nuclear membrane (Fig. 3A, arrowheads)

Fig. 1. gip1gip2 mutants exhibit centromeric cohesion defects. (A) FISH
detection of centromeric pAL signals in 2C and 4C flow-sorted nuclei
from WT and three seedling phenotypes (types 1–3) of gip1gip2 mutants.
(B) Number of pAL signals in nuclei (2C and 4C WT, n = 120; gip1gip2 type 1,
n = 116; type 2, n = 122; type 3, n = 125). (C) Immunolocalization of the
SMC3 cohesin subunit in meristematic root nuclei. DAPI staining is shown in
blue. (Scale bars, 2 μm.)

Fig. 2. Intercentromere/kinetochore distances between homologous chro-
mosomes are increased in gip1gip2 mutants. CENH3 was immunolocalized
at centromeres in G2 (A and B) and kinetochores during division (E–G) in WT
(A and E), gip1gip2 (B and F), and mad3-1mad3-2 (G). Average (±SDs)
intercentromere/kinetochore distance (C and H) and the relative frequency
of centromere/kinetochore distances grouped into categories ranging from
<0.4 to >1 (D and I) were determined in G2 and mitotic cells from WT,
gip1gip2, and mad3-1mad3-2. A Student t test was used to calculate confi-
dence values. ***P < 0.001; n = 50 chromosomes. Single CENH3 signals
(arrows), sister chromatids (brackets), and early separated chromatids
(arrowheads) are indicated. (Scale bars, 2 μm.)
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where centromeres are embedded into chromocenters (18).
When present at centromeres, GIP1 colocalized with CENH3
as shown in fluorescence profile analyses (Fig. 3A′), as well as
by superresolution structured illumination microscopy (SIM)
(Fig. 3D). During mitosis, besides its localization on MT arrays,
GIP1 was also present at the kinetochores where it colocalized
with CENH3 and centromeric DNA (Fig. 3 B, B′, C, C′, and E).
To precisely follow the distribution kinetic of GIP1-GFP, we
introgressed a GIP1::GIP1-GFP construct into a gip1 line con-
stitutively expressing EYFP-CENH3. Comparing the fluorescent
signal intensities per centromere, we observed fluctuations in the
amount of GIP1, whereas that of CENH3 remained stable (Fig. 3
F and F′, arrowheads). This variability in the intensity of GIP1-
GFP signals was also observed during mitosis (Fig. S3 A and B),
with a decrease at kinetochores from metaphase to midanaphase
followed by an increase during late anaphase. These results were
further confirmed by FRAP analyses in the nucleus (Fig. S3C and
Movie S1) and suggest a dynamic localization of GIP1 at centro-
meres. In addition, the constitutive expression of EYFP-CENH3

appeared to enhance the GIP1-GFP recruitment at centromeres/
kinetochores (Fig. 3F), thus pointing out a possible functional
link between GIP1 and CENH3. To test whether GIP1 and CENH3
were structurally linked, we performed coimmunoprecipitation
assays, using plantlets expressing functional GFP-tagged GIP1 or
GIP2 (8). A significant amount of endogenous CENH3 was
detected in GIP1 complexes, indicating that both GIP1 and
CENH3 belong to the same protein complex in vivo (Fig. 3G). It
is worth noting that CENH3 was also detected in GIP2 com-
plexes albeit in a rather weak amount (Fig. 3G).

GIPs Are Essential for CENH3 Loading and/or Maintenance in Cycling
Cells. To further delineate the molecular functions of GIPs at
centromeres, we introgressed the 35S::EYFP-CENH3 construct
(16) into gip mutants. In root meristematic nuclei, the number of
CENH3 signals was severely increased compared with WT (Fig.
4 A and B). This increase and the dispersion of CENH3 signals in
seedlings confirmed centromere cohesion defects that may occur
early during embryogenesis, leading to impaired embryo de-
velopment (8). In addition, the decreased intensity of CENH3
signals in meristematic nuclei (Fig. 4 C–E) may also reflect de-
fects in CENH3 loading/maintenance at centromeres. This de-
creased intensity was confirmed using 2C and 4C nuclei sorted
from gip young leaves and roots (Fig. S4A). We observed 49% of
chromocenters associated with irregular CENH3 signals in gip
mutants (Fig. 4D; n = 200), suggesting impeded loading and/or
maintenance of CENH3 at centromeres. To support this hy-
pothesis and reflect impaired chromosome segregation, lagging
centromeres (47.6% of anaphase cells, n = 42) and micronuclei
formation (7% of the interphase cells with at least one micro-
nucleus, n = 426), which lead to strong aneuploidy (60% of cells
with 11–19 chromosomes, n = 50), were detected in gip mutants
(Fig. S4 B–E). As KNL2 participates in CENH3 loading in
Arabidopsis (6), we investigated its location in gip mutants. In
addition to the classical centromere localization observed in WT
(Fig. 4F), KNL2 also appeared as speckles throughout the nu-
cleoplasm in gip (Fig. 4 G and H and Fig. S5). This pattern may
explain the increased KNL2 protein level detected in gip nuclear
protein extracts (Fig. 4I). However, such an overaccumulation
seems insufficient to maintain appropriate CENH3 level at centro-
meres. Although ectopic deposition of KNL2 was observed, ec-
topic loading of CENH3 may be prevented by the induction of
CENH3 degradation as was already described in yeast (19). This
functional hypothesis is reinforced by the severe decrease in the
CENH3 protein level detected in gip (Fig. 2H) compared with its
stable mRNA level (Fig. S6A). Altogether, our data strongly
support the essential role played by GIPs in the loading/main-
tenance of CENH3 at centromeres. Interestingly, as the level of
KNL2 transcripts was not significantly affected in gip (Fig. S6B),
the increased protein level of KNL2 may result from its reduced
proteasome-mediated degradation (6).
It was previously established in Arabidopsis that CENH3 and

another centromeric protein, CENP-C (Table S1), colocalize at
centromeres throughout the cell cycle (20). In gip meristematic
root nuclei, CENP-C showed the same altered distribution as
CENH3 (Fig. 4 J and K). Therefore, our results suggest that in
addition to their involvement in the recruitment and/or mainte-
nance of CENH3, GIP proteins may also be involved, directly or
indirectly, in the recruitment and maintenance of CENP-C at
the centromeres/kinetochores.

GIPs as a Cornerstone of Centromere Regulation at the Nuclear
Envelope. Little is known about the centromeric regulation at
the nuclear envelope. As described above, we present evidence
for a central role of GIPs in centromere cohesion and CENH3
loading and/or maintenance. These functions are distinct from
the previously described role of GIPs in the recruitment of
γ-tubulin complexes (8). Interestingly, the recently characterized

Fig. 3. GIPs and CENH3 colocalize and associate in the same protein com-
plex. (A–E) Immunodetection of GIP1-GFP and CENH3 in gip1gip2 meriste-
matic root cells. Confocal microscopy (A–C) shows that GIP1-GFP is present at
the nuclear periphery (A) and at the spindle (B) and phragmoplast (C) during
mitosis (arrows) as well as at the centromeres/kinetochores (arrowheads).
Fluorescent profiles (A’–C’) indicate the colocalization of both proteins at
centromeres in interphase nuclei and mitotic cells. (D and E) Superresolution
microscopy (SIM) reveals the colocalization of GIP1-GFP and CENH3 in both
interphase nuclei (D) and prometaphase cells (E). (Insets) Magnification of
the GIP1-CENH3 colocalization. Green, red, and blue axes indicate x, y, and
z axes, respectively. (F) GIP1::GIP1-GFP is expressed in a gip1 line over-
expressing YFP-CENH3. GIP1-GFP is present at centromeres and colocalizes
with CENH3 but with at different relative intensities (filled arrowheads). Cor-
responding fluorescent profiles (empty arrowheads in F’ and F″) indicate
protein colocalization. (G) Coimmunoprecipitation of GIP1- or GIP2-GFP with
endogenous CENH3 using anti-GFP antibodies. (Scale bars, 2 μm; Insets, 0.2 μm.)
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GIP homolog, MZT1 in S. pombe, was shown to have two different
functions: one for the stabilization of mitotic spindle MTs and the
other for the proper segregation of chromosomes without affecting
spindle MTs (11). Our data are consistent with these observations
because centromeric cohesion was strongly perturbed in gip mu-
tants, whereas centromeres remained cohesive in mad mutants af-
fected in the spindle assembly checkpoint.
Similarly to GIPs (13), the recently characterized nuclear matrix

constituent protein CRoWded Nuclei 4 (CRWN4) controls the
sizing and shaping of the nucleus, as well as the ploidy level (21).
In addition, both gip and crwn4 mutants showed an increase in the

number of centromere signals, and both GIPs and CRWN4 are
located at the nuclear periphery close to the inner nuclear mem-
brane (13, 22). Although CRWN4 is a component of the nuclear
matrix, our results indicate that GIPs are key players at the nuclear
envelope in the recruitment of the γ-tubulin complexes at the
outer nuclear membrane (8) and in the regulation of the cen-
tromere architecture close to the inner nuclear membrane.
Cohesin loading at centromeres may depend on CENH3 and
CENP-C levels at centromeres/kinetochores, as previously ob-
served in Saccharomyces cerevisiae (5). Moreover, as the estab-
lishment of sister chromatid cohesion is mainly ensured through
the acetylation of SMC3 by Chromosome Transmission Fidelity 7/
Establishment of Cohesion 1 (CTF7/ECO1) during DNA repli-
cation in eukaryotes (23), the reduced level of CTF7 mRNA
(Table S1) in gip mutants (Fig. S6C) may impair SMC3 stabili-
zation at centromeres.
Centromere dysfunction, due to both impaired centromere

cohesion and decreased CENH3 and CENP-C recruitment in
gip, may lead to kinetochore instability and subsequent mis-
segregation of chromosomes, resulting in aneuploidy and geno-
mic instability. Failure to segregate chromosomes was already
reported in human and Drosophila cell lines affected in CENH3
deposition, in which HJURP and Chromosome Alignment defect
1 (CAL1) were depleted (3, 24), respectively. Such defects were
recently described in the Arabidopsis knl2 mutant (6). However,
even though KNL2 was proposed as an upstream factor for
CENH3 loading, its overaccumulation in gip mutants does not
improve the CENH3 loading at centromeres, highlighting GIPs as
central actors in CENH3 loading and/or stabilization at centro-
meres. The CENH3 loading machinery has changed rapidly during
evolution, resulting in no sequence conservation between CENH3
chaperones identified thus far in Drosophila, yeast, or humans (2, 3,
25). Based on this variability, GIPs may be the cornerstone of an
alternative pathway involved in the centromere regulation at the
nuclear envelope. Potentially operating as a multifunctional hub at
the nuclear envelope, GIPs may coordinate centromere functions
essential for proper chromosome segregation.

Materials and Methods
Plant Materials and Growth Conditions. gip1, gip1gip2, GIP1::AtGIP1-GFP,
35S::AtGIP1-GFP, and 35S::AtGIP2-GFP Arabidopsis lines were described
previously (8, 13). A 35S::EYFP-AtCENH3 line (16) was introgressed into ei-
ther gip1 or sesquimutant gip1gip2 lines. The GIP1::GIP1-GFP construct (13)
was introduced by agro-transformation to produce gip1 lines expressing
GIP1-GFP. Arabidopsis transformation was performed as described pre-
viously (8). The Arabidopsis lines were grown in vitro on Murashige and
Skoog medium (SERVA Electrophoresis) at 20 °C with a 16-h photoperiod
(70 μmol/m2 per second of fluorescent lighting).

RT-PCR. Total RNA was extracted from 10-day-old Arabidopsis seedlings with
the Nucleospin RNA plant kit (Macherey-Nagel) following the manufac-
turer’s instructions. Quantitative RT-PCR was performed as previously de-
scribed (26). Forward and reverse gene-specific primers were used (Table S2)
in the experiments, and results were normalized relative to three standard
genes (SI Materials and Methods).

Coimmunoprecipitation and Immunoblotting. Twelve-day-old transgenic Ara-
bidopsis seedlings (500 mg fresh weight) expressing GFP, GIP1-, or GIP2-GFP
(8) were frozen in liquid nitrogen and ground to powder. The extraction
buffer [50 mM Tris·HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, and 5%
(vol/vol) glycerol], supplemented with protease inhibitors (Roche), was added to
the powder. The supernatants were filtered through a 50-μm nylon mesh after
centrifugation at 5,000 × g. Protein complexes containing CENH3 associated
with GIP1-GFP or GIP2-GFP were enriched with polyclonal anti-GFP antibodies
bound to the Dynabeads protein A (Invitrogen), following the manufacturer’s
instructions. Protein fractions were separated with SDS/PAGE and transferred to
Immobilonmembranes (Millipore) for immunoblotting. GFP, GIP1-GFP, and GIP2-
GFP recombinant proteins were detected using polyclonal rabbit anti-GFP anti-
bodies (1:10,000 dilution). Anti-CENH3 antibodies (Novus Biologicals; 1:1,000)
were used and revealed with Lumi-Light Plus (Roche).

Fig. 4. gip1gip2 mutants exhibit defects of centromeric components in cy-
cling cells. 35S::YFP-CENH3 expression in root tips from WT (A) and gip1gip2
(B) using identical imaging settings. (C–H) Immunolocalization of CENH3
and/or KNL2 inWT (C and F) and gip nuclei (D, G, and H). DAPI staining is shown
in blue. (D) Arrowhead(s) and arrows indicate elongated signal(s) or absence of
signal, respectively. (E) Mean intensity of the CENH3 signals: WT, n = 50; gip
mutants, n = 156. **P < 0.01. (G) The arrowhead shows a KNL2 signal outside
of a chromocenter. (H) Arrowheads in the merged image indicate KNL2 signals
not colocalized with CENH3 in the nucleoplasm. (I) Western blot analysis per-
formed on the same blot of endogenous CENH3 and KNL2 protein amounts in
nuclear extracts from WT and gip1gip2. Histone H3 was used as a loading
control. This experiment was reproduced four times. (J and K) Immunolo-
calization of CENP-C in WT (J) and gip nuclei (K). (Scale bars, 2 μm.)
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Extraction of Arabidopsis Nuclear Proteins. Twelve-day-old seedlings were
ground in liquid nitrogen and incubated in lysis buffer (50 mM Hepes,
pH 7.5, 150 mM NaCl, and 1 mM EDTA) supplemented with 1% Triton
X-100, 10% (vol/vol) glycerol, 0.1 mM PMSF, and 5mM β-mercaptoethanol for
20 min at 4 °C. After centrifugation (3,300 × g for 20 min at 4 °C) and
washing with lysis buffer, the pellet was resuspended in SDS/PAGE loading
buffer. For immunoblotting, anti-H3 polyclonal antibodies (1/25,000; Milli-
pore), anti-CENH3 (Novus Biologicals; 1:5,000), and anti-KNL2 (1:5,000) (6)
antibodies were used.

Flow Sorting of Nuclei. Nuclei of 10-day-old plantlets were isolated and flow-
sorted according to their polyploidy level after formaldehyde fixation using a
FACS Aria (BD Biosciences), as described previously (27).

Immunostaining and FISH. Fixation and labeling protocols are provided in SI
Materials and Methods. The antibodies used were rabbit polyclonal anti-
CENH3 (Novus Biologicals; 1/500), rabbit polyclonal anti-KNL2 (1/500) (6),
rabbit polyclonal anti-SMC3 (1/250) (28), mouse monoclonal anti-GFP (Mo-
lecular Probes; 1/500), and rabbit polyclonal anti-CENPC (1/100) (29) anti-
bodies. Signals were detected using Alexa Fluor dyes-conjugated secondary
antibodies (Alexa 568, 1:300; Alexa 488 1:200; Life Technologies) and
counterstained with 2 μg/mL DAPI. FISH on slides with sorted and squashed

nuclei was performed according to ref. 30. The pAL centromeric signal was
scored using the two-sided Fisher exact test. Intercentromeric distances were
measured using ImageJ software.

Confocal and Superresolution Microscopy. Confocal images were acquired
with a Zeiss LSM 780 microscope equipped with 20×/0.8 and 63×/1.4 oil
objectives. Superresolution images were obtained using SIM on an Elyra PS.1
microscope system equipped with a C-Apo 63×/1.2 W Korr objective and by
applying ZEN software (Carl Zeiss). Interkinetochore distances and signal
intensity were measured with the ImageJ software (31). For whole-mount
FISH analyses, images were acquired with an A1 Nikon confocal microscope
(van Leeuwenhoek Center for Advanced Microscopy).
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