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Summary

� Condensins are best known for their role in shaping chromosomes. Other functions such as

organizing interphase chromatin and transcriptional control have been reported in yeasts and

animals, but little is known about their function in plants.
� To elucidate the specific composition of condensin complexes and the expression of CAP-

D2 (condensin I) and CAP-D3 (condensin II), we performed biochemical analyses in Arabidop-

sis. The role of CAP-D3 in interphase chromatin organization and function was evaluated

using cytogenetic and transcriptome analysis in cap-d3 T-DNA insertion mutants.
� CAP-D2 and CAP-D3 are highly expressed in mitotically active tissues. In silico and pull-

down experiments indicate that both CAP-D proteins interact with the other condensin I and

II subunits. In cap-d3 mutants, an association of heterochromatic sequences occurs, but the

nuclear size and the general histone and DNA methylation patterns remain unchanged. Also,

CAP-D3 influences the expression of genes affecting the response to water, chemicals, and

stress.
� The expression and composition of the condensin complexes in Arabidopsis are similar to

those in other higher eukaryotes. We propose a model for the CAP-D3 function during inter-

phase in which CAP-D3 localizes in euchromatin loops to stiffen them and consequently sepa-

rates centromeric regions and 45S rDNA repeats.

Introduction

Structural maintenance of chromosomes (SMC) complexes are
present in prokaryotes and eukaryotes (Cobbe & Heck, 2004).
They are essential for chromatin organization and dynamics, gene
regulation, and DNA repair. In eukaryotes, six conserved SMC
subunits form the core of three different complexes: cohesin, con-
densin, and the SMC5/6 complex. Cohesin is involved in sister
chromatid cohesion and interphase chromatin arrangement.
Condensin is involved in mitotic and meiotic chromosome orga-
nization (van Ruiten & Rowland, 2018; Skibbens, 2019). The
SMC5/SMC6 complex contributes mainly to DNA repair and
replication (Jeppsson et al., 2014). Animals have two condensin
complexes, condensin I and II (Ono et al., 2003). In yeasts only
one condensin complex, analogous to animal condensin I, exists
(Freeman et al., 2000; Hirano, 2012a). Condensin I and II share
a core formed by SMC2 and SMC4 and differ in the associated
proteins, which in condensin I are CAP-H, CAP-D2, and CAP-

G, and in condensin II are CAP-H2, CAP-D3, and CAP-G2
(Ono et al., 2003; Hirano, 2012a). This composition is con-
served in higher eukaryotes, although in Drosophila the subunit
CAP-G2 of condensin II has not been detected (Herzog et al.,
2013). As proposed for Arabidopsis (Fig. 1), plants apparently
have condensin I and II (Schubert, 2009; Smith et al., 2014).

Condensins have been widely studied in humans, animals, and
yeast for their role in shaping chromosomes. Together with
topoisomerase II, condensins form a scaffold within human
somatic metaphase chromatids (Maeshima & Laemmli, 2003).
Depletion of condensin I results in short fuzzy metaphase chro-
mosomes, while depletion of condensin II results in long and
curly chromosomes (Ono et al., 2003; Green et al., 2012).
Besides aberrant chromosome morphologies, chromosomes lack-
ing several condensin subunits show anaphase bridges and other
segregation defects (Freeman et al., 2000; Hudson et al., 2003;
Ono et al., 2003, 2004; Hirota et al., 2004; Savvidou et al., 2005;
Gerlich et al., 2006; Hartl et al., 2008). Both complexes may

972 New Phytologist (2021) 230: 972–987 � 2021 The Authors
New Phytologist � 2021 New Phytologist Foundationwww.newphytologist.com

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.

Full paper

https://orcid.org/0000-0002-0788-1520
https://orcid.org/0000-0002-0788-1520
https://orcid.org/0000-0001-9127-8267
https://orcid.org/0000-0001-9127-8267
https://orcid.org/0000-0002-7080-5520
https://orcid.org/0000-0002-7080-5520
https://orcid.org/0000-0001-7712-8270
https://orcid.org/0000-0001-7712-8270
https://orcid.org/0000-0002-1873-2563
https://orcid.org/0000-0002-1873-2563
https://orcid.org/0000-0002-6190-122X
https://orcid.org/0000-0002-6190-122X
https://orcid.org/0000-0001-6565-5145
https://orcid.org/0000-0001-6565-5145
https://orcid.org/0000-0002-5309-0527
https://orcid.org/0000-0002-5309-0527
https://orcid.org/0000-0003-3386-2590
https://orcid.org/0000-0003-3386-2590
https://orcid.org/0000-0001-6082-2944
https://orcid.org/0000-0001-6082-2944
https://orcid.org/0000-0003-3419-239X
https://orcid.org/0000-0003-3419-239X
https://orcid.org/0000-0002-3072-0485
https://orcid.org/0000-0002-3072-0485
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnph.17221&domain=pdf&date_stamp=2021-02-25


form DNA loops resulting in chromosome compaction (Gibcus
et al., 2018; van Ruiten & Rowland, 2018; Walther et al., 2018;
Elbatsh et al., 2019).

In addition to the canonical role in metaphase chromosome
formation, condensins are also involved in gene expression and
chromatin organization during interphase (Wallace & Bosco,
2013; Wallace et al., 2015). In mouse and human, condensin II
localizes at the promoters of active genes and is required for nor-
mal gene expression (Dowen et al., 2013; Yuen et al., 2017). In
Drosophila, CAP-D3 together with the RetinoBlastoma protein
RBF1 regulates gene clusters involved in tissue-specific functions
(Longworth et al., 2012), and condensin II promotes the forma-
tion of chromosome territories and keeps repetitive sequence
clusters apart from each other (Hartl et al., 2008; Bauer et al.,
2012; Hirano, 2012b; Rosin et al., 2018).

In contrast to other organisms, Arabidopsis has two SMC2
homologs, SMC2A and SMC2B, with redundant functions (Sid-
diqui et al., 2003) (Fig. 1). As in other species, SMC4, CAP-H,
and CAP-H2 are present within chromosomes and are required
for normal metaphase chromosome compaction (Fujimoto et al.,
2005; Smith et al., 2014). CAP-D2 and CAP-D3 prevent the
association of centromeres and induce chromatin compaction
(Schubert et al., 2013). The requirement of the condensin II-
specific subunits CAP-H2 and CAP-G2 for keeping centromeres
apart has been confirmed by Sakamoto et al. (2019). These
authors also showed that condensin II is necessary for the correct
spatial arrangement between centromeres and rDNA arrays.

Condensins are highly conserved but have not been studied
extensively in plants. Here we analyze the Arabidopsis CAP-D2
and CAP-D3 condensin subunit expression patterns and interac-
tion with other condensin subunits for a better understanding of
their functions. We also demonstrate that Arabidopsis forms

specific condensin I and II complexes, and show that CAP-D3
mediates the spatial separation of chromocenters, without alter-
ing the global DNA or histone methylation patterns. Compara-
tive transcriptome analyses revealed an influence of CAP-D3 on
genes affecting the response to water, chemicals, and stress.
Finally, we suggest a model explaining the action of CAP-D3 in
preventing the association of chromocenters.

Materials and Methods

Plant material and stable transformation

All Arabidopsis thaliana (L.) Heynh lines and control plants are
in the Columbia-0 (Col-0) background. The T-DNA cap-d3
(SAIL_826_B06, SALK_094776) insertion lines have previously
been described in our laboratory (Schubert et al., 2013). Seeds
were sown in soil and germinated under short-day conditions
(8 h : 16 h, light : dark; 18–20°C) and then transferred to long-
day conditions (16 h : 8 h, light : dark; 18–20°C) before bolting.
The lines were genotyped by polymerase chain reaction (PCR)
using the primers listed in Supporting Information Table S1.
The presence of the T-DNA was further confirmed by sequenc-
ing.

Stable Arabidopsis transformants were generated by the floral
dip method (Clough & Bent, 1998). For the selection of primary
transformants, the seeds were sterilized and plated on ½
Murashige & Skoog (½MS) basal medium (Sigma-Aldrich, St
Louis, MO, USA) supplemented with the adequate antibiotics
when required and grown in a growth chamber under long-day
conditions.

Transcript quantification

For transcript quantification total RNA was extracted from leaves
of 6-wk-old and roots of 2-wk-old plants, complete 7-d-old
seedlings, and flower buds of the whole inflorescence using the
RNeasy Plant Mini kit (Qiagen, Venlo, the Netherlands) follow-
ing the manufacturer’s instructions. All RNA samples were
treated with Turbo DNAse (Thermo Fisher Scientific, Waltham,
MA, USA) and tested for DNA contamination by PCR. Reverse
transcription was performed using 250 ng of total RNA and the
RevertAid H Minus First Strand cDNA Synthesis kit (Thermo
Fisher Scientific), with oligo(dT)18 primers, according to the
manufacturer’s instructions. The quality of the cDNA was
checked with a PCR test targeting EF1B (Elongation factor 1b)
mRNA.

Real-time quantitative reverse transcription PCR (RT-qPCR)
for CAP-D2 and CAP-D3 transcripts was performed in triplicate
and from three independent biological samples using SYBRTM

Green PCR Master Mix (Thermo Fisher Scientific) in a 7900HT
Fast Real-Time PCR System (Applied Biosystems, Waltham,
MA, USA). For each reaction, 0.5 µl of cDNA template and
0.6 mM primers (Table S1) were used in 10 µl. PPA2 and
At4g26410 (Kudo et al., 2016) were used as reference genes for
data normalization, and the data were analyzed with the double
delta Ct method (Livak & Schmittgen, 2001).

Fig. 1 Arabidopsis condensin I and II subunit composition, based on the
models of Nasmyth & Haering (2005) and Schubert (2009). Both
condensin complexes can presumably be formed by SMC4 and two
alternative SMC2 subunits (Siddiqui et al., 2003). Condensin I contains (in
addition to CAP-D2) CAP-G and the c-kleisin CAP-H, and condensin II
contains (in addition to CAP-D3) CAP-G2 and the b-kleisin CAP-H2
(www.arabidopsis.org; Fujimoto et al., 2005). In the present work we
confirm via analysis of CAP-D2 and CAP-D3 the interaction with the other
respective subunits, and thus the presence of condensin I and II in
Arabidopsis.
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CAP-D2 and CAP-D3 promoter::GUS reporter lines and b-
glucuronidase activity assay

Different lengths of the promoter regions of both CAP-D2 and
CAP-D3 were cloned between the SalI and NotI restriction sites
of the pEntr 1A plasmid (Invitrogen, Carlsbad, CA, USA). The
sequences were amplified from gDNA with the primer pairs D2-
1156F/D2ProR for the Pro1 fragment, D2-1156F/D2Int1R for
Pro2, D2-1156F/D2Int2R for Pro3, D2-392F/D2ProR for
Pro4, D2-392F/D2Int1R for Pro5, D2-392F/D2Int2R, for
Pro6, D3-1318F/D3ProR for Pro7 and D3-474F/D3ProR for
Pro8 (Table S1). The fragments were subcloned upstream of the
GUS reporter gene in the pGWB633 plasmid (Nakamura et al.,
2010) using the Gateway LR Clonase II enzyme mix (Invitrogen)
following the manufacturer’s instructions.

Constructs were transformed into Arabidopsis and stable
transformants were selected in ½MS (Sigma-Aldrich) with
16 mg l�1 PPT (Duchefa, Biochemie BV, Haarlem, the Nether-
lands). One month after sowing, the plantlets were stained for
GUS activity according to Jefferson et al. (1987) with small mod-
ifications. Plantlets were collected in 15 ml tubes containing 1%
X-Glu (5-bromo-4-chloro-3-indolyl-b-D-glucopyranoside;
Duchefa) in 0.1M phosphate buffer (pH 7.0). To facilitate the
penetration of the solution into the material, the tubes containing
the plant material and the staining solution were exposed to a
vacuum for 5 min and incubated overnight at 37°C. The next
day, the staining solution was replaced by 70% ethanol and incu-
bated for 20 min at 60°C. This step was repeated until the
chlorophyll was removed. The stained material was preserved in
70% ethanol at 4°C and analyzed under a stereomicroscope.

cap-d3 SALK line complementation construct

The 3942 bp-long cDNA sequence of CAP-D3 was synthesized
and cloned into the pEntr 1A (Invitrogen) plasmid by the DNA-
Cloning-Service (Hamburg, Germany). Once in the pEntr 1A
plasmid, the coding sequence was subcloned into the pGWB641
plasmid (Nakamura et al., 2010) using Gateway cloning (Invitro-
gen). The generated expression cassette contained CAP-D3 fused
to EYFP C-terminally (CAP-D3-EYFP) under the control of the
cauliflower mosaic virus 35S promoter.

Affinity purification and mass spectrometry (AP-MS) of GS-
tagged CAP-D2 and CAP-D3 from PSB-D cells

The cDNA sequences ofCAP-D3 andCAP-D2were synthesized and
cloned into the pCambia 2300 35SGS-Ct plasmid by the DNA-
Cloning-Service (Hamburg, Germany) resulting in the constructs
pCambia2300_CAP-D2_GS and pCambia2300_CAP-D3_GS.

The Arabidopsis ecotype ‘Landsberg erecta’ cell suspension
(PSB-D) was transformed as described previously (Van Leene
et al., 2015). CAP-D2-GS and CAP-D3-GS were affinity-puri-
fied following the protocol described by D€urr et al. (2014).

For mass spectrometry, the eluted proteins were separated in a
10% polyacrylamide gel and digested with trypsin. Mass spec-
trometry and data analysis were performed according to the

methods described by Antosz et al. (2017). PROTEINSCAPE v.3.1.3
(Bruker Daltonics, Bremen, Germany) in connection with MAS-

COT v.2.5.1 (Matrix Science, Chicago, IL, USA) facilitated
database searching of the National Center for Biotechnology
Information (NCBI) nr database.

Three independent affinity purifications were performed. A
MASCOT score of a minimum of 100 and the presence in at least
two of the purifications were considered as criteria for reliable
protein identification. The experimental background (contami-
nating proteins that co-purified with the unfused GS-tag) and
nonspecific interactions (proteins that co-purified independently
of the bait used) were subtracted. The list of nonspecific Ara-
bidopsis proteins is based on 543 affinity purification experi-
ments using 115 different baits (Van Leene et al., 2015).

Nuclei preparations

Arabidopsis nuclei from differentiated leaf cells were isolated and
flow-sorted according to their ploidy level, as described by Weis-
shart et al. (2016), in a BD Influx Cell Sorter (BD Bioscience, Hei-
delberg, Germany). The nuclei were sorted based on their DNA
content in 2C, 4C, 8C and 16C ploidy fractions. Next, 12 µl of
4C sorted nuclei and the same amount of sucrose buffer (10 mM
Tris, 50mM KCl, 2 mM MgCl-6H2O, 5% sucrose, pH 8.0) were
placed on a slide. The slides were directly used or stored at�20°C.

Arabidopsis nuclei were embedded in acrylamide to preserve
their 3D structure following the procedure described by Kikuchi
et al., (2005) with modifications. On a slide, 12 µl of nuclei sus-
pension were mixed with 6 µl of active 15% acrylamide embed-
ding medium (15% acrylamide/bisacrylamide (29 : 1), 15 mM
PIPES, 80 mM KCl, 20 mM NaCl, 2 mM EDTA,
0.5 mM EGTA, 0.5 mM spermidine, 0.2 mM spermine,
1 mMDTT, 0.32 M sorbitol, 2% APS and 2%Na2SO3). A cov-
erslip was carefully placed on top of the acrylamide–nuclei mix-
ture and left to polymerize for 30 min at room temperature. The
coverslip was then removed, leaving a thin pad of nuclei embed-
ded in acrylamide on the slide that was directly used for fluores-
cence in situ hybridization (FISH).

Probe preparation and FISH

The probes were generated via the following methods: by PCR
for the 180 bp centromeric repeat (pAL; Martinez-Zapater et al.,
1986), from a plasmid for the 5S rDNA probe (pCT4.2; Cam-
pell et al., 1992), and from a bacterial artificial chromosome
(BAC) containing the 45S rDNA repeats (BAC T15P10). The
BAC was obtained from the Arabidopsis Biological Resource
Center (Ohio, USA). The probes were labeled with modified
dUTPs conjugated with Texas Red (Invitrogen) or Alexa488
(Invitrogen) by nick-translation. The FISH was performed as
previously described (Pecinka et al., 2004).

Indirect immunofluorescence labeling

Nuclei and chromosome preparations were washed in 19PBS and
incubated for 30min at 37°C in a moist chamber with 30 µl
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blocking buffer (4% BSA, 0.1% Tween-20 in 19PBS) to reduce
nonspecific antibody binding. After three washes in 19PBS, the
slides were incubated with the primary antibodies against histone
H3K27me3, H3K9me1, H3K9me2, H3K4me3, H3K9ac,
H3K14ac, H3K18ac or H3K9+14+18+23+27ac, and diluted in
antibody buffer (1% BSA, 0.1% Tween-20 in 19PBS) overnight
at 4°C. The next day, the slides were washed in 19PBS again and
incubated with the secondary antibodies (anti-rabbit Alexa488,
anti-rabbit rhodamine, or anti-mouse Alexa488), in antibody
buffer for 1 h at 37°C. After incubation, the preparations were
washed in 19PBS, dehydrated in an ethanol series (70%, 90%
and 96% ethanol for 2 min each) and counterstained with 40,6-di-
amidino-2-phenylindole (DAPI) in antifade (Vectashield, Vector
Laboratories, Burlingame, CA, USA). All primary and secondary
antibodies and the dilutions used are listed in Table S2.

Immunolocalization of 5-methyl-cytosine requires an initial
DNA denaturation of the specimen. Therefore, slides with sorted
nuclei were denatured in 70% formamide in 29SSC for 2 min at
70°C. The preparations were dehydrated in ice-cold 70% and
96% ethanol for 5 min each and air-dried. Subsequent blocking
and antibody incubation were carried out as described for the his-
tone antibodies.

Microscopy and image analysis

Wide-field fluorescence microscopy was used to evaluate and
image the nuclei preparations with an Olympus BX61 micro-
scope (Olympus, Tokio, Japan) and an ORCA-ER CCD camera
(Hamamatsu, Japan). The number of centromeric pAL, 45S
rDNA and 5rDNA FISH signals per nucleus was quantified
under the microscope. The differences in 45S rDNA signals per
nucleus were tested with the Kruskal–Wallis test and Dunn’s
method. The localization patterns of the histone modifications
and 5-methyl-cytosine were analyzed in c. 100 nuclei.

To analyze the ultrastructure of chromatin beyond the classical
Abbe/Raleigh limit at a lateral resolution of c. 120 nm (super-res-
olution, achieved with a 488 nm laser) spatial structured illumi-
nation microscopy (3D-SIM) was applied using a 963/1.4 Oil
Plan-Apochromat objective of an Elyra PS.1 microscope system
and the software ZENBLACK (Carl Zeiss GmbH, Jena, Germany).
Maximum intensity projections of whole nuclei were calculated
via the ZENBLACK software (Weisshart et al., 2016). 3D render-
ing based on SIM image stacks was done using the IMARIS v.8.0
(Bitplane AG, Zurich, Switzerland) software.

The nuclear and centromeric areas were quantified on 16-bit
grayscale microscopic images using IMAGEJ v.1.50i (Schneider
et al., 2012). The images were taken from preparations of flow-
sorted nuclei. Since this technique flattens the nuclei, they were
considered as two-dimensional. All images were treated the same
way after using the same acquisition parameters. The nuclear
area, measured based on DAPI staining, was delimited as a region
of interest (ROI) with the RenyiEntropy threshold; the back-
ground was not subtracted. For the centromeric area, measured
based on the pAL signal, the background was subtracted with the
option ‘rolling ball’ set at 25 pixels, and the ROI was delimited
with the RenyiEntropy threshold. The area of each ROI was

automatically measured by the program. Statistical analyses were
performed on the nuclear and centromeric areas using one-way
ANOVA and Tukey’s HSD.

Southern blot analysis

A 5 µg quantity of genomic DNA from Arabidopsis leaves was
digested with either HpaII or MspI (Thermo Fisher Scientific).
The DNA was gel-separated and transferred onto a nylon mem-
brane (Hybond XL, Amersham). The 32P-labeled centromeric
180 bp repeat pAL was used for Southern hybridization, and the
signals were detected using autoradiography. The Arabidopsis
centromeric pAL probe was generated by PCR and 32P-labeled
according to the manufacturer´s instructions (Deca-Label DNA
labeling Kit; Thermo Fisher Scientific).

RNA-seq and comparative in silico transcriptome analysis

cap-d3 SAIL, cap-d3 SALK, and control (Col-0) seeds were sown
in soil and grown under short-day conditions. RNA was extracted
with the RNeasy Plant Mini Kit (Qiagen) from 50 mg of pooled
4-wk-old plantlets cut above the root. For each of the three Ara-
bidopsis genotypes five independent RNA extractions were per-
formed, and the RNA integrity of the samples was measured in a
2100 Bioanalyzer (Agilent,Technologies, Santa Clara, CA, USA).
The four RNA samples of each genotype with the highest RNA
integrity number (RIN) were used for library preparation and
RNA sequencing (NGS platform, IPK Gatersleben, Germany).
The libraries were prepared with a TruSeq RNA Library Kit
(Illumina, San Diego, CA, USA) unstranded and sequenced in a
HiSeq2000 system (single 100 bp reads).

The quality of the RNA-seq reads was assessed with FASTQC

v.0.11.4 (Babraham Bioinformatics, Cambridge, UK) and the
adaptors were trimmed with TRIMMOMATIC v.0.32 (Bolger et al.,
2014). After a second quality check in FASTQC, the reads were
aligned with GSNAP v.2016-05-25 (Wu & Nacu, 2010) against
the Arabidopsis TAIR10 genome, and the gene counts were cal-
culated with HTSEQ v.0.6.1 (Anders et al., 2015). Differential
expression analyses were performed using the DESEQ2 v.1.14.0
BIOCONDUCTOR package (Love et al., 2014). Genes were consid-
ered to be differentially expressed (DEG) when they had a Ben-
jamini-Hochberg adjusted P value ≤ 0.05 and a log2-fold change
≤�1 or ≥ 1. These steps were performed through GALAXY (Afgan
et al., 2018). Genes detected as differentially expressed for both
cap-d3 mutants were considered to be the genes associated with
CAP-D3 defective proteins independent of the specific mutation.
Gene enrichment was analyzed with AGRIGO v.1.2 (Du et al.,
2010). The analysis of the transcription factors present in cap-d3
DEG was performed using the Arabidopsis Transcription Factor
Database (AtTFDB) from the Arabidopsis Gene Regulatory
Information Server (AGRIS; Yilmaz et al., 2011).

Gene and protein identification numbers

Sequence data from this study can be found at The Arabidopsis
Information Resource (TAIR, www.arabidopsis.org) or the
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National Center for Biotechnology Information (NCBI, www.
ncbi.nlm.nih.gov) databases under the following gene identifica-
tion numbers: CAP-D2, AT3G57060; CAP-D3, AT4G15890.

Results

CAP-D2 and CAP-D3 are highly expressed in meristematic
tissues

We assessed the transcription of both genes, CAP-D2
(At3g57060) and CAP-D3 (At4g15890), in seedlings, mature
rosette leaves, roots, and flower buds by RT-qPCR. The highest
transcription of both genes was observed in flower buds and the
lowest in seedlings (Fig. 2). This observed transcription pattern
agrees with the predicted expression pattern for both genes
(Fig. S1). As in the predicted expression, we observed a lower
expression in seedlings than in rosette leaves before flowering.

The activity of the CAP-D2 and CAP-D3 promoters was eval-
uated in Arabidopsis transgenic lines expressing different versions
of the promoters fused to the b-glucuronidase (GUS) reporter
gene (Fig. 3a). The promoter regions of CAP-D2 and CAP-D3
contain two putative E2F binding sites (Schubert et al., 2013).
Besides, promoter-proximal introns can enhance the expression
of a gene by a mechanism known as Intron-Mediated Enhance-
ment (IME) (Rose et al., 2008). The putative enhancing ability
of CAP-D2 and CAP-D3 introns was analyzed in silico with the
web tool IMETER (Parra et al., 2011). The IMETER score is posi-
tively correlated to the enhancing ability of an intron. For CAP-
D2 the two first introns have positive IMEter scores of 12.13 and
2.36, respectively, and were included in the analysis. However,
the IMEter scores of the first two CAP-D3 introns were negative,

�13.20 and �5.88 respectively, and not considered in the analy-
sis. In total six presumed promoters of different lengths were
analysed for CAP-D2 and two for CAP-D3.

T1 transgenic plants with the different versions of CAP-D2
and CAP-D3 promoters were stained for GUS analysis (Fig. 3b).
For Pro1 only, no positive plants could be isolated. The CAP-D2
promoter version Pro2 (n = 7) was active in stipules (small organs
at the base of the leaves), leaf vascular tissue, and root tip meris-
tems. Pro3 (n = 6) had weak activity in root tips. All Pro4 plants
(n = 21) showed GUS-staining in leaf vascular tissue and root
tips, and in 16 plants also in stipules. All Pro5 plants (n = 23)
presented GUS activity in the apical meristem and root tips, and
in 16 of them also in leaf vascular tissue. Pro6 plants (n = 5)
showed activity in roots, and in 3 plants also (weakly) in the api-
cal meristem. Therefore, all CAP-D2 promoter versions were
active in root tips, but the staining was stronger in the short pro-
moter versions (Pro4, Pro5, and Pro6) than in the long ones
(Pro2 and Pro3). Also, the CAP-D2 short promoters showed
activity in the apical meristem, and versions that included the sec-
ond intron (Pro3 and Pro6) lost the staining in the leaf vascular
tissue. CAP-D3 Pro7 showed no activity, and for Pro8 (n = 8),
the plants showed activity in the apical meristem and root tips.
For both CAP-D2 and CAP-D3, the expression can be driven
more effectively by the short promoters.

Taken together, RT-qPCR and GUS activity staining demon-
strated that CAP-D2 and CAP-D3 are highly expressed in meris-
tematic tissues (root tip meristem, flower buds, apical meristem)
and less expressed in mature leaves. However, in one of our previ-
ous studies, immunostaining with anti-CAP-D3 antibodies
showed the presence of CAP-D3 in differentiated leaf cell nuclei
(Schubert et al., 2013). Thus, we assume that condensins are
required not only during cell divisions but also during interphase
in nuclei of differentiated cells. A similar situation was observed
for the centromere-specific histone H3 variant CENH3, which is
highly expressed only in meristematic tissues, but the protein is
also present in the nuclei of differentiated leaves in relatively large
quantities (Heckmann et al., 2011; Lermontova et al., 2011).

CAP-D2 and CAP-D3 interact with the other condensin
subunits in specific complexes

CAP-D2 and CAP-D3 are specific components of the condensin
I and II complexes, respectively. The presence of CAP-D2 and
CAP-D3 as well as the other condensin complex subunits in Ara-
bidopsis has been confirmed (Smith et al., 2014), but whether
the complexes are formed by the same subunits as in nonplant
species is unknown. To predict the composition of each complex
we identified in silico putative interactors of CAP-D2 (Fig. S2a,c)
and CAP-D3 (Fig. S2b,c) using the STRING program (http://
string-db.org/; Szklarczyk et al., 2019). At the high score
of > 0.90 the proteins SMC2A (At5g62410), SMC2B
(At3G47460), and SMC4 (At5g48600) were identified in inter-
action networks of both CAP-D2 and CAP-D3, while CAP-G
(At5g37630) and CAP-H (At2g32590) were found to be interac-
tors of CAP-D2, and CAP-G2 (At1g64960) and CAP-H2
(At3g16730) were found to be specific interactors of CAP-D3.

Fig. 2 Transcript levels of Arabidopsis CAP-D2 and CAP-D3 in different
tissues. Relative expression (ddCT) in flower buds, roots, and rosette
leaves compared to seedlings. The values were normalized to the
geometric mean of the housekeeping genes PP2A and RHIP1 and relative
to the expression in seedlings. The ‘0’ does not indicate a lack of
expression but that the expression in seedlings was used to calibrate the
expression in the other tissues. Lower ddCT values indicate higher
transcription. Error bars represent the SD between three biological
replicates (each in triplicate).
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Due to the presence of SMC2A, SMC2B, and SMC4 in both
interaction networks, they may be involved in the formation of
condensin I as well as condensin II. In silico analysis using the
STRING program identified besides cohesin subunits also
SMC5/6 complex subunits as CAP-D2 and CAP-D3 interacting
partners (Zelkowski et al., 2019).

To confirm these in silico predictions and to determine the
composition of each complex experimentally, CAP-D2 and
CAP-D3 were fused to a GS-tag and affinity-purified from Ara-
bidopsis PSB-D suspension-cultured cells (Fig. S3). The proteins

co-purifying with CAP-D2-GS and CAP-D3-GS were identified
by mass spectrometry. The putative subunits of the condensin I
complex, SMC2A, SMC2B, SMC4, CAP-H and CAP-G, were
detected with high scores in the CAP-D2-GS eluates of three
affinity purifications performed. Similarly, the putative subunits
of the condensin II complex, SMC2A, SMC4, CAP-H2 and
CAP-G2, were detected in all three affinity purifications per-
formed for CAP-D3-GS, while SMC2B was identified in two of
the affinity purifications (Table 1; Fig. 1). Like in the in silico
analysis, CAP-H and CAP-G, and CAP-H2 and CAP-G2 were

(a)

(b)

Fig. 3 Arabidopsis CAP-D2 and CAP-D3 promoter activity. (a) Schematics depicting the promoter (Pro) regions, the first two introns (In) and three exons
(Ex) of CAP-D2 and CAP-D3. In each, the start of the coding region is marked by a black arrow, and the blue lines represent the position of the E2F binding
sites. At the bottom of each schematic the different tested promoter versions fused to the GUS gene are represented. (b) Histochemical GUS staining (blue)
in root meristems, leaves, stipules (arrows; Pro2, 4), and apical meristems of plants transformed with the indicated promoter versions Pro2-6 and Pro7-8.
Images of Pro1 are not depicted since no transformants could be isolated.
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identified as specific components of the condensin I and con-
densin II complexes, respectively, while SMC2A, SMC2B, and
SMC4 co-precipitated with both CAP-D2 and CAP-D3. This
analysis demonstrates that Arabidopsis, similar to mammals,
chicken, and Caenorhabditis elegans (Onn et al., 2007; Hirano,
2012a), possesses specific condensin I and II complexes. Interest-
ingly, in addition to SMC4, both SMC2A and SMC2B may be
involved in the formation of both condensin complexes.

Among the proteins which co-purified with CAP-D2
(Table S3), other proteins such as the cohesin complex subunit
SMC3 were identified. Additionally, the following were found:
the chromatin remodeling factors CHR17, CHR19 and CHR24;
CUL1 and CUL3, subunits of the SCF ubiquitin ligase complex;
HDC1, a histone deacetylase; and ELO3, a histone acetyltrans-
ferase from the Elongator complex. Among the proteins co-puri-
fying with CAP-D3 (Table S4) were the following: two
nucleosome assembly proteins NAP and CUL1; CSN1, a subunit
of the COP9 signalosome (CSN); the helicase BRAHMA;
ELO3, from the Elongator complex; and NERD, which is
involved in DNA methylation.

CAP-D3 organizes chromatin during interphase

The involvement of Arabidopsis CAP-D3 in keeping cen-
tromeres apart at interphase in nuclei of different ploidy levels
has been described previously by Schubert et al. (2013). In
Drosophila, condensin II also promotes the dispersion of pericen-
tric heterochromatin (Bauer et al., 2012). Because the T-DNA
insertion could not be confirmed in any of the available T-DNA
insertion lines of CAP-D2 we screened, we focused on investigat-
ing T-DNA lines of CAP-D3 using the two cap-d3 mutants
SAIL_826_B06 and cap-d3 SALK_094776 (Schubert et al.,
2013) (Fig. 4a). Arabidopsis has 2n = 10 chromosomes. Because
the nuclei analyzed had a 4C ploidy level, that is, the DNA con-
tent of a replicated diploid nucleus, the maximum number of sig-
nals we can expect to count is ten centromeric, six 5S rDNA and

four 45S rDNA signals if these chromatin regions are completely
cohesive. This is usually the case in differentiated 4C nuclei
(Schubert et al., 2006, 2012). Both cap-d3 mutants showed an
increased centromeric association. The nuclei showed a lower
number of centromeric pAL signal clusters than wild-type.
Around 80% of the cap-d3 mutant nuclei showed less than six
pAL signal clusters, while in the wild-type only 12% of nuclei
had less than six signals (Figs 4b, S4). To verify that the mutation
in the CAP-D3 gene is indeed responsible for the centromeric
clustering, a complementation experiment was carried out. cap-
d3 SALK mutant plants were transformed with a CAP-D3_EYFP
construct containing the coding region of CAP-D3 fused to
EYFP under the control of the 35S promoter. The centromeric
association phenotype was evaluated in cap-d3 SALK comple-
mented plants by FISH and compared with the cap-d3 SALK
mutants and wild-type. Only 15% of the complemented nuclei
showed less than six centromeric signal clusters, which is similar
to the wild-type association level (Fig. 4c). This confirms that
CAP-D3 is responsible for the centromere association in the
mutants. In addition, the cap-d3 mutants exhibit reduced cen-
tromeric regions compared to wild-type, based on pAL signal
area measurements (Fig. S5). Arabidopsis centromeres are posi-
tioned at the nuclear periphery (Fransz et al., 2002; Fang & Spec-
tor, 2005). To test whether the centromere position is influenced
by the cap-d3 mutations, nuclei were embedded in acrylamide to
preserve their 3D structure followed by FISH (3D-FISH) with
the centromeric pAL repeats. For each genotype – cap-d3 SAIL,
cap-d3 SALK, and wild-type – ten nuclei were analyzed. Optical
sections (3D structured illumination microscopy (3D-SIM)
stacks) were acquired for each nucleus, and the centromere posi-
tions were analyzed using the ZENBLACK software tool ‘ortho
view’ (Fig. 4d). In all cases, the centromeres were localized at the
periphery of the nucleus, and this was also the case when cen-
tromere clustering was present in the cap-d3 mutants (Videos
S1–S3). Consequently, no deviation in the peripheral centromere
positioning in wild-type and the cap-d3 mutants occurs. Besides,
no significant differences were found in the nuclear area size
between the cap-d3 mutants and wild-type plants (Fig. S6). Thus,
the cap-d3 mutations clearly induce an increased heterochro-
matin condensation via centromere clustering, but do not influ-
ence the nucleus size.

Besides centromeres, in Arabidopsis the 45S and 5S rDNAs
are heterochromatin-associated sequences. In nuclei of differenti-
ated cells, 45S rDNA containing nucleolar organizing regions
tend to associate, but the 5S rDNA loci are often separated (Berr
& Schubert, 2007). To examine whether CAP-D3 affects, in gen-
eral, the organization of heterochromatin, the distribution of the
45S and 5S rDNA loci were analyzed by FISH in both cap-d3
mutants (Fig. 5a). The majority of 45S rDNA signals are shifted
from three signals in wild-type to two signals in the mutants
(Fig. 5b). No difference was observed concerning 5S rDNA since
> 70% of the nuclei showed between six and ten signals in the
cap-d3 mutant and wild-type plants (Fig. 5c). Thus, the cap-d3
mutants present a higher association of the chromosomal 45S
rDNA regions than the wild-type, but the number of 5S rDNA
signals remains unaffected.

Table 1 Arabidopsis condensin subunits predicted to interact with CAP-D2
and CAP-D3, and subunits identified by affinity purification and mass
spectrometry using CAP-D2 and CAP-D3 as baits.

Predicted in silico (Supporting Information
Fig. S2)

Identified by AP-MS

CAP-D2
bait

CAP-D3
bait

CAP-D2 (AT3G57060) 4539/3 -
CAP-G (AT5G37630) 1421/3 -
CAP-H (AT2G32590) 920/3 -
CAP-D3 (AT4G15890) - 6668/3
CAP-G2 (AT1G64960) - 218/3
CAP-H2 (AT3G16730) - 206/3
SMC4 (AT5G48600) 2543/3 1572/3
SMC2A (AT5G62410) 2497/3 819/3
SMC2B (AT3G47460) 1932/3 503/2

The numbers indicate the average Mascot scores/number of times the
interactor was detected in three independent affinity purifications. Only
proteins detected in at least two purifications are listed. AP-MS, affinity
purification–mass spectrometry.
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(a)

(b)

(d)

(c)

Fig. 4 cap-d3mutations influence centromere association but not their spatial arrangement in Arabidopsis interphase nuclei. (a) Gene structure model of
CAP-D3. Red boxes represent exons, lines represent introns, and the lighter red box represents the 3’UTR. The T-DNA insertion sites of the cap-d3 SAIL

and cap-d3 SALK lines are indicated. (b, c) pAL signal frequencies in 4C nuclei of cap-d3 SAIL, cap-d3 SALK, cap-d3 SALK complemented, and wild-type
(WT). n, total number of nuclei analyzed, from two different plants in (b) and from three different plants in (c). (d) 3D-SIM maximum intensity projections
(upper panel) and orthogonal views (lower panel) of FISH with the centromeric repeat (pAL) on structurally preserved acrylamide-embedded 4C leaf nuclei
of WT and cap-d3mutants. Blue, green, and red rectangles show x–y, x–z and y–z optical cross-sections, respectively.
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CAP-D3 does not affect the global nuclear distribution of
histone marks and methylated DNA

DNA can be methylated at cytosine as 5-methyl-cytosine (5mC).
The methylation of DNA is associated with heterochromatin for-
mation, and consequently it has been found in the chromocenters
of Arabidopsis (Fransz et al., 2002). Mutants in which chromatin
organization is affected often show a compromised distribution
pattern of 5mC and histone modifications (Soppe et al., 2002;
Jasencakova et al., 2003; Probst et al., 2003; Naumann et al.,
2005; Tessadori et al., 2007; Jacob et al., 2009; Yelagandula
et al., 2014). To test whether such a global effect can also be
observed in the cap-d3 mutants, the distribution of methylated
DNA was compared to wild-type by immunodetection of 5mC-
specific sites. In both cap-d3 mutants and wild-type, the 5mC sig-
nals were similarly chromocenter-localized (Fig. 6a). Mouse
embryonic stem cells depleted of condensin show a reduction in
5mC (Fazzio & Panning, 2010). The Arabidopsis centromeric
repeats are highly methylated in a CpG context (Martinez-Zapa-
ter et al., 1986). The use of methylation-sensitive enzymes and
Southern blot hybridization allowed an additional determination
of the relative DNA methylation level of the centromeric repeats.
HpaII and its isoschizomer MspI cleave the same CCGG
sequence, but HpaII is methylation-sensitive while MspI is not.
In wild-type, the centromeric repeats are highly methylated and
are thus digestible by MspI (Fig. 6b). The ladder-like pattern cor-
responds to the monomer, dimer, trimer, and higher orders of

centromeric repeats. As expected, HpaII does not cut in wild-type
DNA. In both cap-d3 mutants, the hybridization pattern is simi-
lar to wild-type. Thus, no major change in the relative level of
CCGG methylation occurred in cap-d3 mutants.

CAP-D3 prevents the clustering of heterochromatin, but the
CAP-D3 protein itself localizes in euchromatic regions during
interphase (Schubert et al., 2013). Both types of chromatin are
characterized by specific post-translational histone modification
marks (Fuchs et al., 2006). To evaluate a possible mislocalization
of histone modifications in the cap-d3 mutants, the global distri-
bution patterns of different histone marks were compared
between the cap-d3 mutants and wild-type. Specific marks for
heterochromatin (histone H3K9me1, H3K9me2) and euchro-
matin (histone H3K4me3, H3K27me3) were tested by indirect
immunostaining. Besides, the H3 acetylation marks H3K9ac,
H3K14ac and H3K18ac, as well as H3K9+14+18+23+27ac,
were evaluated. Histone acetylation relaxes chromatin, allowing
different protein complexes to access DNA (Wang et al., 2014).
In flow-sorted 4C wild-type nuclei, H3K4me3 localizes in
euchromatin, and it is absent from chromocenters and the nucle-
olus. In cap-d3 mutants the localization is identical. H3K9me1 is
a heterochromatin-specific histone modification that localizes in
the chromocenters in both cap-d3 mutants and wild-type.
Finally, the acetylation mark H3K14ac localizes mainly in
euchromatin (transcriptionally active chromatin) of wild-type
nuclei, but also in the mutants (Fig. 6c). The other histone modi-
fications tested (H3K27me3, H3K9me2, H3K9ac, H3K18ac

(a)

(b) (c)

Fig. 5 Arabidopsis cap-d3mutations induce 45S rDNA association but do not influence the nuclear distribution of 5S rDNA. (a) FISH signals of 45S rDNA
and 5S rDNA on 4C nuclei of wild-type (WT) and cap-d3 SAILmutants. The ideogram represents the Arabidopsis chromosomes, showing the localization
of 45S and 5S rDNA. (b, c) Frequency of 45S and 5S rDNA signals in 4C nuclei of WT and the cap-d3mutants. n, total number of nuclei analyzed from
three different plants. Differences in the number of 45S rDNA signals were statistically confirmed with the Kruskal–Wallis test and Dunn’s method (***,
P < 0.001).
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and H3K14+18+23+27ac) followed the same pattern in wild-
type and the cap-d3 mutants (Fig. S7). Thus, we did not detect
obvious major differences in the (sub-)nuclear distribution pat-
terns of the different histone marks between wild-type and the
cap-d3 mutants. The influence of cap-d3 mutations on post-
translational histone modifications at the sequence level remains
unknown.

Mutation of CAP-D3moderately affects transcription

To assess whether the mutation of CAP-D3 affects gene transcrip-
tion, the transcriptome of both cap-d3 mutants was compared to
the wild-type. RNA-sequencing was performed for four samples
(pooled 4 wk-old plantlets) for each genotype. At this stage,
CAP-D2 and CAP D3 are transcribed in the analyzed material
(Fig. S8). After differential expression analysis, we observed dif-
ferences between the cap-d3 mutants and wild-type transcrip-
tomes. The genes with at least a two-fold change in transcription
and a pAdj ≤ 0.05 were considered to be differentially expressed
genes (DEGs) between two genotypes (Fig. 7a). The smallest dif-
ference was observed between cap-d3 SAIL and cap-d3 SALK (74
DEGs), and the highest, between cap-d3 SAIL and wild-type
(398 DEGs). cap-d3 SALK vs wild-type was intermediate
(97 DEGs) (Fig. 7b). Both cap-d3 mutants show centromere and
45S rDNA clustering, but cap-d3 SAIL plants showed additional
growth defects that are absent in cap-d3 SALK plants. To separate

the individual effect of each allele, in the further analysis only the
DEGs shared by both mutants when compared to wild-type were
considered. These 83 genes, common to the cap-d3 mutation
independently of the specific alleles, are subsequently referred to
as ‘cap-d3 DEGs’ (Fig. 7b; Table S5). These genes are distributed
along all chromosome arms (Fig. 7c). According to their Gene
Ontology (GO) enrichment, the cap-d3 DEGs are mainly
involved in transcription, particularly in biological processes
affecting the response to water, chemicals, and stress (Table 2). In
agreement with their role in transcription, 13 out of the 83 cap-
d3 DEGs are transcription factors (Table S5). We conclude that
the direct influence of CAP-D3 on transcription is moderate.
However, the DEGs involvement in plant responses to different
stimuli, and the high proportion of transcription factors, indicate
that CAP-D3 may influence transcription indirectly.

Discussion

Arabidopsis CAP-D proteins are expressed in cell cycle
active tissues

CAP-D2 and CAP-D3 are highly expressed in meristems and cell
cycle active tissues (flower buds, roots) but are weaker in non-cy-
cling tissues (mature leaves). Similarly, the condensin subunit
genes CAP-H and SMC2 are highly expressed in dividing tissues
(Liu et al., 2002; Siddiqui et al., 2003; Fujimoto et al., 2005).

(a)

(c)

(b)

Fig. 6 cap-d3mutations do not modify the epigenetic landscape in Arabidopsis interphase nuclei. (a) 5-methyl-cytosine immunolocalization on 4C nuclei
of wild-type (WT) and the cap-d3mutants. (b) Southern blot analysis of the cap-d3mutants and WT genomic DNA digested with HpaII (H) orMspI (M)
and hybridized with the P32-labeled centromeric repeat pAL does not show different digestion patterns. (c) Immunolocalization of histone H3K4me3,
H3K9me1, and H3K14ac on 4C nuclei of WT and the cap-d3mutants. For each 5-methyl-cytosine and histone modification immunolocalization, c. 100
nuclei were checked.
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Sequences of 391 bp and 474 bp upstream of the start of CAP-
D2 and CAP-D3, respectively, are sufficient to act as promoters.
Longer fragments (>1000 bp) do not improve the expression of
the reporter gene. Interestingly, the CAP-D2 and CAP-D3 pro-
moter regions contain two previously predicted E2F binding sites

(Schubert et al., 2013). E2F is a transcriptional activator of genes
important for cell cycle progression. Together with the
retinoblastoma-related protein (RBR) and a dimerization part-
ner, they control the transition from G1 to S phase. E2F sites are
also present in the Arabidopsis SMC2 promoter (Siddiqui et al.,
2003). In mouse, CNAP1 (CAP-D2) is also a target of E2F (Ver-
linden et al., 2005). Considering the expression patterns, the pro-
moter features, and the comparison with other organisms, it is
plausible that the transcription of Arabidopsis CAP-D2 and
CAP-D3 is cell cycle-regulated.

Introns, when affecting the expression of a gene, often enhance
its expression by increasing the transcript amount or by inducing
the expression in specific tissues (Rose et al., 2008; Heckmann
et al., 2011; Parra et al., 2011). Nonetheless, the second intron of
CAP-D2 could have intragenic regulatory sequences repressing
the expression in nondividing tissues. This is supported herein by
the loss of GUS reporter expression in leaves of the Pro3 and
Pro6 transgenic plants compared with Pro2, Pro4, and Pro5
plants, which do not carry the second intron. Moreover, our RT-
qPCR results showed low transcription of CAP-D2 in mature
leaves. The second intron of the AGAMOUS gene is also respon-
sible for the inhibition of expression in vegetative tissues and

Fig. 7 Transcriptome analysis of Arabidopsis cap-d3mutants and wild-type (WT) plantlets. (a) Volcano plots showing transcriptome comparisons between
cap-d3 SALK, cap-d3 SAIL, and WT. The horizontal dotted line corresponds to pAdj = 0.05. Genes below are depicted in black and above in grey. The red
genes are differentially expressed (DEGs) at a threshold of twofold change (i.e. upregulated: ≥ 1 log2 fold change (FC), or downregulated: ≤�1 log2 FC)
and with a pAdj ≤ 0.05. pAdj is the P-value corrected for multiple testing with the Benjamini–Hochberg adjustment. (b) Venn diagram showing the DEGs
across the three comparisons. Each circle comprises all the DEGs of one comparison and the intersections between circles are the common DEGs. For
example, the blue circle represents the cap-d3 SAIL vs WT DEGs, of which there are 398; of those, 83 are the same in cap-d3 SALK vs WT; 53 are the same
in cap-d3 SAIL vs cap-d3 SALK; 3 are differentially expressed in all comparisons and 259 are only present in cap-d3 SAIL vs WT. (c) Ideogram of
Arabidopsis chromosomes showing the position of the 83 cap-d3 DEGs along the chromosomes.

Table 2 Gene ontology (GO) categories enriched in the 83 Arabidopsis
cap-d3 differentially expressed genes (DEGs).

Ontology GO term Description FDR

Biological process GO:0009414 Response to water
deprivation

0.0001

Biological process GO:0009415 Response to water 0.0001
Biological process GO:0042221 Response to chemical

stimulus
0.0021

Biological process GO:0009628 Response to abiotic stimulus 0.0033
Biological process GO:0050896 Response to stimulus 0.01
Biological process GO:0006950 Response to stress 0.041
Molecular
function

GO:0030528 Transcription regulator
activity

0.024

Molecular
function

GO:0003700 Transcription factor activity 0.047

FDR, false discovery rate; P-value adjusted for multiple testing.
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drives its correct expression in flowers (Sieburth & Meyerowitz,
1997).

The subunit composition of Arabidopsis condensin I and II
is similar to that in other eukaryotes

Protein immunoprecipitation (IP) from flower bud extracts has
already confirmed the presence of the subunits for condensin I and
condensin II in Arabidopsis (Smith et al., 2014). Nonetheless,
these IPs were performed with anti-SMC4, which would target
both condensin complexes, and therefore could not determine the
exact condensin I and condensin II composition. Our data based
on affinity purification of CAP-D2 and CAP-D3 combined with
mass spectrometry clarified that in Arabidopsis both condensin
complexes are present and that their subunit composition is identi-
cal to those of other organisms (Hirano, 2012a). Notably, Ara-
bidopsis is the only species in which two SMC2 homologs have
been predicted and described (Siddiqui et al., 2003; Cobbe &
Heck, 2004). Both SMC2A and SMC2B interact with the other
condensin subunits in vegetative and somatic tissues (Smith et al.,
2014; see second result paragraph of this study).

In human cells and Drosophila, CAP-D3 interacts with RBR
and promotes the correct chromosomal localization of condensin
II (Longworth et al., 2008). In Arabidopsis, this interaction is
likely not conserved, since we could not detect RBR among the
proteins that co-purified with CAP-D3. In human and Drosophila,
components of the ubiquitin-26S proteasome pathway interact
and regulate condensin subunits (Buster et al., 2013; Kagami et al.,
2017). In our affinity purifications, we also detected components
of the ubiquitin-26S proteasome pathway, CUL1, CUL3 and
CSN1, suggesting that in Arabidopsis, ubiquitination could be
involved in the regulation of the condensins. The interaction of
CAP-D2 with the cohesin subunit SMC3 suggests a combined role
for both proteins; however, whether this is a bona fide interaction
requires further confirmation.

CAP-D3 may influence interphase chromatin arrangement
and transcription, but not the global distribution of histone
modifications

In Drosophila, CAP-D3 and CAP-H2 are required to form com-
pact chromosomes (Hartl et al., 2008; Bauer et al., 2012). In Ara-
bidopsis, previous studies based on FISH suggested an influence of
CAP-D3 on the formation of interphase chromosome territories
and sister chromatid cohesion (Schubert et al., 2013). In addition
to its role in chromosome compaction, condensin II has been
described as influencing transcription in mouse, human and
Drosophila (Longworth et al., 2012; Dowen et al., 2013; Yuen et
al., 2017). The Arabidopsis cap-d3 mutants showed transcriptional
changes to a subset of genes involved in transcription and response
to water, chemicals, and stress. Plants defective in other subunits of
the condensin II complex are hypersensitive to stress produced by
growth in boron excess and radiomimetic chemicals (zeocin and
bleomycin) (Sakamoto et al., 2011). The phenotypes of cap-d3
SAIL and SALK have been described previously. Both mutations
induce reduced fertility, and in the case of SAIL also reduced vigor

(Schubert et al., 2013). Interestingly, gross chromosome rearrange-
ments that alter the genome topology do not alter gene expression
in Drosophila (Ghavi-Helm et al., 2019). Even a budding yeast
strain, after merging all 16 chromosomes into a single one, revealed
a nearly identical transcriptome and similar phenome profiles as
wild-type strains (Shao et al., 2018). Thus, chromatin structure
changes as induced in the Arabidopsis cap-d3 mutants seem to
influence the global transcription only slightly.

Wang et al. (2017) showed that Arabidopsis SMC4, but not
CAP-D3, is important for the maintainence of the repression of
pericentromeric retrotransposons independent of DNA methyla-
tion. Accordingly, we observed no increased retrotransposon
transcription in any of the cap-d3 mutants. The protein-coding
genes upregulated in smc4 mutants are mainly involved in flower
development, reproductive processes, and DNA repair, and are
distributed all over the genome (Wang et al., 2017). However,
we observed in the cap-d3 mutants a differential expression of
genes involved in transcription and stress response. This differ-
ence could be due to the combined effects of both the condensin
I and II complexes in the smc4 mutants, while in our cap-d3
mutants only condensin II is compromised.

Posttranslational histone modifications may affect the struc-
ture and stiffness of interphase nuclei, and decondensed euchro-
matin correlates with less rigid nuclei (Chalut et al., 2012; Krause
et al., 2013; Haase et al., 2016). In human HeLa cells histone
methylation, but not acetylation, contributes to the stiffness and
structure of condensed mitotic chromosomes (Biggs et al., 2019).
Histone acetylation relaxes chromatin, allowing different protein
complexes to access DNA. Thus, acetylation is associated with
transcription, and hypoacetylation with transcriptional repression
(Wang et al., 2014).

It seems that the unaltered pattern of histone acetylation
reflects only a moderate effect on transcription, as we observed in
the cap-d3 mutants.

CAP-D prevents clustering of heterochromatin

CAP-H2 promotes the spatial separation of heterochromatic
regions in Drosophila during interphase (Bauer et al., 2012;
Buster et al., 2013). Correspondingly, in Arabidopsis, depletion
of CAP-D3 results in centromere clustering in 2C, 4C, and 8C
interphase nuclei (Schubert et al., 2013). We confirmed this phe-
notype in 4C nuclei and found that CAP-D3 depletion also
results in the clustering of the 45S rDNA loci but not of the 5S
rDNA sites. Differential behavior of rDNA was also found in
protoplasts of Arabidopsis. 45S rDNA remains condensed while
the 5S rDNA decondensed during protoplast formation (Tes-
sadori et al., 2007). 5S and 45S rDNA are transcribed by RNA
polymerases III and I, respectively (Layat et al., 2012). Therefore,
the different clustering behaviors of both rDNAs in the cap-d3
mutants could be due to their different structural and functional
properties. Otherwise, in yeast, condensin is enriched at RNA
polymerase III genes to cluster them (D’Ambrosio et al., 2008;
Haeusler et al., 2008). Whether the smaller genome size of yeast
might be responsible or whether the yeast condensin, which is,
for the most part, similar to plant condensin I (Freeman et al.,
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2000; Hirano, 2012a), may cause the difference is an interesting
question to address in order to clarify whether condensin has an
additional role for organizing the larger plant genomes.

Chromocenters are chromatin structures that can be intensely
stained by DNA-specific dyes and represent condensed hete-
rochromatin regions in interphase nuclei (Jost et al., 2012). In
Arabidopsis chromocenters are located near the nuclear periph-
ery, and they incarnate centromeric and pericentromeric hete-
rochromatin, the 45S rDNA, and the 5S rDNA (Fransz et al.,
2002; Schubert et al., 2012). The nuclear and chromocenter phe-
notype which we observed in the cap-d3 mutants differs from
previous reports of proteins important for the maintenance of the
chromocenters (Moissiard et al., 2012; Sakamoto & Takagi,
2013; Wang et al., 2013; Tatout et al., 2014; Poulet et al., 2017).
The chromocenters cluster and localize at the nuclear periphery,
but they do not decondense, the nuclear area does not change
compared to that of wild-type, and the general degree of DNA
and histone methylation is unaffected. Moreover, CAP-D3 has
little effect on transcriptional silencing, because no increased
transcription of transposable elements was detected in cap-d3
mutants (Wang et al., 2017). MORC, CRWN, and LINC pro-
teins localize close to the chromocenters (Moissiard et al., 2012;
Sakamoto & Takagi, 2013; Tatout et al., 2014). Conversely,
CAP-D3 influences the arrangement of the chromocenters but
localizes exclusively in euchromatin during interphase (Schubert
et al., 2013). Therefore, CAP-D3 has a mostly structural role
during interphase and affects the clustering of chromocenters
without localizing close to them.

Previous statistical analyses have detected more regular, rather
than a completely random, spatial centromere and chromocenter
distributions in animal and plant nuclei. This suggests that repul-
sive constraints or spatial inhomogeneities influence the 3D orga-
nization of heterochromatin (Andrey et al., 2010). Computer
simulation modeling of Arabidopsis chromosomes as polymers
predicts that the position of the chromocenters in the nucleus is
due to nonspecific interactions (De Nooijer et al., 2009). The
simulated chromosomes exhibit chromocenter clustering, except
for the so-called rosette chromosomes (Fransz et al., 2002), in

which the euchromatin loops emanate from the chromocenter
and thus prevent chromocenter clustering. Indeed, depletion-at-
traction forces predict that big particles in an environment
crowded with small particles will tend to cluster together (Maren-
duzzo et al., 2006). This situation can be applied to the nucleus,
where the chromocenters act as big particles and euchromatin as
small particles. If the association is not prevented, the chromo-
centers will cluster.

We suppose that during interphase CAP-D3 localizes in
euchromatin, possibly along with euchromatic loops, mediating
the rigidity which is needed to keep the chromocenters away
from each other. In the case of lacking or functionally impaired
CAP-D3, the loops may be not stiff enough to prevent the chro-
mocenter clustering (Fig. 8). The finding that condensed chro-
matin resists mechanical forces, whereas decondensed chromatin
is softer (Maeshima et al., 2018), supports the idea that the stiff-
ness of chromatin is an important feature for the organization of
cell nuclei. Our observation that the distribution patterns of
DNA and histone methylation and histone acetylation are not
altered in the cap-d3 mutants suggests that these post-transla-
tional histone modifications are possibly not required for the
rigidity of interphase chromosome territory structures.
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et al., 2006). Consequently, the chromocenters cluster (right).
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