
Supplementary Figure 1. (A) Distribution of axial nucleosomes (pairs of yellow beads) in the 

chromatin fibre (grey) in the last conformation of the simulated holocentric model with no-effect, 

blocking and anchoring centromeric nucleosomes, from left to right. (B) Measured segments of 

axial nucleosomes in the same conformations.
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Supplementary Figure 2. Chromosome length (A, C, E) and average chromatin loop length (B, D, F) over 

time for different interaction effects of centromeric nucleosomes with LEs: (A, B) no effect; (C, D) blocking 

effect; and (E, F) anchoring effect. Simulations with different amounts of LEs are shown in different 

colours. A plateau for the final steps of the simulation means these two parameters have reached an 

equilibrium. Full lines correspond to mean values over 10 simulation replicates and the shades around 

them to the standard deviation.
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Supplementary Figure 3. Histograms of the localization of LEs along the chromosome for the three 

different models - no effect on, blocking or anchoring LEs. For each model we used the last conformation 

after 50,000 blocks of 3D steps of 50 simulations. 
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Supplementary Figure 4. (A) Chromosome length and (B) loop length calculated from 100,000 steps of 

1D simulation. The grey area characterizes sparse states, when number of LEs x average loop length < 

100,000 nucleosome. Above the grey area the chromosome is in a compacted state, with nested 

chromatin loops. (C) Percentage of nucleosomes outside chromatin loops.
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Supplementary Figure 5. Histogram of the spatial distances between centromeric nucleosomes 

after compaction of the holocentric chromosome for the three different models - no effect on, 

blocking or anchoring LEs. For each model we used 10 conformations over the last 10,000 blocks 

of 3D steps of 50 simulations.



Supplementary Figure 6. (A, B, C) Contact matrices of compacted chromosomes for the three 

different models - no effect on, blocking or anchoring LEs. Ticks at the border mark the position of 

centromeric nucleosomes. (D) Contact probabilities for the three different models. The probability 

was normalized to 1 at 100 kb.
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Supplementary Figure 7. Consequences of changing the lifetime in the model where centromeric 

nucleosomes have only a blocking effect in the loop extrusion. (A) Average chromatin loop length. 

(B) Percentage of nucleosomes outside chromatin loops. (C) Chromosome length. These analysis 

were performed with 100,000 steps of 1D simulation. (D, E) Final conformations of two 3D 

simulations (5,000,000 steps) of blocking effect with lifetime equal to 2,000 and 5,000, 

respectively.
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Supplementary Figure 8. Structural features of the simulated monocentric model with anchoring 

effect. Average chromatin loop length over time for (A) the centromeric region, and (B) outside the 

centromeric region. (C) Chromosome length. Simulations with different amounts of LEs are shown 

in different colours. A plateau for the final steps of the simulation means the length has reached 

equilibrium. (D) Contact matrices of the compacted monocentric chromosomes with anchoring 

effect and 1000 LEs. Ticks at the border mark the position of centromeric nucleosomes. (E) 

Histograms of the localization of LEs along the chromosome for the mono- and holocentric 

models. For each model we used the last conformation after 50,000 blocks of 3D steps of 50 

simulations. 
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Supplementary Figure 9. Monocentric with blocking effect. (A) Histogram of the spatial distances 

between centromeric nucleosomes after compaction of the monocentric chromosome for the three 

different settings - no effect on, blocking or anchoring LEs. For each setting we used 10 

conformations over the last 10,000 blocks of 3D steps  of 1 simulation. (B) Last conformation of 

the simulated monocentric chromosome with blocking effect. (C) Zoom around the centromeric 

region of the same conformation.
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Supplementary Figure 10. Final conformation of a simulation of a monocentric chromosome, 

where the centromeric nucleosomes (red beads) were attached to a kinetochore grid (lilac beads). 

The grid is proportional to the number of centromeric nucleosomes. Pairs of yellow spheres 

represent nucleosomes bound by LEs and the chromatin fibre is shown in grey. A) Longitudinal 

view of the entire chromosome. On the right the kinetochore is not shown so that the centromeric 

line is visible at the side and surrounded by LEs. Longitudinal (B) and transversal (C) cross 

sections of the centromere region, with and without the kinetochore grid.
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Supplementary Movies are currently available in the url: http://dx.doi.org/10.5447/ipk/2021/16. 

Supplementary Movie 1. Condensation of a holocentric chromosome, where the centromeric 

nucleosomes have no effect on the Loop Extruders. Three visualization modes are present. Chromatin 

is shown as a 10 nm thick grey fibre, the Loop Extruders are represented by the bound nucleosomes 

as pairs of yellow beads and the centromeric nucleosomes are shown as beads coloured in red or in a 

gradient from blue to red, following their chromosome position, as indicated by the subtitles. The 

simulation presents 1000 LEs and 100 centromeric nucleosomes. This movie is available as 

HolocentricChromosome_noEffectCentromeres.mp4. 

Supplementary Movie 2. Condensation of a holocentric chromosome, where the centromeric 

nucleosomes have a blocking effect on the Loop Extruders. Three visualization modes are present. 

Chromatin is shown as a 10 nm thick grey fibre, the Loop Extruders are represented by the bound 

nucleosomes as pairs of yellow beads and the centromeric nucleosomes are shown as beads 

coloured in red or in a gradient from blue to red, following their chromosome position, as indicated by 

the subtitles. The simulation presents 1000 LEs and 100 centromeric nucleosomes. This movie is 

available as HolocentricChromosome_blockingCentromeres.mp4. 

Supplementary Movie 3. Condensation of a holocentric chromosome, where the centromeric 

nucleosomes have an anchoring effect on the Loop Extruders. Three visualization modes are present. 

Chromatin is shown as a 10 nm thick grey fibre, the Loop Extruders are represented by the bound 

nucleosomes as pairs of yellow beads and the centromeric nucleosomes are shown as beads 

coloured in red or in a gradient from blue to red, following their chromosome position, as indicated by 

the subtitles. The simulation presents 1000 LEs and 100 centromeric nucleosomes. This movie is 

available as HolocentricChromosome_anchoringCentromeres.mp4. 

Supplementary Movie 4. Condensation of a monocentric chromosome, where the centromeric 

nucleosomes have an anchoring effect on the Loop Extruders. Three visualization modes are present. 

Chromatin is shown as a 10 nm thick grey fibre, the Loop Extruders are represented by the bound 

nucleosomes as pairs of yellow beads and the centromeric nucleosomes are shown as beads 

coloured in red or in a gradient from blue to red, following their chromosome position, as indicated by 

the subtitles. The simulation presents 1000 LEs and 20 centromeric nucleosomes. This movie is 

available as MonocentricChromosome_anchoringCentromeres.mp4. 
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Supplementary Table 1. Reported experimental values for the number of condensins, number of 
centromeric units and chromosome lengths for holocentric and monocentric chromosomes. 
 
 

 
 
* 200 CENP-A per centromere (average size 2.5 Mb) 
**inspection from published images and personal communication 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Monocentric (human) Holocentric 

Condensins per Mb 16/Mb (1) 28/Mb C. elegans (2) 

  
Centromere CENP-A 1/12.5 kb *(3)  1/200 kb C. elegans (4) 

  
Chromosome length (base 

pairs) 

47 – 247 Mb 13.8 – 20.9 Mb C. elegans 

~323 Mb R. pubera 

 

Chromosome length 

metaphase per 100 Mb 

3.5 or 1,9 μm/100 Mb (5, 6) ~2 μm/ 20 Mb C. elegans **(7) 

~2.3 μm/100 Mb R. pubera 

**(8) 

  
Chromosome length 

prophase/prometaphase 

per 100 Mb 

16.7μm/100 Mb (9) ~4 μm/100 Mb R. pubera (8) 



Supplementary Table 2. Observed chromosome length after 1D and 3D simulations as function of 
nucleosomes or nm for four different simulated models, at their compacted final conformation. 
 
 

Chromosome 
type 

Holocentric Monocentric 

Centromeric 
nucleosome 
effect 
 

no effect blocking anchoring anchoring 

1D simulation 

Chromosome 
length 
(nucleosomes) 
 

624 648 374 650 

Compacted 3D model 

Nucleosomes 
median 
distance (nm) / 
peak distance 
(nm) 
 

13.4 /12.5 13.3 / 12.5 14.5 / 12.5 13.5 / 13.0 

Calculated 
chromosome 
length (nm) 
 

8,362 / 7,800 8,618 / 8,100 5,423 / 4,675 8,775 / 8,450 

Measured 
chromosome 
length (nm) 
 

7,989 9,394 4,995 7,884 

3D model with kinetochore 

Chromosome 
length 
(nucleosomes) 
 

  362 636 

Nucleosomes 
average 
distance (nm) / 
peak distance 
(nm) 
 

- - 12.3 / 10.5 13.5 / 12.0 

Calculated 
chromosome 
length (nm) 
 

- - 4,453 / 3,801 8,586 / 7,632 

Measured 
chromosome 
length (nm) 

- - 2,300 6,500 

 
 
 
 
 



 
 
 
Supplementary Table 3. Summary of simulation parameters along with their justifications. 
 
 

Parameter Used values Justification  

Speed of Loop Extruders 

 

2 nucleosomes/ 100 steps Short period between LE 

steps with low energy cost. 

  

Lifetime 

 

100,000 steps  Time required for a LE to 

span twice the average 

distance between two 

centromeric nucleosomes in 

the holocentric distribution. 

 

Number and distribution of 

centromeric nucleosomes  

 

Holocentric - 100 centromeric 

nucleosomes/ 100,000 

nucleosomes (20 Mb) 

Monocentric – 20 centromeric 

nucleosomes/ 2,000 nucleosomes 

(400 kb) 

 

Similar to experiments 

(Supplementary table 1). 

Kinetochore shape Holocentric - 45,000 beads forming 

a regular grid of 150 x 150 x 2000 

nm3 

Monocentric - 9,000 beads forming 

a regular grid of 150 x 150 x 400 

nm3 

 

The 2 μm length matches 

the real length of mitotic C. 

elegans (7) chromosomes. 

The width mimics the 

groove observed in L. 

elegans and R. pubera (8, 

10). 
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