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Abstract In this report performances of ChromStruct4 and TADDbit have
been compared. These are two methods for the inference of chromatin
three-dimensional conformations starting from Chromosome Conforma-
tion Capture data. TADbit and ChromStruct4 have been tested against
the same data sets from real HI-C experiments. With comparative experi-
ments, also robustness of ChromStruct4 against biases have been tested.

1 Introduction

TADDbit [1] is a very popular method with good performances and with reason-
able calculation times. It takes in input the HI-C contact data [2] from Illumina
sequencing. This method removes biases through the ICE algorithm [3], pro-
duces normalized contact matrices and identifies topological association domains
(TADS) [4]. TADDbit models the chromatin fibre as a set of non-connected consec-
utive beads; all the beads have the same radius and are subject to constraints.
The method identifies, in an empiric way, three different distances of balance: for
consecutive beads, for couples of beads whose contact frequencies exceed a cer-
tain threshold (they are often in contact so they are supposed to be close to each
other) and for couples of beads whose contact frequencies do not exceed a certain
threshold (they are rarely in contact, so they are supposed to be far from each
other). TADDit produces many three-dimensional conformations by optimizing
harmonic functions associated with Euclidean distances between pairs of beads,
using as equilibrium distances the constraints previously described. Finally, the
method selects configurations best fitting the input data through a Monte Carlo
method.

ChromStruct4 [5,6] takes in input HI-C contact matrices. The method doesn’t
clean up data because it uses a data filtering method which makes it robust
against biases. ChromStruct4 identifies topological domains (TADs) using its
own algorithm and models the chromatin fibre as a bead-chain in which con-
secutive beads are connected to each other. The system is treated as a kinematic



chain and motion is performed by quaternions. HI-C data derive from millions
of cells, so ChromStruct4 is aimed to sample the space of possible solutions. At
every run, this method produces a three-dimensional chromatin conformation
through a Simulated Annealing method, adopting a scoring function oriented to
rewarding fit with input data and discouraging geometrical constraint violations.

2 Tests against Hi-C real data

Both methods have been tested against the following data sets:

— Long arm of human Chromosome 1: from 150.3Mb to 179.4Mb (binned at
100kb) [GEO: GSE18199] [2]
— Caulobacter Crescentus ¢B15 (binned at 10kb) [GEO: GSE45966] [3]

TADDIt takes in input fastq sequencing data and produces contact matrices,
both raw and normalized with ICE. The raw matrix produced by TADbit for the
long arm of Chromosmome 1 is different from the contact matrix of Lieberman-
Aiden [2], even though they both derive from the same HI-C data, also the raw
Caulobacter matrix produced by TADDbit is different from the contact matrix of
Imakaev [3], even though same HI-C data have been used.

Observing the heatmaps of contact matrices produced by TADbit (Figures
2-3 and Figures 5-6) and values inside contact matrices (Figures 7-10), it is
noteworthy that contact frequencies are different before and after normalization
with ICE (two or three orders of magnitude), but the differences in heatmaps are
small. Probably, the heatmap MICROSOFT EXCEL’s algorithm attributes to raw
and normalized values the same color.

We also observe that:

— Matrices produced by TADbit for Chromosome 1 are more concentrated
around the main diagonal than those of Lieberman-Aiden

— Matrices produced by TADDbit for the Caulobacter Crescentus have many
rows and columns full of zeroes.

Probably, the differences between data produced by TADbit and Lieberman-
Aiden and between data produced by TADbit and Imakaev depend on differences
in the methods used in building the contact matrices from sequencing data.

3 Comparison of conformations produced by TADbit and
ChromStruct4

In order to compare the two methods, the contact matrices produced by TADDit,
both normalized and raw, have been used. Aims of this comparison are:



Figurel. Heatmap of the contact matrix of the long arm of Chromosome 1 produced

C data.
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Figure2. Heatmap of the raw contact matrix of the long arm of Chromosome 1 pro-
duced by TADDbit.



Figure3. Heatmap of the normalized (ICE) contact matrix of the long arm of Chro-
mosome 1 produced by TADbit.
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Figured4. Heatmap of the contact matrix of Caulobacter Crescentus produced by
Imakaev on HI-C data.
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Figure5. Heatmap of the raw contact matrix of Caulobacter Crescentus produced by
TADDit.
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Figure6. Heatmap of the normalized (ICE) contact matrix of Caulobacter Crescentus

produced by TADDbit.
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Figure7. Contact matrix of raw data of the long arm of Chromosome 1 produced by
TADDit.

T 240, 46702 566, 620645 1005, 585911 345, 926052 754, 7126638 263, SA13708 313, 6527488 T T 425,5807574 0 G 7 G G

2 966,622845 2445,171551 1147,910982 1060,564603 579,5796027 1001,562813 238, 547484 520,9411643 305,7656034 511,2197088 0 212,6331622 0 0 0 0

5 1006, 985911 1147,910082 3586, 790048 1035, 602488 301, 8275222 0 715, 3711614 406, 3362985 0 o 0 0 o 0 0 o

© 348,8520092 1060504603 1035, 02488 2009, 32176 941,1735707 216,8574305 645, 6259377 140,9921086 165, 5210222 415, 0030245 0 0 0 0 0 0

S 2542128688 579, 5786027 301, 8275222 9411735707 2438, 216506 948,050168 1317,178894 205, 4615515 723, 6193506 201, 6273655 0 167,7269777 0 0 0 o

¢ 2635013208 1001, 562613 0 216,6574305 948, 050169 582, 9884574 975, 5147166 639, 1001452 0 418,1157906 133, 6292722 0 352,5577761 0 144,4533785 127, 6257452

7 313,8927488 238,547484  745,3711614 645, 6259377 1317, 178654 975,5147166 2323, 434718 253, 696406 1191,331536 248, 9620934 159, 1359336 0 o 0 172,0261054 0

8 o0 520,5411643 406,9362985 140, 9921086 205, 4615515 €39, 1001452 253, 696406 2216, 093816 1626,02236 543, 6846393 347,5218315 452,2728409 452, 4381926 361,4893236 0 0

s o 305, 7856034 0 165, 5210222 723, 6193506 0 1151331556 162602236 1527,125941 1595, 678615 1015, 933654 0 807,2515463 0 441,0283502 154,8261007

10 0 512,2197088 0 415,0830245 201, 6213655 418,1157906 248, 9620934 543, 6346393 1595, 678619 2667, 633601 1534, 664752 0 22415415629 354,7434517 5529913636 0
429,9807974 0 0 0 133, 6292722 159,1359336 347, 5218315 1015, 953694 1534, 664752 2175,857303 709, 242022 267,5641435 680,2523223 353, 4706787 104,0980816

12 |o 212, 6331622 0 167,7269777 0 0 52,2728409 0 0 708,242022 1107, 6265 935, 6063452 0 613353075 4064268558
0 0 0 0 0 352,5577761 0 458,4301526 6072915463 224, 5415629 287, 5641439 535, 6063452 1896, 720931 1495, 609174 621, 7142613 137, 3224128
0 o 0 0 o o 361, 4893236 0 354,7434517 680,2533223 0 1495, 609174 943,4584768 735, 3545301 433, 1278407
0 0 0 0 0 144,4533785 172,0261054 0 441,0283902 552,951383¢ 353, 4706787 613,353075  €21,7142613 735, 3545301 1765, 14342 450,1205265
0 o 0 0 o 127, 6257452 0 0 154,6261007 0 104,0980816 406, 4268558 137,3224128 433,1278407 450, 1205265 2187, 268482
0 0 0 0 0 o 0 0 189,088954 241,7302771 0 47813227179 1257, 226135 391, 9660114 692, 6103744
0 o 0 0 o 121, 8545975 251, 2478656 0 o 0 0 o 221,0067576 0 0 164, 3527029
0 0 372, 6152565 0 0 o 0 257,7320167 0 0 0 0 o 0 0 154, 4046403
0 0 0 0 0 147,8499753 0 0 0 0 0 156,9437798 159, 0832265 0 0 o

21 o o 0 0 107,1798528 0 0 0 0 0 0 0 57, 96526633 0

22 o 0 0 0 0 0 0 0 0 232,3680081 0 0 195,9341169 308,9973415 1605600391 0

23 o o 0 0 0 o 0 0 o 0 0 a71,3700532 0 0 0 172, 9647622

24 o 0 0 0 0 0 0 167,5293198 220,1544826 0 0 153,08813¢65 0 0 0 0

25 o o 0 0 0 o 0 o 0 0 210,1363525 0 0 174, 5455673 0

2 o 0 0 0 0 0 165,1801439 0 0 0 0 0 0 0

21 o o 0 0 o o 0 0 o 0 0 0 o 210,2414476 327,7346262 0

28 o0 0 0 0 171, 6840629 0 0 0 0 0 0 0 0 0 0 277, 6667452

25 247,5391965 0 0 0 o o 0 0 o 0 0 o o 0 0 115, 8501688

30 0 0 0 72,34431963 105, 4241709 0 0 142,1372099 0 0 0 0 0 0 96,36020127 €5,15269855

Figure8. Contact matrix of normalized (ICE) data of the long arm of Chromosome 1
produced by TADDbit.
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Figure9. Contact matrix of raw

data of Caulobacter Crescentus produced by TADDit.
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Figurel0. Contact matrix of normalized (ICE) data of Caulobacter Crescentus pro-
duced by TADDbit.

1. Verifying that the outputs of ChromStruct4 do not depend on data normal-
ization, because ChromStruct4 uses a filtering method that makes it robust
against biases.

2. Comparing final configurations produced by TADbit and ChromStruct4 from
the same inputs. Agreement of results would be a good validation, because
the two methods are based on different approaches. If the final outputs are
similar, the features characterizing such configurations could actually mark
biological characteristics captured by both methods.

The following results have been produced:

ChromStruct4: 100 configurations of Chromosome 1 starting from the raw

matrix

— ChromStruct4: 100 configurations of Chromosome 1 starting from the nor-
malized matrix

— TADDbit: 100 configurations of Chromosome 1 starting from the normalized
matrix

— ChromStruct4: 100 configurations of Caulobacter starting from the raw ma-
trix

— ChromStruct4: 100 configurations of Caulobacter starting from the normal-
ized matrix

— TADDit: 100 configurations of Caulobacter starting from the normalized ma-

trix

Figures 11-16 demonstrate how the configurations produced by ChromStruct4
are more varied in shape than those produced by TADDbit, which are very homo-
geneous. Conformations of both Chromosome 1 and Caulobacter produced by
TADDIt are very similar to each other, this behavior may be due to the algorithm
leaving few degrees of freedom or to the biases given by harmonics governing
TADDIt’s evolution.

Figures 17-22 show the boxplots of Euclidean-distance vs genomic-distance
for all output sets. These graphs help us to understand the variability of the
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Figurell. Configurations of Chromosome 1 produced by ChromStruct4 from the raw

contact matrix.
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Figurel2. Configurations of Chromosome 1 produced by ChromStruct4 from the nor-

malized contact matrix.
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Figurel3. Configurations of Chromosome 1 produced by TADbit from the normalized

contact matrix.

o
100
10950 0 50 300,
15020 200
0150200250300350

Figurel4. Configurations
contact matrix.

350300 3;3“ *
320000050 0 5030

0500 50 misu&ﬂozmmmmn

of Caulobacter produced by ChromStruct4 from the raw



v X

-2 &
150005 . 25
x>0 20015055300

Figurel5. Configurations of Caulobacter produced by ChromStruct4 from the nor-
malized contact matrix.
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Figurel6. Configurations of Caulobacter produced by ChromStruct4 from the nor-
malized contact matrix.
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Figurel7. Boxplot of 100 conformations produced by ChromStruct4 on raw data of
Chromosome 1.
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Figurel8. Boxplot of 100 conformations produced by ChromStruct4 on normalized
data of Chromosome 1.

Chr1 TadBit

R e A A L T T T LT MR AT
0107 13 19 25 3 35 4 45 5 55 6 65 7 7.5 8 85 9 05 102 11 117 125 133 14 147 155 163 17 177 185 193 20 207 215 223 23 237 245 253 26 267 275 283 29

Genomic Distance [Mbp]

Figurel9. Boxplot of 100 conformations produced by TADbit on normalized data of
Chromosome 1.
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Figure20. Boxplot of 100 conformations produced by ChromStruct4 on raw data of
Caulobacter.

Bacterium ChromStruct Norm

025 -

g

005 -

0108 17 25 33 4 47 55 63 7 77 85 03 102 112 122 132 142 162 162 172 182 192 202 212 222 232 242 25.2 262 272 282 202 302 31.2 322 332 342 362 2 372 B2 302

Genomic Distance [Mbp]

Figure21. Boxplot of 100 conformations produced by ChromStruct4 on normalized
data of Caulobacter.
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Figure22. Boxplot of 100 conformations produced by TADbit on normalized data of
Caulobacter.

solutions with respect to their genomic organization. As can be seen, the config-
urations of Caulobacter and Chromosome 1 produced by TADbit are much less
variable than those produced by ChromStruct4 (boxplots are less expanded).
Other important observations can be made about size:

— The maximum size of the portion of Chromosome 1 [150.3Mb,179.4Mb] mod-
elled by ChromStruct4 is about 2.5 microns, while the conformations pro-
duced by TADbit on the same data reach nearly 5 microns.

— The size of the Caulobacter conformations produced by ChromStruct4 are
smaller, never exceeding 0.3 microns, than those produced by TADbit, always
more than 1 micron.

Synthetic contact matrices have been produced for both ChromStruct4 and
TADDbit. Threshold of contact between two beads has been assumed as the sum
of their radii (calculated by ChromStruct4) multiplied by 1.2.

Figures 23-28 show that the conformations produced by TADbit are much less
varied than those produced by ChromStruct4, the contacts are infrequently scat-
tered and almost always concern the same bin pairs. Moreover, for Caulobacter,
the red areas (i.e. high frequencies) are concentrated around the main diagonal.




Figure23. Synthetic contact matrix of 100 conformations produced by ChromStruct4
on raw data from Chromosome 1.
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Figure24. Synthetic contact matrix of 100 conformations produced by ChromStruct4
on normalized data from Chromosome 1.



Figure25. Synthetic contact matrix of 100 conformations produced by TADbit on nor-
malized data from Chromosome 1.
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Figure26. Synthetic contact matrix of 100 conformations produced by ChromStruct4

on raw data from Caulobacter.



Figure27. Synthetic contact matrix of 100 conformations produced by ChromStruct4
on normalized data from Caulobacter.



Figure28. Synthetic contact matrix of 100 conformations produced by TADbit on nor-
malized data from Caulobacter.



4 Conclusions

From comparative experiments between ChromStruct4 and TADDbit, the following
conclusions can be drawn:

— ChromStruct4 is robust against biases, because boxplots Euclidean-distance
vs genomic-distance and synthetic matrices, for both Chromosome 1 and
Caulobacter, are very similar in raw and normalized data (ICE).

— TADbit and ChromStruct4 produce different conformations, both in structure
and sizes. This means that the two approaches focus on different strategies
in the chromatin’s three-dimensional structure reconstruction. Starting from
the same data, they produce different results. The TADbit solutions are also
much less variable than those produced by ChromStruct4.

References

1. Bat, D. et.al. (2012): Genome structure determination via 3C -based data integra-
tion by the Integrative Modeling Platform, Methods, 58(3): 300306

2. Lieberman-Aiden, E. et.al. (2009): Comprehensive Mapping of Long-Range Inter-
actions Reveals Folding Principles of the Human Genome, Science 326: 289-293.

3. Imakaev, M. et.al. (2012): Iterative correction of HI-C data reveals hallmarks of
chromosome organization, Nature Methods 9(10): 999-1003.

4. Dixon, J.R. et.al. (2012): Topological domains in mammalian genomes identified by
analysis ofchromatin interactions, Nature 485: 376-380.

5. Caudai, C. et.al. (2015): Inferring 3D chromatin structure using a multiscale ap-
proach based on quaternions, BMC Bioinformatics, 16: 234.

6. Caudai, C. et.al. (2015): A Statistical Approach to Infer 3D Chromatin Structure,
Mathematical Models in Biology, Springer, 161-171.



