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Abstract

Advances in single-cell sequencing technologies make it possible to study
the genome architecture in single cells. The rapid growth of the field has been
fueled by the development of innovative single-cell Hi-C protocols. However,
the protocols vary considerably in their efficiency, bias, scale and costs, and
their relative advantages for different applications are unclear.

Here, we compare the two most commonly used single-cell Hi-C
protocols. We use long-read sequencing to analyze molecular products of the
Hi-C assay and show that whole-genome amplification step results in increased
number of artifacts, larger coverage biases, and increased amount of noise
compared to PCR-based amplification. Our comparison provides guidance for
researchers studying chromatin architecture in individual cells.

Introduction

Chromatin architecture plays an important role in genome biology. Hi-C
is one of the most common techniques employed to study chromatin
organization in the nucleus. Multiple modifications of Hi-C protocol were
developed to study genome architecture (Kempfer and Pombo, 2020), yet most
of them require large amount of input material and therefore can not be applied
to study individual cells.
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Single cell analysis is essential when pure subpopulations cannot be
isolated or when obtaining large amount of cells is challenging. Typical
examples of such rare cell populations are oocytes and early embryonic cells
(Diaz et al., 2018; Flyamer et al., 2017; Zhang et al., 2020). Recently, several
single-cell Hi-C (scHi-C) protocols have been proposed to address this
challenge. The key difference between these protocols is a strategy of DNA
amplification. Whereas in the protocols based on method by (Nagano et al.,
2013) library amplification is accomplished by a routine PCR, protocols
developed by (Flyamer et al., 2017) employ phi29 polymerase with the
strand-displacement activity for the whole-genome amplification (WGA) of
proximity ligation products. Due to different amplification strategy,
WGA-protocols do not allow enrichment of proximity ligation products; in
addition, these protocols differ in DNA fragmentation methods (see Table 1 to
review key differences of scHi-C methods

Article Key protocol features

Flyamer et al., 2017 Multiple displacement amplification
(MDA); Sonication

Nagano et al., 2017 PCR-based; Tagmentation of ligated
DNA, Biotin enrichment

Collombet et al., 2020 PCR-based; Tagmentation of ligated
DNA; Biotin enrichment

Stevens et al., 2017 PCR-based, Alul digestion of ligated
DNA; Biotin enrichment

Tan et al., 2018 Multiplex end-tagging amplification
of ligated DNA

Ke et al., 2017 PCR-based; Biotin enrichment

Ulianov et al., 2021 Multiple displacement amplification

(MDA); Sonication

Here, we compared two basic subtypes of scHi-C protocol suitable for the
analysis of rare cell populations: WGA- and PCR-based. We found that
PCR-based amplification generates more uniform coverage and reduced number
of artifacts compared to phi29-based amplification. Using long-read sequencing
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of phi29-derived products, we showed that phi29-amplification results in
circular DNA overamplification and template switching, which explains many
of the observed artifacts.

Methods

Nuclei isolation and formaldehyde fixation

Chicken oocytes with a diameter from 1 to 2 mm were dissected from the ovary
and placed in individual drops of cooled “5:1” medium (83 mM KCI, 17 mM
NaCl, 6.5mM Na2HPO4, 3.5mM KH2PO4, 1mM MgCI2, 1 mM DTT,
pH 7.2). Nuclei were isolated as previously published (Krasikova et al., 2012),
washed with “5:1” medium and transferred for fixation into a dish containing
2% formaldehyde in PBS for 15 min at room temperature. Formaldehyde was
quenched with 0.125 M glycine during 15 min at room temperature. The nuclei
integrity was estimated under Olympus stereomicroscope. The Hi-C protocol
was proceeded immediately.

Single-nucleus Hi-C

Two Hi-C protocols were used in this study:

The first one - WGA-based. We applied the previously described protocol by
Flyamer et al., 2017 with minor modifications regarding the NGS libraries
preparation, which were prepared with KAPA HyperPrep kit.

Two samples were prepared for ONT sequencing according to the manufacturer
manual.

The second one was PCR-based.
The main differences from the previous one were using :

e UltraPure™ Low Melting Point Agarose (Thermo Fisher Scientific) to

avoid nuclei loss;

e biotine-dCTP for the enrichment of the ligation products;

e Alul for fragmentation of DNA for NGS libraries preparation;

e 25 cycles of PCR.
Individual fixed nuclei were transferred into wells of microplate with a 9uL
ice-cold lysis buffer for 20 min. Nuclei were washed with NEB3.1 + 0.6% SDS,
and moved to 0.2 ml PCR tubes with the 3uL. NEB3.1 + 0.6% SDS. 10 pL fresh


https://www.zotero.org/google-docs/?TclDAj
https://www.zotero.org/google-docs/?rbhsY3
https://doi.org/10.1101/2022.05.08.491066
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.08.491066; this version posted June 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

prepared 1.2% Low Melting Point Agarose were added into each tube with
control under the a stereomicroscope. After solidification 10 uL NEB3.1 + 0.6%
SDS were added and samples were incubated 1 hrs at 37°C. 10 uL 6% Triton
X-100 were used for SDS quenching and chromatin fragmentation was
performed with 25U Dpnll (New England Biolabs) at 37°C for overnight. The
digested chromatin ends labeling was performed by 5 U Klenow fragment in the
presence of biotin-15-dCTP at 22°C for 4 hrs followed by ligation at 16°C for
overnight. Crosslinks were reversed by incubating at 65°C overnight and Low
Melting Point Agarose were digested by Agarase (Thermo Fisher Scientific) 1
hr at 42°C. DNA was fragmented by Alul 1 hr at 37°C and NGS libraries were
prepared with KAPA HyperPrep kit according to the manufacturer manual with
some modifications. The volumes of end repair, adapter ligation reactions and
PCR were reduced by 5, 5 and 2 times, respectively. The adapters were diluted
to 300 nM. There was biotin pull-down after the adapter ligation step. 25 cycles
of PCR were performed.

Bioinformatic analysis

[llumina libraries processing was performed using Juicer software as described
in (Fishman et al., 2019). ONT-data was processed using Pore-C-Snakemake
version 0.2.0.

Rings ratio (RR) was obtained by dividing total number of the aligned read base
pairs (Aligned) by total length of unique reference regions (Unique) covered by
this read and subtracting obtained ratio from 1: RR =1 - Aligned / Unique.
Rings ratio equal to zero indicates that each alignment block reported for the
read is unique and does not overlap with other alignment blocks, whereas rings
ratio close to one indicates that alignment blocks are highly overlapping.
Randomized controls of reads ratio were obtained by randomly permuting
positions of reads.

Data availability

Sequencing data is available via NCBI SRA, PRINA834620.

Results and discussion

PCR-based amplification generates better single-cell Hi-C libraries
compared to WGA-based protocols
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We prepared single-cell Hi-C libraries from nuclei of chicken oocytes
using two different library preparation methods using two different library
preparation methods: WGA- and PCR-based (Fig. 1). We used oocytes because
they represent typical cells that can not be analyzed using conventional Hi-C
protocols. Although we note that studying chromatin organization in these cells
1s important, we limit the current study to the comparison of Hi-C protocols.

Nucleus
N Oocyte isolation
¢ preparation

E="T Biotin T3
.

-y, -
- Y-shaped adapter -
- pec adap ~

' - 4
= L2 Uttrasonicemitter 4=

Formaldehyde
fixation

pam—

=
J‘r Ultrasonic crushing point
ligation

\l [p——

DNA
extraction

o

Restriction
-—

Nanopore
PCR WGA sequencing
DNA fragmentation . 4 E '
(Alul) ; - i T : — = — Whole genome
amplification
| .
- - |
P — )
> <
Adapter :_.\‘:-:
ligation -~ - o
= - ,-;‘-_~ =
Sm— f ] W L
I fp—dpfp—
S P e
Sm—— Sm———=]
St~ ~
Biotin - ~ S | S— ~ -
:l‘ -_— . .
pulldown - t = = < ﬁ::f‘ff; Illumina sequencing
e =T . -
-~ ~ S =l " I
S
> <
I } ] l [}
PCR-amplification PCR-amplification ‘
(25 cycles) (10 cycles) L 3
== —
==
— ALyl

Figure 1. Two protocols of single-cell Hi-C library preparation benchmarked in this study.
Both methods include nucleus isolation, nucleus fixation, chromatin restriction, DNA ends
repair and ligation. PCR-based protocol continues with Alul-digestion, biotin pull-down,
adapter ligation, amplification and lllumina sequencing. WGA-based protocol includes
phi29-amplification followed either by direct ONT-sequencing or sonication, adapter ligation,
PCR amplification and lllumina sequencing.
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We sequenced nine libraries prepared with the WGA-based protocol and
15 libraries prepared using PCR-based protocol. The details of these protocols
are provided in the “Methods” section, but here we briefly review the key
differences between them. Both protocols begin with nucleus isolation,
formaldehyde fixation, and in-chromatin digestion with Dpnll enzyme (Fig. 1).
The PCR-based protocol continues with DNA ends biotinylation and ligation,
DNA fragmentation, biotin pull-down which allows enrichment of ligation
products, adapter ligation, and PCR-amplification. For WGA-based protocol,
we amplified DNA after the ligation step using phi29 enzyme, which has a
strand-displacement activity, fragmented the obtained library using sonication,
and continued with adapter ligation, DNA amplification, and Illumina
sequencing.

Using sequencing data, we accessed several key statistics of Hi-C
libraries. First, we computed the number of intra-fragment read pairs,
representing DNA fragments that failed to ligate. We found that WGA-based
protocol results in 4-5 times more intra-fragment reads than PCR-based protocol
(Fig. 2, A). We assumed that this difference is because in the WGA-based
protocol, there is no enrichment of proximity ligation products. In accord with
the increase of intra-fragment reads, for WGA-based libraries, we observed
more reads in FR-orientation, which often (although not always - Gridina et al.,
2021) inversely correlate with the number of proximity ligation products (Fig. 2,
A). Finally, we note that both WGA- and PCR-based libraries are
PCR-amplified after DNA fragmentation and adapter ligation steps, and aimed
to estimate library complexity after this final round of amplification. We found
that coverage distribution was more uniform for PCR-based libraries, whereas
in WGA-based libraries several loci showed unexpectedly high sequencing
coverage (Fig. 2, A).
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Figure 2. Comparison of scHi-C protocols. A. Quality metrics for PCR- and WGA-based
protocols. B and C. lllustration of two hypotheses explaining artifacts observed in scHi-C
data. D-F. Representations of different alignment types observed in long-read sequencing
data. Graphs represent real alignment results observed in the data. G. Interdependence of
genomic coverage of loci and rings ratio of the reads overlapping them. Briefly, rings ratio
equal to zero indicates that each alignment block reported for the read is unique and does
not overlap with other alignment blocks, whereas rings ratio close to one indicates that
alignment blocks are highly overlapping. H. Fraction of artifacts shown for reads
characterized by consistent and inconsistent alignments. I. Fraction of artifacts shown for
reads with or without Dpnll junctions. For A, | and H, samples represent individual oocyte
nuclei, p-values obtained using Mann-Whitney U-test.

Interestingly, some restriction fragments within these highly covered
regions displayed numerous interactions, whereas we expected not more than
eight interactions to be observed for each restriction fragment, i.e. four (number
of chromatids in meiotic oocyte) * 2 (ends of each fragment) (Galitsyna and
Gelfand, 2021). We defined restriction fragments detected in more than eight
different chimeric DNA fragments as artifacts and counted the number of
artifacts for each of the obtained libraries. To compare this statistics across
samples, we downsampled all datasets to 20 000 read pairs to remove a factor of
sequencing depth. This analysis shows that the number of artifacts was
substantially higher for WGA-based libraries than for PCR-based (Fig. 2, A).
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Artifacts in WGA-based libraries arise from circular fragments
overamplification and template switching

We proposed two alternative hypotheses explaining artifacts of the
WGA-based protocol (Fig. 2, B and C).

First, random fragmentation of identical long molecules may produce
short fragments containing different pairs of restriction fragments on their ends
(Fig. 2, B). These different short fragments are interpreted as independent
Hi-C-contacts, although they represent WGA duplicates of the single long
proximity ligation product. This leads to an overestimation of contact counts
and loci proximity. Second, phi29 polymerase may switch templates during
amplification (Lasken and Stockwell, 2007), generating new DNA junctions
which are erroneously interpreted as products of proximity ligation (Fig. 2, C).

To score the importance of these two sources of artifacts and to explain
why some loci display abnormally high coverage after WGA, we employed
Oxford Nanopore long-read technology (ONT). We split all material obtained
after WGA into two aliquots, one sequenced directly using ONT, and another
subjected to sonication, adapter ligation, and Illumina short-read sequencing
(Fig. 1). This allowed us to directly compare Hi-C statistics obtained for short-
and long-read sequencing.

We examined ONT-read alignments within the regions displaying
abnormally high coverage. Typical ONT-reads contain junctions of several
genomic fragments, which often concur with Dpnll cut sites. However, in
regions displaying high coverage, we observed reads containing multiple
repeats of individual Dpnll restriction fragments (Fig. 2, E and F). Frequently,
but not always, the order of the fragments within the read was unchanged, i.e.
the same chain of segments was repeated multiple times (Fig. 2, E). However,
we also observed cases when the chain of fragments was reordered, i.e. a single
read contained genomic segments A, B and C ordered as A-B-C-C-B-A (Fig. 2,
F).

We interpret these repetitive chains of fragments as products obtained by
amplification of circular templates, generated during the proximity ligation step.
Quantitative analysis also confirmed that the portion of circular products
significantly increases at regions with high genomic coverage (Fig. 2, G). We
assumed that reordering of segments arises from polymerase template
switching, as described in (Lasken and Stockwell, 2007).


https://www.zotero.org/google-docs/?ewplZa
https://www.zotero.org/google-docs/?MLkq1U
https://doi.org/10.1101/2022.05.08.491066
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.08.491066; this version posted June 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

To sum up, we concluded that WGA amplification results in unequal
reads coverage due to the overamplification of circular products. Template
switching during amplification of circular templates produces artifacts that do
not represent proximity ligation events.

We next aimed to explore other sources of artifacts in the WGA-derived
scHi-C data. For this aim, we explored alignments of the ONT reads, which
supported contacts of fragments with more than eight contacts. We found that
these reads often contain inconsistent alignment segments, which we defined as
alignment segments with sharing some fraction of read sequence (Fig. 2, D) or
alignment segments separated by a large unaligned gap. Filtering out
overlapping alignments or segments separated by a large (>= 10 bp) unaligned
gap significantly reduced the number of artifacts (Fig. 2, H). Moreover, we
found that Dpnll cut sites, which are expected at Hi-C ligation junctions,
coincide with the ends of consistent alignment segments significantly more
often than with the ends of inconsistent alignment segments. Filtering our reads
without Dpnll cut sites near alignment segment junctions also significantly
reduced the number of artifacts (Fig. 2, I). Thus, we concluded that erroneous
alignment is an important source of artifacts in ONT-derived Hi-C data.
Interestingly, analysis of the same WGA library subjected to sonication and
[llumina sequencing with the matched total number of contacts showed a
substantially lower number of artifacts, indicating that erroneous alignments are
mainly an issue of the long-reads mapper.

Finally, we aimed to estimate the portion of artifacts arising at the
sonication step. As described previously, random sonication may result in
different fragments originating from similar copies of long proximity ligation
products (Fig. 2, B). In ONT reads, we were able to count indirect junctions of
DNA fragments, i.e. when two DNA fragments are separated by a third
fragment. Such indirectly interacting fragments may be considered as directly
interacting after sonication and Illumina-sequencing if read length is not
sufficient to detect an intervening DNA fragment. We found that exclusion of
such indirect contacts reduces the number of artifacts only slightly (from 5,67%
to 5,61%), indicating that this source of artifacts is not essential.

Conclusions

Our data shows that PCR-based scHi-C protocols provide better data
quantity and quality compared to WGA-based protocols. The vast majority of
artifacts observed in WGA data arise from phi29 polymerase template
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switching. Random sonication does not add much to the number of the artifacts.
Long-read sequencing makes it possible to find products of circular
overamplification and distinguish between direct and indirect contacts.
However, accurate aligning of long chimeric reads is challenging, and segment
alignments must be carefully filtered to avoid artifacts.
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