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Abstract 
Genome organization is increasingly believed to influence and participate in gene regulation. The 

study of the interactions that constitute this organization is increasingly performed using chromosome 

conformation capture (3C) technologies. While good for the study of pairwise interactions between 

elements, higher order structures are inaccessible due to the use of proximal ligation to link elements. 

This thesis thus endeavored to develop a method to study these higher order structures in an effort to 

move away from proximal ligation. Instead of pairwise linking interacting fragments through ligation, 

strategies for barcoding of chromatin complexes were tested. These complexes were extracted from 

crosslinked cells and captured using chromatin immunoprecipitation (ChIP) procedure. The fragments 

within the complex were then fitted with adaptors and barcodes according to two approaches. The first 

(called Approach A) being adaptor ligation with subsequent ligation onto barcoded beads, the second 

(called Approach B) tagmentation with subsequent barcoding through emulsion PCR (emPCR). 

Several steps of optimization were performed and a total six libraries created and sequenced, two 

using approach A and four using approach B. Analysis of these libraries demonstrated progress in 

several key areas such as barcode clusters containing multiple fragments and phasing. In the B datasets 

was also found an enrichment form short range interactions, in accordance with 3C observations. The 

B datasets outperformed A in most regards and was thus deemed the preferred path for future studies. 

The greatest challenge yet to overcome is to lower duplication rates which currently are at a minimum 

of 79%. To decrease rates several parameters for optimization have been identified for future 

development.  



 
  

vi 

Sammanfattning 
Genomstrukturen förmodas alltmer inverka på regleringen av genuttryck. Interaktionerna som bygger 

upp denna struktur studeras i ökande grad med “chromosome conformation capture” (3C) baserade 

tekniker. Teknikerna lämpar sig väl för att observera parvisa interaktioner men förhindrar studier av 

strukturer av högre ordning på grund av användningen av proximal ligering (“proximal ligation”) för 

att länka element. Inom ramen av detta examensarbete skulle utvecklas en metod för att studera dessa 

högre ordningens strukturer som samtidigt förbigår proximal ligering. Istället för parvis länka 

interagerande fragment genom ligering testades strategier för streckkodning (“barcoding”) inom 

kromatinkomplex. Dessa komplex extraherades från fixerade celler och fångades genom 

kromatinimmunoutfällning (“chromatin immunoprecipitation”, ChIP). Fragmenten i komplexet fästes 

med adapter och streckkods-sekvens enligt två strategier. Den första (benämnd strategi A) inkluderade 

adapterligering med efterföljande ligering till streckkodade magnetiska kulor, den andra (benämnd 

strategi B) nyttjade tagmentering och streckkodning utfördes genom emulsions-PCR (emPCR). Under 

utveklingen optimerades flera prepareringssteg och sex bibliotek preparerades samt sekvenserades 

varav två enligt strategi A och fyra enligt strategi B. Analys av dessa bibliotek demonstrerade 

framsteg inom flera nyckelområden såsom streckkodskluster innehållande multipla fragment samt 

fasning. Dessutom observerades i B-dataseten anrikining av kortlängdsinteraktioner i enlighet med 

tidigare 3C observationer. B metoden överträffade A i de flesta avseenden och ansågs därmed vara den 

föredragna tillvägagångssättet. Den för nuläget största utmaningen med metoden är att sänka 

duplikatnivåerna då dessa uppkommer som minst till 79%. För att miska dessa nivåer har flertalet 

optimeringsparametrar identifierats för framtida utveckling.  
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Introduction 
Background 
The organization and coordination of the genome is under much study. Several distinct structures that 

span different physical scales of the nucleus have been identified(1). On the large scale the 

chromosomes have been found to occupy distinct territories (2) which in turn form nuclear 

compartments, such as transcription factories (3). These compartments in turn contain interactions 

between single genomic elements facilitated by chromatin looping (4). This organization of nuclear 

elements have through increasing evidence been linked to transcriptional regulation (5). 

 

The study of these chromatin loops and interactions has historically relied on microscopy techniques 

such as Fluorescence In Situ Hybridization (FISH). These methods provided much of the initial 

evidence of higher order structures and their function (3) but have fundamental limitations in 

resolution and throughput. Thus, the last decade have seen an increased use of chromosome 

conformation capture (3C) (6) and therefrom derived technologies such as HiC (7). The basis for these 

methods is crosslinking and proximity ligation. Crosslinking agents such as formaldehyde conserve 

the chromatin structure within cells by forming covalent bonds between proximal molecules (8). The 

DNA fragments within this fixed structure can then be cut using sonication or restriction enzymes to 

yield Protein-DNA complexes functioning as ‘dissections’ of the nucleus. Subsequently proximity 

ligation can be used to link the ends of spatially neighboring fragments within the complex. This 

produces pairwise ligated fragments which can then be analyzed through sequencing, microarrays or 

Polymerase Chain Reaction (PCR). Deep sequencing of such fragments has yielded resolutions down 

to the kilobase scale (9).  

 

Fullwood et al. combined proximal ligation with chromatin immunoprecipitation (ChIP) to form a new 

targeted method, Chromatin Interaction Analysis by Paired-End Tag Sequencing (ChIA-PET) (10). 

ChIP involves the capture of specific histones or transcription factors using antibodies. Using this, 

ChIA-PET has enabled capture of interactions at high resolution while also linking them to specific 

protein targets such as RNA polymerase II (11) and CTCF (12). The last years has also seen the 

introduction of closely related methods of HiChIP and PLAC-seq which offers higher sensitivity and 

simplified workflow (13,14). 

 

Though 3C-based method has improved both throughput and resolution drastically they still lack in 

some aspects required for the study of higher order chromatin structures. Most noticeable is the 

difference in predictions produced by 3C and microscopy methods (15–17). The reason for this is 

thought to be the difference in scale between the methods where microscopy covers a relatively large 

physical distance while 3C methods work only on immediately proximal loci (15). Furthermore there 
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are other issues such as low efficiency (18) and uninformative products (19). Lastly the inherent 

limitation to the study of pairwise interactions mean that higher order structures can generally only be 

hypothesized.  

 

In a recent paper a method for studying multiple interaction spanning from the same physical location 

was introduced (20). By reconstructing long reads from 3C material by barcoding they were able to 

link several regions together into Chromosomal Walks (C-walks) spanning one to several 

chromosomes. However, the method still relies on proximity ligation to join the proximal loops into 

concatemers. This limits the resolution to the study of interaction between topologically associated 

domains (TADs) which span several hundreds of kilobases.  

 

Purpose 
Due to the current lack of methods to study these higher order structures this thesis project aimed to 

work towards such a method. The aim was to move away from proximity ligation while also 

improving resolution to the study of crosslinked chromatin complexes as a ‘dissection’ of the nucleus. 

The strategy employed was single complex barcoding where DNA oligos containing a specific 

barcode were attached to all individual fragments contained in a higher order chromatin complex. This 

enables the deconvolution from multiple chromatin complexes handled together into the individual 

constituents of a single complex. 

 

Method overview 
To develop a potential method two approaches were tested. An overview of these can be seen in 

Figure 1. The initial preparation followed the standard ChIP protocol to capture chromatin onto 

magnetic beads. This provided a means to reduce complexity, increase resolution and also contribute a 

functional context to the assay by linking the results to specific protein or histone mark. The spatial 

context was preserved by crosslinking the cells using formaldehyde crosslinking (8). Crosslinked cells 

were then lysed and nuclei extracted before preforming sonication to extract Protein-DNA complexes. 

The complexes were then captured using antibodies, in this study targeting the H3K4me3 histone 

modification which has been linked to active transcription (24). The antibodies along with the 

captured complexes were in turn captured onto magnetic-beads thus enabling the downstream 

processing. The processing was made up of two different parts. First the fragments contained in the 

complex were linked to adaptor sequences. This enabled the second step of single complex barcoding 

where barcoded sequences were attached to the fragments in the complexes.  
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Figure 1. Overview of the ChIP procedure and subsequent adaptor linkage and barcoding. Formaldehyde crosslinked cells 

were lysed and nuclei extracted before sonication to get chromatin complexes in solution. These were then captured onto 

beads using antibodies. In approach A the complexes were linked to adaptors in a three-step procedure of end-repair, A-

tailing and subsequent ligation. These adaptor-linked complexes were then barcoded in solution by ligating the adaptors to 

barcoded beads. The complexes were then decrosslinked and the fragments amplified off the beads to create the final library. 

In approach B the complexes were fitted with adaptors through tagmentation. The adaptor-linked complexes were then 

separated by emulsification along with barcodes. In the emulsion complexes were decrosslinked and barcodes amplified to 

allow barcoding through overlap PCR. Barcoded fragments were then extracted from the emulsion and amplified to allow 

sequencing. 

Approach A 

In the approach A adaptors were ligated onto the bead-bound chromatin similarly to previously 

described lobChIP method (25). Briefly the fragments go through end-repair, 3’-adenylation and 

finally ligation of bidirectional adaptors. The complexes were then released from the bead to allow 

ligation to barcoded magnetic beads. Finally, the complexes can be decrosslinked and the barcoded 

fragments be amplified from the beads and indexed for pair-end sequencing.  

 

The barcoded beads were prepared using a split-and-pool combinatorial barcoding strategy. In this, 

oligo-covered beads were separately extended with a discrete barcode split over 96 wells. The beads 

were then pooled and washed before distributing over 96 wells too repeat the process. Three rounds of 

this was sufficient to create a pool of barcode beads containing approximately one million unique 
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sequences. Each barcode oligo was constructed to have a minimum pairwise edit distance of two in 

order to simplify demultiplexing.  

 

Approach B 

In approach B tagmentation was used to attach universal adaptor sequences onto the fragments. The 

approach was based on the ChIPmentation method (26) in which Tn5 transposase was employed to 

prepare sequencing libraries from ChIP material. Tn5 transposase can be used in a process called 

tagmentation to insert adaptors into accessible DNA fragments in vitro (27). The enzyme commonly 

available through Illumina’s Nextera kits but can also be made in-house at a lower price (28).  

 

Following tagmentation, these now adaptor-linked complexes on beads were mixed into emulsions 

along with barcode oligos, primers and DNA polymerase. The barcode oligo was added in such 

amount to maximize the probability for each emulsion droplet containing a single barcode. The oligos 

were created with a stretch of 20 base pairs (bp) of semi-degenerate bases giving a theoretical 

population of roughly 3.5 billion unique sequences. Within each occupied dropplet the complexes 

were first decrosslinked using high temperature, as extrapolated from Kennedy-Darling & Smith (29), 

to release the fragments. A PCR reaction was then performed in two separate cycling steps. First, to 

amplify the barcode oligo with biotinylated primers to allow later capture. Second, to attach the 

amplified barcode oligos to the fragments through overlap extension PCR. Following PCR the 

emulsion was broken and the barcodes and barcoded fragments were extracted using streptavidin-

coated beads. The barcode-coupled fragments were enriched by amplification and subsequently 

indexed to create a library for pair-end sequencing.  
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Methods 
Cell growth and fixation. 
GM12878 lymphoblastoid cell line were grown in RPMI 1640 media supplemented with 2 mM L-

glutamine, 15% fetal bovine serum, 1x penicillin/streptomycin. Cells were captured by centrifugation 

at 2000 rpm for 5 min at 4°C. Fixation was performed by resuspending the pellet in freshly made 1% 

formaldehyde solution in 1x PBS. Crosslinking was quenched by addition of 2 M glycine to a final 

concentration of 0.125 M and incubating for 5 min while gently mixing by inverting the tube. The 

cells were pelleted by centrifugation at 2000 rpm for 5 min at 4°C and washed in 1x PBS 

supplemented with cOmplete™ Protease Inhibitor Cocktail tablets (Roche, No. 4693159001). Finally, 

the cells were pelleted by centrifugation at 2000 rpm for 5 min at 4°C and the pellet stored at -80°C. In 

the cases where nuclei pellets were prepared instead of cells, the washed cell pellet was lysed in lysis 

buffer (10 mM Tris-HCl pH 8, 10 mM NaCl, 0.2% Triton-X, one half cOmplete™ Protease Inhibitor 

Cocktail tablet (Roche) per 5 ml) for 5 min with gentle mixing. The nuclei were then captured by 

centrifugation at 300 rcf for 10 min at 4°C and the nuclei pellets stored at -80°C. 

 

Generation of barcoded beads 
Barcoded beads were generated from Dynabeads Oligo(dT)25 (ThermoFisher) and Illumina oligo-dT 

attached magnetic beads (from TruSeq RNA Library Prep kit). The protocol written here was for the 

generation of barcoded beads with 1000 different barcodes used to test procedure but can be scaled up. 

80 ul of beads were transferred into a PCR tube the beads were washed with 80 ul of Elution Buffer, 

EB (Qiagen, 10 mM Tris) supplemented with 0.01% Tween-20 (called EBT_0.01% herefrom). The 

beads were then washed in 80 ul 1x diluted Phusion HF PCR buffer (ThermoFisher) supplemented 

with 0.01% Tween-20. The beads were resuspended in 40 µl of mixture containing 20 ul 2X Phusion 

HF master mix (ThermoFisher), 50 pmol H1’-polyA probe (Supplementary table 1) and 0.01% 

Tween-20. Using a thermocycler denaturation was performed at 70 °C for 30 sec before going into 

two cycles of annealing at 35 °C for 5 min followed by extension at 70 °C for 1 min. Bead wash in 50 

µl EBT_0.01%, twice 50 µl 0.125 M NaOH with 1 min incubation and 50 µl EBT_0.01% before 

resuspending in 50 µl of 1X Phusion HF PCR buffer supplemented with 0.01% Tween-20. The beads 

were then transferred to a LoBind 1.5 ml tube and 105 µl of 1X diluted Phusion HF PCR buffer 

supplemented with 0.01% Tween-20 added. The solution was then divided into 10 wells on a PCR 

plate in volumes of 15 ul.  The supernatant was aspirated and the beads resuspended in 25 ul master 

mix containing 12.5 µl of 2X Phusion master mix, 0.01% Tween-20, and 10 pmol of well-specific 

H2'-BcX-H1' barcoded oligo. The plate was put in the thermocycler at 70 °C for 30 sec followed by 

two cycles of 55 °C for 5 min to 70 °C for 1 min. The volume was increased to 40 by adding 15 µl of 

1X diluted Phusion HF PCR buffer supplemented with 0.01% Tween-20. Bead wash was then 

performed as after the first extension. The samples were then pooled and re-aliquoted into a new PCR 
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plate. Coupling of H3'-BcY-H2'-dT oligos (round Y barcodes) and H3 extension was then performed 

as previously but with 52°C annealing temperature. After washing the samples were again pooled and 

realiquoted. For the final extension the H4'-BcZ-H3'-dT (round Z barcodes) was used and a annealing 

temperature of 50°C. After a final bead wash the barcoded bead were quality controlled using shallow 

sequencing and qPCR. 

 

GM12878 sonication optimization 
Sonication of formaldehyde fixed GM12878 cells was optimized for Covaris S2 sonicator according to 

manufacturers recommendations (30). The nuclei pellet from 5 million GM12878 cells was thawed on 

ice and then dissolved in 858 ul shearing buffer (10 mM Tris-HCl, 1 mM EDTA, 0.1 % SDS and 

cOmplete™ Protease Inhibitor Cocktail). The solution was aliquoted into six AFA snap-cap 

microTUBES (Covaris, No. 520045) with 130 ul in each. Sonication was performed using a Covaris 

S2 sonicator (2% Duty cycle, Intensity 3, 200 cycles per brust, bath temperature 4°C, Frequency 

sweeping mode, Continuous degassing, Water level 12) while varying total process time. After 

sonication the samples were transferred to 2 ml tubes and 170 ul of  1xNEB2 buffer (NEB) added. 

Samples were incubated with 1 ul RNaseA (ThermoScientific #EN0531, Lot# 00286136) for 10 min 

at 37°C. Decrosslinking was performed by incubating samples with 3 ul Proteinase K (NEB) for 8h at 

65°C. Then 3 ul Proteinase K was added and the samples incubated for 2h at 45°C. The DNA was 

recovered using phenol extraction and ethanol precipitation. Size distribution was analyzed using 

Agilent Bioanalyzer with the DNA7500 kit (Agilent).  

 

Chromatin Immunoprecipitation 
GM12878 cells fixed in 1% formaldehyde for 5 min and stored at -80°C were thawed on ice. The cells 

were lysed in 4 ml cell lysis buffer (10 mM Tris-HCl pH 8.0, 10 mM NaCl, 0.2% Triton X-100, 10 

mM Sodium butyrate, one cOmplete™ Protease Inhibitor Cocktail tablet per 5 ml buffer) on ice for 10 

min with gentle mixing after 5 min. Nuclei were captured by centrifugation at 2000 rpm for 5 min at 

4°C. The nuclei were lysed in nuclear lysis buffer (50 mM Tris-HCl pH 8.0, 10 mM Sodium butyrate, 

10 mM EDTA, 1% SDS and one half cOmplete Protease Inhibitor Cocktail tablet) on ice for 10 min. 

To the lysate IP dilution buffer (20 mM Tris-HCl pH 8.0, 1% Triton X-100, 1 mM Sodium butyrate, 2 

mM EDTA, 0.01% SDS, 150 mM NaCl and one half protease inhibitor tablet) was added and 

sonication performed using AFA snap-cap microTUBES and a Covaris S2 sonicator using the same 

settings as in optimization and 10 min processing time. After sonication samples were pooled and 100 

ul taken for quality control. The remaining sample was centrifuged at 13000 rpm for 10 min at 4°C 

and the supernatant transferred to a new tube to remove debris. IP dilution buffer and Nuclear lysis 

buffer was added to a final SDS concentration of ~0.2% and volume of 1 ml. The sample first 

incubated with 10 ug of Rabbit IgG (Diagenode, 1ug/ul, Lot# RIG001S,  Cat# C15410206) for 1 hour 

at 4°C while rotating for remove unspecific binding protein. The antibodies were then captured using 
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Diamag ProteinA-coated magnetic beads (Diagenode, Cat# C03010020) trice washed in PBS. The 

supernatant was moved to a new tube and 500 ul taken for sample, 500 ul for control and the 

remaining volume saved as input chromatin (IC). To the sample and control was added 1 ug 

H3K4me3 polyclonal antibody (Diagenode, Lot# A1052D, Cat#. C15410003-10) and 2 ug of Rabbit 

IgG respectively. Some test were also performed using the histone 3 targeting H3pan polyclonal antibody 

(Diagenode, Cat.# C15410324-10 , Lot.# A25659). The tubes were incubated overnight while rotating at 

4°C. The antibodies was captured using washed Diamag protein A-coated magnetic beads. After 

capture, the beads were washed twice in IP wash buffer 1 (200 mM Tris-HCl pH 8.0, 1% Triton X-

100, 2 mM EDTA, 0.1 % SDS, 50 mM NaCl), once in IP wash buffer 2 (100 mM Tris-HCl pH 8.0, 

1% Triton X-100, 1 mM EDTA, 250 mM LiCl, 1% deoxycholic acid) and twice in TE buffer (10 mM 

Tris-HCl pH 8.0, 1 mM EDTA) with 5 min incubation for each wash. For ChIP-qPCR the chromatin 

was eluted twice in (2% SDS, 0.1 M NaHCO3) with 15 min incubation in room temperature. 

Decrosslinking was perform by adding NaCl to a final concentration of 0.3 M and incubating with 

Proteinase K and RNaseA for 6 h at 65°C. DNA was recovered using phenol-chloroform extraction 

and purified using ethanol precipitation. For libraries prepared on-beads the chromatin was not eluted 

and the beads were resuspended in EB or TE buffer.  

 

ChIP-qPCR 
To verify that the ChIP performed with H3K4me3 was successful, ChIP-qPCR was performed. 

Primers targeting the GAPDH transcription start site (GAPDH_TSS) was used to verify histone 

H3K4me3 enrichment together with those targeting myoglobin exon 2 (MB_EXON2) as a negative 

control (Supplementary table 2). Reactions were performed using 2x SYBR premix (Takara, Cat. # 

RR420) according to the manufacturer's specifications. The input chromatin was included for 

normalization. Samples were run in duplicate and with blanks. QPCR was run in a BioRad CFX 

Connect Real-Time PCR Detection System. Following qPCR the outputed cycle threshold values (Cq 

values) were adjusted based on the samples relative dilutions. Then the average adjusted Cq values 

(Cq) was used in relation to the input to calculate the “% of input” values according to: 

 

"%	𝑜𝑓	𝑖𝑛𝑝𝑢𝑡" = 2∆./01234	56147689∆./:;<28=  

 

Therefrom the fold enrichment for the treated sample versus the control was calculated.  

 

Approach A 
On-bead adaptor ligation  

To assemble the adaptors, an equimolar mix of H5-H6-T oligo and H6’-UMI-H7 oligo 

(Supplementary table 1) were prepared and diluted with NaCl to a final concentration 10 uM oligo and 
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0.1 M NaCl. The mix was incubated in a thermocycler at 95°C for 2 min and then lowering to  25°C 

(1% ramp) and incubating for 1 min. The incubation was finished at 4°C.  

 

For ligation of adaptors the KAPA HTP Library Preparation kit (Kapa Biosystems) was used. First the 

complex-bound magnetic beads were washed in 1x End repair reaction buffer before resuspending in 

70 ul of End repair reaction mixture (7 ul 10x End repair buffer, 5 ul End repair enzymes, 58 ul 

ddH20). Samples were incubated for 30 min at 20°C. To stop the reaction the bead were washed twice 

in TE buffer with 1 minute of incubation and finally in 1x A-tailing reaction buffer. The beads were 

then resuspended in 50 ul A-tailing reaction mixture (5 ul 10x A-tailing buffer, 3 ul A-tailing enzyme, 

42 ul ddH2O). Incubated for 30 min at 30°C. Washed beads once in TE with 2 min incubation and 

once in 1x Adaptor ligation reaction buffer. Ligation performed by resuspending the beads in 40 ul 

Ligation mixture (10 ul 5x Ligation buffer, 5 ul DNA ligase, 25 ul ddH2O), adding assembled adaptor 

and diluting to 50 ul in ddH2O. After mixing the mixture was incubated for 15 min at 20°C. Finally the 

beads were washed in TE before storage in 1x PBS supplemented with 0.05% Tween. 

 
Barcode linking  

To link the adaptor-ligated complexes to the barcoded beads these were eluted twice in 1% SDS, 0.1 

M NaHCO3 solution with 15 min incubation at room temperature whilst rotating. The beads were 

finally washed in EB supplemented with 0.1% Tween (EBT_0.1%) and the supernatant pooled with 

the eluate before diluting the soluton with EBT_0.1% to a final concentration of 0.4% SDS.  

 

Five million barcoded beads were prepared by adding 5 pmol bridge oligo (Supplementary table 1) 

and the diluting to 40 ul in EBT_0.1%. Hybridization was performed in a thermocycler by incubating 

at 70°C for 30 s then lowering to 43°C (1% ramp) with 10 min incubation and finally lowering to 

25°C (1% ramp). The beads were then washed in EBT_0.1% to remove unhybridized bridge probe.  

 

The primed barcoded beads were then resuspended in a solution containing the adaptor-ligated 

complexes. Triton X-100 was added to sequester the SDS. Hybridization performed in thermocycler 

by incubating at 38°C for 10 min then lowering to 25°C (1% ramp). To the mixture was added 4 ul of 

T4 DNA Ligase buffer (NEB) and 2 ul T4 DNA ligase (NEB, 20 U/ul) and diluting to a final volume 

of 40 ul. Samples were incubated at room temperature for 20 min whilst gently shaking. Following 

ligation the bead were washed in EBT_0.1%, 0.125 M NaOH, 0.125 M NaOH with 1 min incubation 

and finally in EBT_0.1%. The beads were then resuspended in 25 ul EBT_0.1% with 0.3 M NaCl and 

Proteinase K before decrosslinking at 65°C for 6 hours.   
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Library amplification 

The decrosslinked samples were washed once in ddH20 to remove proteins and resuspended in 20 ul 

ddH20. On-bead amplification was performed using either 2x Phusion HF mastermix (ThermoFisher) 

or KAPA HiFi Hotstart readymix (KAPA Biosystems) with 10 pmol H1 primer and 10 pmol H7’ 

primer. The Phusion sample was incubated on a thermocycler at 98°C for 30s then a five cycles 

of  98°C for 10 s,  60°C for 20 s, and 72°C for 20 s. The samples was finally elongated at 72°C for 5 

min the the temperature lowered to 4°C. The KAPA sample was incubated at 95°C for 3 min then five 

cycles of  98°C for 20 s,  60°C for 15 s and 72°C for 20 s. Incubation was finished at 72°C for 1 min 

then lowered to 4°C. Both samples were then placed on a magnet and 19 ul of supernatant transferred 

to qPCR tubes. To this 1 ul of 20x EVA green dye (Biotium) was added. qPCR was run with initial 

denaturation at 98°C for 30 s and cycling at 98°C for 20 s then 60°C for 20 s and at 72°C for 40s until 

samples reached 500 relative fluorescent units (rfu). The Phusion and KAPA samples reached the 

threshold value at 12 and 13 cycles respectively. Samples were then purified using CA purification 

(31). To index the libraries a small subset of 8 ul was amplified for 5 cycles with 5 pmol of i5-H1 and 

i7(#)’-H7’ (Supplementary Table 1) respectively. Amplification was done using the same polymerase 

and thermocycler settings as in the on-bead amplification. The final libraries were then purified using 

CA purification.  

 

Pair-end sequencing 

Libraries were quantified using the Qubit dsDNA HS assay (Invitrogen) and size distribution 

determined using a 2100 Bioanalyzer with the High Sensitivity DNA kit (Agilent). Samples were 

diluted to 1 nM and pooled along with PhiX for a final solution of 8 pM with 8% PhiX. Pair-end 

Sequencing was performed using Illumina MiSeq with the 2x300 v3 kit according to manufacturer's 

specifications. 

  

Approach B 
On-bead tagmentation 

Tagmentation mixture using the Nextera XT kit (Illumina) was prepared by mixing 10 ul TB buffer 

with 5ul ddH20 and 5 ul ATM. For the on-bead tagmentation complex-bound beads were resuspended 

in the mixture and incubated at 55°C for 16 min before bringing the temperature down to 25°C. The 

beads were then instantly wash twice in 1x PBS buffer before being resuspended in PBS supplemented 

with 0.05% Tween 20.   

 

Droplet barcoding through emulsion PCR  

The PCR mixture was first prepared by preparing a 50 ul mixture containing 1x Phusion Hot Start 

Flex MM (NEB), 2% Tween 20, 2% PEG-6000, 3 M Betaine, 3% DMSO (NEB)  0.4 uM H770.bio 

primer, 0.2 uM Nextera Index Primer N7 (Illumina), 0.08 uM TES’-H1691 primer, 0.2 million eDBS 
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oligos/ul (Supplementary table 3). Nextera Index S5 primer was also added in amounts varying from 0 

to 0.5 pmol. The tagmented bead-bound complexes were aspirated on magnet and resuspended in the 

PCR mixture. Once the mixture was prepared, 100 ul of HFE7500 with 5% 008-Fluorosurfactant were 

added to a 0.5 ml Qubit tube which was thoroughly vortexed. To top of the oil, 50 ul of the reaction 

mixture was then added. The tube is the shaken at 14 Hz for 8 min using a Tissuelyser (Qiagen). After 

shaking the emulsions were left in standing upright for 15 min before removing 80 ul oil from the 

bottom of the tube. A thin-walled PCR tube were filled with 60 ul of FC-40 with 5% 008-

Fluorosurfactant and vortexed. To this the remaining emulsion was added at the bottom of the PCR 

tube. The emulsion was finally covered by the addition of 85 ul filtered mineral oil on top. The tubes 

are then placed in a prepared thermocycler and incubated using program A or B. 

 
(A) 72°C, 10 min, 10% ramp; 94°C, 30 min, 10% ramp; 60°C, 20 min, 5% ramp; 72°C, 10 

min, 5% ramp; CYCLING 25x(95°C, 20s, 20% ramp; 52°C, 30s, 10% ramp; 72°C, 30s, 20% 

ramp); CYCLING 15x(95°C, 20s, 20% ramp; 55°C, 20s, 3% ramp; 40°C, 30s, 3% ramp; 

72°C, 30s, 20% ramp); 72°C, 4 min; 20 °C, 1 min; 12°C, hold. 

 

(B) 72°C, 4 h; 95°C, 5 min; CYCLING 30x(95°C, 20s, 50% ramp; 55°C, 30s, 40% ramp; 

72°C, 30s, 20% ramp); 95°C, 1 min, 20% ramp; 40°C, 5 min; 72°C, 15 min, 3% ramp; 20 °C, 

1 min; 12°C, hold. 

 

After the PCR finished the tubes were visually inspected for emulsion breakage. The mineral oil was 

then carefully removed and 4 ul of 100 mM EDTA added right on top of the emulsion. The full 

content of the tubes were transferred to a 1.5 mL LoBind tube (Eppendorf). The PCR tube were 

washed using 200 ul perfluorooctanol which was subsequently added to the corresponding LoBind 

tube. The tubes were vortex at maximum setting for 10 s before centrifugation at 25,000 xg for 2 min 

in a table-top centrifuge. The aqueous phase was then separated from the oil and the product purified 

using CA purification. Quality was assured by Bioanalyzer High-Sensitivity assay (Agilent).   

 

Enrichment and Library amplification  

Enrichment was perform using wash T1 Streptavidin-coated magnetic beads (ThermoFisher). The 

sample was mixed with the beads and incubated for 30 min in room temperature. The beads were then 

washed twice in EB, four times in 0.125 M NaOH and finally twice in EBT_0.01%. The beads were 

finally resuspended in EB.  

 

To add indexes a two step PCR was performed with sample transfer in between. First the beads were 

transferred to a PCR tube and the supernatant aspirated. The beads were then resuspended in 50 ul of 

PCR reaction master mix containing 25 ul 2x Phusion HotStart Flex MM (NEB), 4 ul Nextera Index 
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primer N7 (Illumina, index corresponding to same used in emPCR) and 21 ul ddH20. The sample was 

then placed in a thermocycler and incubated at 95°C for 2 min the temperature was lowered to 65°C 

(20% ramp) and incubating for 10s. The temperature was then further lowered to 55°C (3% ramp) and 

incubated for 5 min. Following this the solution was mixed by pipetting up-and-down and then the 

temperature was increase to 72°C (3% ramp) and elongation performed for 10 min. Finally 

denaturation was performed at 95°C with 1 min and 15 s incubation. Following the final step the PCR 

tube was transferred to a magnet heated to 80°C beforehand and left for 10 s. The supernatant was 

transferred to a new tube and put on ice to cool. Of the supernatant 40.5 ul was transferred to a new 

PCR tube containing 1.62 ul of 10 uM i5-E primer. This was then re-placed into the thermocycler and 

cycled for 7-10 cycles at 95°C for 30s (20% ramp), at 55°C for 20s (10% ramp) and at 72°C for 75 s 

(20% ramp). The final elongation was performed at 72°C for 2 min before lowering the temperature to 

4°C.  Following PCR samples were clean using CA purification and analyzed by Bioanalyzer High-

Sensitivity assay (Agilent). Quantification and MiSeq Illumina sequencing using 2x150bp kit. 

 
Data analysis 
Read processing 

To demultiplex the data a modified version of the DBS_Analysis software (32) 

(https://github.com/pontushojer/DBS_Analysis) was used. Briefly the construct specific handles were 

identified with a Hamming distance of 2 and the barcodes sequences and genomic inserts extracted. 

For the A method data barcodes sequencees were matched to the known barcode sequences for BcX, 

BcY and BcZ within a edit distance of one. Each BcX, BcY and BcZ barcode hade a corresponding 

ID-number (from 01 to 96) which were combined to create the final 6-digit barcode. For the B 

method, clustering of the barcode sequence was performed using CD-HIT (33) and a 90% sequence 

similarity. The inserts were mapped using using bowtie2 (34) onto hg38 using default settings but 

limiting insert size to 2000 bp. Mapped alignments were consequently tagged with their corresponding 

barcode/cluster id using the Pysam Python package. The alignments were then further processed using 

samtools to filter for mapping quality higher than 20 and also sorted based on coordinate. Following 

filtration and sorting, the alignments went through duplicate removal using MarkDuplicates from 

Picard Tools (http://broadinstitute.github.io/picard/) with the BARCODE_TAG option to take barcode 

clusters into consideration.  

 

Enrichment analysis 

For the B method data analysis of H3K4me3 enrichment was performed. To get a initial analysis of 

enrichment with the mapped and sorted reads before duplicate removal. Following this, duplicate 

removal was perform using Picard tools MarkDuplicates without conserving barcode clusters. The 

bam files were then converted to BED files using BEDTools (35). Final peak calling was performed 

using MACS2 callpeak (36) on the BED files using a genome size of 2.7e9 and q-value threshold of 
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0.01. To analyse overlap with promoters, RefSeq upstream 1000 bp regions was downloaded and 

BEDtools intersect used for analysis. Analysis was also performed manually in IGV.  

 

Cluster and Interaction analysis 

Scripts for analysis of clusters and interaction were created using Python, with figures created using R 

with the ggplot2 package and Python using the matplotlib module. BAM files were used for input and 

handled using the Pysam module. For subsampling analysis, samtools view was used with the “-s” 

option to get fractions from 5% to 100% of the original files. Alignments were filtered to remove 

additional duplicates in each cluster and merge overlapping alignments to get a set of loci. Interactions 

were then called pairwice between loci within each cluster. Interactions falling within 1000 bp of each 

other filtered out as the are more likely insignificant.  

 

Cluster duplicates analysis 

Filtered BAM files in which intra-cluster duplicates had been removed were run once more through 

Picard tools MarkDuplicates but without accounting for barcodes. The output was then analyzed using 

a custom made python-script (https://github.com/pontushojer/Thesis_scripts). Cluster duplicates were 

defined as clusters sharing two or more positions marked as duplicate by Picard tools. These were then 

used to construct a graph with the edge connecting duplicate clusters, from which the connected 

components were used to discriminate between duplication clusters. 
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Results 
GM12878 sonication optimisation 
Sonication is affected by multiple parameters, there among cell type and crosslinking method. 

Optimization of the processing time as well as crosslinking for the GM12878 cell line was therefore 

needed to get fragments in the required 200-700 bp size range (30). To test the GM12878 cells 

samples varying formaldehyde amounts from 0.37% and 1%, and crosslinking time at 5 and 15 min. 

Initial tests using GM12878 cell crosslinked in 0.37% and 1% formaldehyde for 15 min showed no 

desired size distribution at the tested processing times of 2-10 min and 8-18 min respectively. Test 

using cells crosslinked in 1% formaldehyde for 5 min resulted in desired size distributions after 10 

min sonication (Figure 2a) and this was therefore selected as the appropriate processing time. 

 

ChIP-qPCR 
ChIP-qPCR experiments were performed to ensure that ChIP could be performed accurately on 

GM12878 cells with the H3K4me3 antibody. As H3K4me3 is known to enrich for active promoters 

(24) the promoter of GAPDH gene was chosen as a positive control while an exon region of the 

Myoglobin gene (MB_EXON2) sufficed as a negative control (Supplementary Table 2). Example of 

such an qPCR experiment (Figure 2b) show enrichment for the GAPDH in sample compared to the 

control (Rabbit IgG). The fold enrichment when comparing to control was 17.8 for GAPDH and 0.8 

for MB_EXON2.   

 

Approach A 
On-bead adaptor ligation 

Ligation of adaptors were initially validated against a negative control sample using no ligase. 

Quantitative analysis was done using qPCR with H5 and H7’ primers and resulted in a threshold value 

(Cq value) of 15.9 for the sample and 27.6 for the negative control. Qualitative analysis performed 

Figure 2. a Bioanalyzer DNA7500 assay traces for sonication optimisation of GM12878 cells fixed in 1% FA for 5 min. 

Sonication time indicated by label. First peak corresponds to the lower marker (50 bp) and the second peak to the upper 

marker (10380 bp). b Bar chart displaying the “% of input” for qPCR analysis using primers MB_EXON2 (negative 

control) and GAPDH (positive control) for IP samples using H3K4me3 antibody or Rabbit IgG. 
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using a Bioanalyzer High Sensitivity assay showed a shift between the two libraries corresponding to 

the adaptors (Figure 3a). Ligation onto material kept on beads initially had issues of low efficiency 

and high amounts of adaptor dimer. This was improved through more intense washing between 

reaction steps and the amount of adaptor added.   

 

Barcode linking  
A initial test was performed to evaluate the different beads, storage, and the effect of Tween 20 

concentration. For this two batches of barcoded Dynabeads oligo-d(T)25 magnetic beads (DBB) and 

one batch of barcoded Illumina TruSeq oligo-dT magnetic beads (IBB) were tested. DBB batch A had 

been stored in the fridge one month while Batch B and the IBB beads was stored for one week. Initial 

Tween concentrations was 0.01% for DBB A while 0.1% for DBB B and IBB. An aliquot of DBB B 

in 0.01% Tween was also prepared and the beads kept in their initial Tween concentration throughout 

the experiment. Approximately 1 million DBB beads and 2 million of IBB beads was used in the 

samples. The adaptor ligated material for this test was purified input chromatin ligated in solution of 

which 1 ng was used. 10 pmol of the bridge oligo H5’-H4’ was used. Following ligation, the product 

was amplified off the beads using H1 and H7’ for 5 cycles. The final product was analyzed for ligation 

efficiency through qPCR by amplification with H1 and H7’ primers in triplicates. Cq values showed 

visible overlap between all samples indicating that storage, Tween 20 concentration and bead type had 

little effect on efficiency (Figure 3b). Additional optimizations of the barcode linking was performed 

using ChIP material prepared with the H3 antibody.  

  

Figure 3. a Overlay of Bioanalyzer HS assay of purified input chromatin after adaptor H5/H7 ligation using ligase (blue) 

and no ligase (red).  b qPCR results for barcode linking of adaptor H5/H7 ligated material. Mean from three replicates 

(except for the negative control) is displayed and the error bars show one standard deviation.  
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Sequencing results 

Approach A was evaluated from two libraries that were prepared from the same barcoded H3-antibody 

captured material amplified using Phusion (called A1 here from) and KAPA (called A2 here from) 

polymerases, respectively. Sequencing produced 11 and 9 million read pairs two libraries library 

(Table 1). Of these, few read pairs contained the correct construct (H1-BcX-H2-BcY-H3-BcY-H4-H5-

H6-gDNA-H6’-UMI-H7) with 33% for A1 and 9% for A2. Of the remaining reads most, 26 % and 

45% respectively, contained only H1 and the H6’-UMI-H7 3’ end of the construct. From the read pairs 

containing the correct construct, the final 6-digit barcode was extracted. Comparing the barcodes 

found in the A1 and A2 dataset, the overlap has a Jaccard index of 0.05 (Figure 4a). This small 

overlap was expected as the 5 million barcoded beads used for barcoding allows some reoccurrence of 

the roughly 1 million unique barcodes. Mapping was performed using bowtie2 using the hg38 

reference genome with mapping rates of above 70% for both datasets (Table 1). Duplicates were 

removed using Picard tools MarkDuplicates with A1 and A2 having duplication rates of 95% and 96% 

respectively.  

Figure 4. Figures based on approach A datasets A1 and A2. a Venn Diagram showing the overlap of barcodes id for the A 

datasets. b Relative frequencies for insert size. Smoothing applied using moving average (window size 3). c Example of 

cluster duplicates the A1 dataset on chromosome 1 after running Picard Tools MarkDuplicates without accounting for 

barcodes. For each region A-F the start and end position is stated along with the barcode and the adaptor specific UMI. 

Regions are colored based on the similarities in barcode where overlaps marked in red. Blue regions have no overlap, 

green one overlap and yellow have two overlaps 
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Looking at the insert size distribution based on the alignments this correlates well between datasets 

(Figure 4b). Interestingly, both datasets have a small dip at about 150 bp were a peak corresponding to 

a mononucleosome was expected. A considerable amount of material was found shorter than 150 bp 

suggesting that the material might have suffered some degradation. Both have a major peak around 

250 bp of which the origin is unknown. 

 

To study cluster duplicates the data was run once more through Picard Tools MarkDuplicates module, 

this time without accounting for barcode clusters. An example of duplicate-marked regions can be 

seen for the A1 dataset in Figure 4c. For regions A and B (colored blue) the barcodes are completely 

different but only A share the same UMI and is a true cluster duplicate. This was likely caused by 

barcodes jumping from the off-bead amplification (see Methods) of the bead-ligated complexes where 

non-ligated barcodes can be used as primers. In region C-F the barcodes share some overlap such for 

the BcY and BcZ index as marked in red. For the green regions C, E and F there was only overlap for 

Table 1. Comparison of results for different libraries using approach A and B. Read pairs correct construct refer to read 

pairs containing the expected handles and barcodes sequences. Mapping rate is defined here as the percent of reads 

mapped with a mapping quality above 20. Duplication rate refers to the statistic in Picard Tools MarkDuplicates metrics-

file. 

 
A1 A2 B1 B2 B3 B4 

Read pairs sequenced 10,580,624 8,966,228 3,317,920 2,956,968 9,449,406 9,253,797 

Read pairs correct construct 

(% of sequenced) 

3,461,374 

(33%) 

785,056  

(9%) 

2,952,239 

(89%) 

2,637,020 

(89%) 

8,495,813 

(90%) 

8,350,322 

(90%) 

Mapping rate 73% 74% 62% 68% 68% 67% 

Duplication rate 95% 96% 79% 92% 92% 95% 

Barcode Clusters extracted 85,036 16,927 265,777 104,537 316,639 224,556 

Multiplet Clusters 

(% of Total)  

13,135 

(15%) 

907 

(5.4%) 

84,222 

(32%) 

23,652 

(23%) 

68,938 

(22%) 

35,405 

(16%) 

Multiplet clusters Multichromosomal 79% 43% 87% 91% 95% 95% 

Phased Clusters  

(% of Multiplet) 

2,775 

(3.3%) 

504 

(3.0%) 

14,928 

(5.6%) 

4,358 

(4.2%) 

8,530 

(2.7%) 

5,157 

(2.3%) 

Clusters duplicate 

(% of Multiplet) 

12 

(0.1%) 

0                6,735 

(8.0%) 

1,482 

(6.3%) 

5,110 

(7.4%) 

2,478 

(7.0%) 

Putative intrachromosomal 

interactions 

1,260 299 30,874 7,296 91,959 12,190 
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the last index and it is likely that these were caused by barcode jumping using an incomplete barcode 

(H1-BcX-H2 or H1-BcX-H2-BcY-H3). In region D however both BcY and BcZ overlap which could 

instead be caused by a PCR or Sequencing error in the BcX index leading to one being classified as 42 

and one 34. Duplicates were also analyzed using a custom python-script (see Methods) where both 

datasets showed very few duplicates (Table 1).   

 

Approach B 
Initial tests were performed using material captured with H3 antibody to demonstrate tagmentation of 

chromatin and subsequent barcoding. Following this, four different libraries from H3K4me3 antibody 

enriched material were constructed and sequenced. B1 and B2 were constructed using emPCR cycling 

program A (see Methods) and were made using approximately 10 and 2.5 million beads worth of 

Protein-DNA complexes. For both samples, 0.1 pmol of S5 primer was added in the emPCR reaction. 

The final two libraries, B3 and B4, emPCR cycling program B was used and both contained 

approximately 7.5 million beads worth of material. In this case sample B3 was supplemented with 0.5 

pmol of S5 primer and B4 prepared without S5 primer. Library amplification was performed for 11 

 

Figure 5. Figures based on approach B datasets B1-B4. a Relative frequencies for insert size collected using Picard Tools 

CollectInsertMetrics on paired alignments. Smoothing using moving average (window size 3).  b Peaks detected for B 

dataset and corresponding overlap with promoters in spans of 1 kbp and 10 kbp. c IGV viewer snapshot from region of 

chr11. Track show genes, promoters (RefSeq upstream1000) and coverage and peak locations for datasets B1-B4. 
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cycles for B1, B2 and B4 and 8 cycles for B3. Samples B1 and B2 were sequenced at an output of 

approximately 3 million read pairs while B3 and B4 had approximately 9 million read pairs (Table 1). 

Of these, about 90% contained the correct construct (e-DBS-H1691’-TES-gDNA) from which inserts 

were extracted and DBS barcodes clustered. Mapping of the inserts and duplicate removal was 

performed as for the A dataset with mapping rates from 62 to 68% and duplicate rates from 79% (B1) 

to 95% (B4).   

 

Looking at the insert size for the B dataset (Figure 5a) all start at ~150 bp. This corresponds well to 

typical histone ChIP output where inserts size is limited to size of the nucleosome. Between the 

datasets B1-B3 share common distribution while B4 was slightly shifted to peak around 250 bp. This 

may be caused by the absence of S5 primer in the emPCR which would reduce bias for amplification 

of shorter fragments as in the other datasets.  

 

As the ChIP for samples B1-4 had been performed using H3K4me3 specific antibody, enrichment 

analysis and peak calling was performed. Peak calling yielded the most peaks in the B1 dataset having 

1292 while the others were in the lowers hundreds (Figure 5b). Looking at Figure 5c the datasets show 

similar enrichment pattern locally but peaks are called differently, likely due to the low read depth. 

Intersection with promoter regions show high degree of overlap, especially with regions spanning 10 

kbp which overlap at 89% to 98% (Figure 5b).  

 

In similarity to the A method there were sources of cluster duplicates in the B method. In this case 

duplicates originate from the droplet emulsion. As the content of these droplets is variable some might 

contain multiple barcodes (DBS) leading to the same fragment acquiring multiple barcodes. This can 

also happen from droplet coalescence before and during the emPCR thermocycling. Looking at the 

number of cluster duplicates relative of multiplet clusters (Table 1) the percentage was about 6-8% 

with B1 having the most cluster duplicates.   

 

Comparison between approaches A and B 
Looking at the numbers presented in Table 1 there are clear differences between the A and B 

approaches. As for viable constructs approach B was significantly better with ~90% of reads being 

intact. Mapping rate was however slightly higher for approach A at ~73% compared to 62-68% for B.  

 

The distribution of alignments over clusters should preferably be uniform to indicate even fragment 

amplification and distribution. This was however highly skewed to the first few thousand clusters in 

all dataset (Figure 6a). Alignment rapidly decline as clusters increase for most datasets with only B1 

showing a shallower decline in alignments. The distribution of raw alignments and deduced loci in 

clusters was predominantly skewed towards clusters containing few loci (Figure 6b). Besides this a 
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subset of clusters in B1 and B3 display a linear correlation alignments and loci starting at about five 

loci. This suggests that cluster containing more fragments were more evenly amplified. The claim also 

conforms with the higher duplication rates for B2 versus B1 and B4 versus B3 (Table 1) and also the 

different distributions of alignment to loci (Figure 6b). In B2 less input material was used therefore 

there would be less available fragments per droplet reaction. In B4 the same amount of input material 

was used but no S5 primer was added to the reaction. Thus, fragments were likely not amplified 

sufficiently in the droplets to be barcoded. This also meant that more library amplification cycles were 

required compared to B3.   

 

Figure 6. Comparative graphs for datasets A1-2 and B1-B4. a Alignments distribution over clusters sorted based on the 

number of raw alignments contained. Mean number of alignments within groups of 1000 clusters displayed. b Correlation 

analysis of the number of raw alignments and correspondingly deduced loci in cluster for all data sets. Data was binned 

for every ten alignments and for every one loci. Grey shading indicates zoomed-in region shown in the upper right corner 

of each individual graph. c Correlation of loci to occupied chromosomes. Loci have been normalized by subtracting the 

number of chromosomes to get only additional loci e.g. zero extra loci means that we have an equal number of loci to 

chromosomes. d Number of singlet and total clusters found for different subsampling of raw alignments from 5% to 100%. 
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The number of clusters recovered was much improved in the B method with a several-fold increase 

from 51-261 thousand to 271-953 thousand clusters (Table 1). From the subsampling analysis the total 

number of clusters was visibly saturated for the A datasets as the number of singlet clusters dip and 

plateau (Figure 6d). This plateau was also in the B1 dataset although no dip was seen, indicating 

comparable loss and gain of singlet clusters. The other show no decrease in neither total nor singlet 

clusters indicating higher possible yield. From this it was clear that the A dataset suffers from lower 

total clusters thus limiting the number of possible complexes to analyze.   

 

Looking at multiplet clusters i.e. clusters containing multiple independent loci these make up a larger 

percentage of all cluster in the B datasets at 16-32% compared to A at 5-15% (Table 1). This was 

improved in the B datasets, but all still have a majority of clusters containing only a single locus. From 

3C and HiC data it is clear that interactions were to a great majority intrachromosomal (6,7). In this 

method however most multiplet clusters were multichromosomal (Table 1) which would suggest that 

the majority contain loci steaming from more than one complex. Looking at the number of loci and 

chromosomes per cluster (Figure 6c) one would expect a decrease of loci with increased number of 

chromosomes if the cluster contained a single complex. This can be discerned to some degree in the A 

datasets and the low chromosome count clusters of B1 and B2. In B however loci are predominantly 

spread over many chromosomes suggesting a multiple complexes per cluster. The number of loci was 

however low in relation to the number of chromosomes. This would suggest that either that complexes 

generally contain few fragments or that the method has a low fragment conversion rate per complex. 

Some clusters in B1 however show an increase in loci for high chromosomes numbers, possibly due to 

the higher saturation of this dataset (see Figure 6d). 
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To determine the significance of clusters one could look at the pairwise distance between loci in 

clusters. The number of phased clusters, here defined as clusters having two loci within 10 kbp 

proximity, can be used as an indicator to minimum clusters containing true multiple loci originating 

from one complex. From Table 1 it is clear these were present although in quite a low percentage 

relative multiplet clusters at 2-6%. B1 had the highest number of phased cluster and percentage at 

14,928 and 5.6%. From 3C and FISH data we know that on average there is a negative relationship 

between interaction frequency and genomic distance (6,7,37). Due to this relationship one can expect a 

higher rate of short range interactions as these are more common. Looking at the interaction 

distrobution (Figure 7) for the long DNA input control sample, where ‘interactions’ are inherently 

short due to molecule limitations, a short range enrichment is indeed seen. There are also some longer 

range interactions but as these are longer than the input material allows (fragment are approximately 

~10kbp) these orginate from different molecules and are thus false. Looking at the B datasets we can 

also see this mix of short and long interaction but leaning toward longer. This could mean we capture 

not only the common short range interactions caused by chromatin packing but also long range 

interactions of higher regulatory relevance. While these long range interactions likely contain a mix of 

true interactions within complexes and false interactions between complexes, the true interactions 

would be enriched given sufficient read depth. Comparing the B datasets B1 and B2 lean more 

towards shorter interactions compared to B3 and B4, possibly due to higher ratio of intra-complex 

interactions and thus higher efficency in complex-fragment recovery. The A datasets are however 

primarily enriched for long-range interactions. This could possibly be due to the overall low number 

 
Figure 7. Distribution of intrachromosomal interaction distances for datasets A1-2, B1-4 and for control data. Interactions 

were called between every loci separated by distance above 1 kbp. The control data was created using the B method with 

long-fragment input rather than Protein-DNA clusters and contains 3112 interactions. 
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of intrachromosomal interactions in the A datasets (Table 1). Another possiblility is fewer captured 

interactions within complexes for this approach.  
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Discussion 
The result show success in several key areas for the development of a viable method. The ChIP part of 

the experiment has been performed successfully several times as validated by ChIP-qPCR and also 

peak analysis of the approach B samples. The methods for adaptor linkage, i.e. ligation and 

tagmentation, have both been tested to at least partial success. Comparing the A to B datasets it was 

clear that B outperformed A in almost all regards. Specifically, the B datasets had a higher number of 

viable constructs, lower duplication rate, higher number of clusters, higher cluster complexity, more 

putative intrachromosomal interactions and more short-range interactions. The only limitations shown 

in the B datasets compared to A was a higher cluster duplication rate. This was however expected as 

the distribution of barcodes in shake-emulsions is a Poisson process, unlike the ligation of a complex 

to a barcoded beads which is limited to one barcoding event. Within the B datasets, B1 was in many 

regards the most successful. It had the lower duplication rate, more multiplet clusters and more phased 

clusters than the other datasets. Possible reasons for this could be the difference in input amount, 

amount of S1 primer and emPCR cycling program. In general it can be hypothesized that more input 

material is advantageous from comparing B1 and B2. From comparing B3 and B4 it can also be 

speculated that more S1 primer is advantageous. Comparing emPCR programs from the current data is 

however more problematic as several parameters have been varied such as input material, input 

amount, S5 primer amount and indexing cycles.  

 

Comparing the A and B approaches we can find that for the attachment of adaptors, tagmentation is 

faster and more easily applied. With the ligation-based approach multiple time-consuming steps of 

washing and enzymatic reactions are required each with some loss of material. Adaptor dimers 

formation is also an issue that could be detrimental to following barcoding procedures, leading to 

empty constructs. Their effect could however be minimized through further optimization of adaptor 

amount and washing procedures. Looking at conversion rate, i.e. the amount of template receiving 

dual adaptors this is reported to be up to 15% for the KAPA HTP kit (38). For newer library 

preparation kits a rate of up to 100% have been observed (39) but these rates are not likely 

transferrable to an input of bead-bound protein-DNA complexes. In tagmentation there is an inherent 

loss of construct due to the self-annealing of homo-constructs carrying the dual S5 or N7 adaptors. 

Due to the random distribution of these adaptors, half of all construct are inherently lost using this 

method. It also is safe to assume that not all templates acquire dual adaptors due to insertion biases in 

the Tn5 transferase (28,40) and lack of access to protein-blocked fragments (41). Based on this the end 

conversion rate for tagmentation of protein-DNA complexes is likely way below 50%.  

 

Two methods for barcoding were tested, barcoded beads and emPCR. The split-and-pool approach 

used for creating the beads allows design of the barcodes to allow discrimination when including PCR 
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and sequencing errors. The barcoded beads are however quite time consuming in their creation due to 

the multiple steps of split-and-pooling. One other drawback is the decrease in yield of over the 

multiple rounds of creations leading to a not fully covered bead surface. Also difference in efficiency 

between wells in the round of split-and-pool might lead to a variable population in the final barcode 

library. Barcoding using these beads is however simple requiring only annealing of a bridge probe 

before ligating the adaptor-linked material. Comparing this to emPCR the barcode preparation is 

practically nonexistent when using degenerate bases. Degenerate barcodes will however inevitably 

acquire sequence errors during amplification and clustering is required for demultiplexing the 

emulsion droplets. This can however lead to the merging unrelated droplets. Procedure-wise, emPCR 

is more time consuming and a relatively difficult procedure to execute successfully. 

 

The current challenge with the method is mainly the duplication rate. In the best dataset of B1 this is 

about 79% yielding a low output of useful alignments. In A the high duplication rate is most likely due 

to the excessive library amplification (see Methods) along with low initial complexity. In B however 

less library amplification was required, but the emPCR however serves to amplify the viable construct. 

The reason for this high rate is predominantly clusters containing few available fragments (Figure 6b). 

In turn this could be due to that there are too few fragments contained within each droplet. 

Comparison between B1 and B2 where B1 contains about four time the material showed a great 

improvement in duplication rate. One approach for decreasing duplication rate would thus be to 

increase the amount input material. Another alternative would be to increase the size of the complexes 

to incorporate more fragments. This could possibly be achieved by more intensive formaldehyde 

crosslinking or using a dual-crosslinker strategy which proved effective for ChIA-PET (42). 

Conversely there could possibly be sufficient numbers of fragments contained in each droplet but 

barcoding efficiency is low resulting in few viable constructs. Possibly this could be caused due to low 

efficiency in viable adaptor linkage, as stated earlier this already limited to ~50% for dual adaptor 

fragments but the likelihood in gaining dual adaptor might in itself be low. One other possibility is that 

the viable adaptor linked fragments are blocked for some reason. This could be due to fragments still 

being bound to nucleosomes or the tagmentase blocking the adaptor sites. Picelli et al. (28) found that 

their home-made Tn5 required SDS to strip in from the template and possibly the Neutralize Tagment 

buffer (NT) found in the Nextera XT kit serves a similar purpose. SDS would however likely be 

detrimental to the complex-antibody-Protein A bond that holding the complexes to the beads. Besides 

the low adaptor linkage efficiency and blockage, the attachment of the barcode could have low 

efficiency. This could be caused by low probability for the overlap extension event. Possibly this was 

aided by the addition of S5 primer to increase the copy number of the fragments in each droplet, as 

shown by the improvement of B3 contrasting B4 where no S5 was added. Other possibilities would be 

to alter the emPCR program.  
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As a method to study higher order interactions the protocols presented here are still in their infancy. 

While positive signs such as phasing and partial enrichment for short range interactions have been 

presented, there is still further work required in order to reliably capture interactions with sufficient 

depth and complexity. The main culprit is the duplication rate and several possible measures to 

improve upon it have been suggested. If improved upon the method should be a valid contester to 

proximity-ligation based methods and prove new insights to higher order genomic structures in the 

nucleus.   
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Supplementary 
Supplementary table 1. Primers and oligos for on-bead adaptor ligation and bead barcoding using in approach A. 

  

Oligo name Sequence  Details 

H1'-polyA 
 

5’GGACGCTGTAGTGTGCAGGCBAAA

AAAAAAAAAAAAAAAAAAAAAA3’ 

Oligo for adding H1 handle to beads for 

barcoding. 

H2'-BcX-H1'-dT  5’GACCGACTGGCCTGGTAATTNNNN

NNNNGGACGCTGTAGTGTGCAGGCT

TTT3’ 

Oligo for adding barcode BcX and H2 handle to 

beads for barcoding. The N8 sequence contains 

one out of 96 BcX barcodes. 

H3'-BcY-H2'-dT  5’CCGTTCAACCGTGCAATATCNNNN

NNNNGACCGACTGGCCTGGTAATTT

TTT3’ 

Oligo for adding barcode BcY and H3 handle to 

beads for barcoding. The N8 sequence contains 

one out of 96 BcY barcodes. 

H4'-BcZ-H3'-dT  5’GGCAGACATTGAGGAACCGTNNN

NNNNNCCGTTCAACCGTGCAATATC

TTTT3’ 

Oligo for adding barcode BcZ and H4 handle to 

beads for barcoding. The N8 sequence contains 

one out of 96 BcZ barcodes. 
   
H5-H6-T 5’(P)GTAACCTCGGCATTATCGCGGT

ATTGGACAGGACCT3’ 

Oligo for adaptor H5/H7. Contains petruding T 

for adenylation based ligation. 5’ 

phosphorylated. 

H6’-UMI-H7 5’(P)GGTCCTGTCCAATACDHDHBBV

BCGGTCTTGGCTTGTCCTTGC3’ 

Oligo for adaptor H5/H7.  Contains unique 

molecular identifier (UMI). 5’ phosphorylated. 
   
H5 5’GTAACCTCGGCATTATCGCG3’ Primer for validatation of adaptor ligation. 

H7’ 5’GCAAGGACAAGCCAAGACCG3’ Primer for validatation of adaptor ligation. 

H5'-H4' 5’CGCGATAATGCCGAGGTTACGGCA

GACATTGAGGAACCGT3’ 

Bridge ligation oligo 

i7(#)’-H7’ 5’CAAGCAGAAGACGGCATACGAGA

TNNNNNNNNGTGACTGGAGTTCAGA

CGTGTGCTCTTCCGATCTGCAAGGA

CAAGCCAAGACCG3’ 

Primer to add Illumina i7 Indexed sequencing 

handle. N8 stretch is a placeholder for different 

TruSeq Illumina indeces. 

i5-H1  5’AATGATACGGCGACCACCGAGATC

TACACTCTTTCCCTACACGACGCTCT

TCCGATCTGCCTGCACACTACAGCG

TCC3’ 

Primer to add Illumina i5 sequencing handle 
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Supplementary table 2. Primer pairs used for amplification in ChIP-qPCR experiments. 

 

 
Supplementary table 3. Primers and oligos for emPCR barcoding according to approach B. 

 

 

Primer name Direction  Sequence Target 

GAPDH_TSS Forward 5’AGCTCAGGCCTCAAGACCTT3’ Housekeeping gene GAPDH transcription 

start site (chr12) Reverse 5’AAGAAGATGCGGCTGACTGT3’ 

MB_EXON2 Forward 5’GACGCCTTCATCTCGTCCTC3’ Exon 2 of Myoglobin gene  (chr22) 
 

Reverse 5’CTGTGCCCACAGGCTCTTT3’ 

Oligo name Sequence  Details 

H770.bio 5’(Biotin)GGAGCCATTAAGTCGTAGCT3’ Biotinylated probe for amplification of 

eDBS and full construct. 

TES’-H1691 5’CTGTCTCTTATACACATCTGACAGTTCCAAGA

GGTCATG3’ 

Primer for amplifying eDBS and adding 

TES handle for overlap extension with 

the tagmentation product. 

eDBS 5’GGAGCCATTAAGTCGTAGCTCAGTTGATCAT

CAGCAGGTAATCTGGBDHVBDHVBDHVBDHVB

DHVCATGACCTCTTGGAACTGTC3’ 

Oligo containing degrenerate barcode 

sequence and handles for amplfication. 

i5e 5’AATGATACGGCGACCACCGAGATCTACACTC

TTTCCCTACACGACGCTCTTCCGATCTCAGTTG

ATCATCAGCAGGTAATCTGG3’ 

Primer for adding Illumina TruSeq i5 

adaptor to barcoded construct. 


