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1. KAS-SEQ

Initial version of method developed by Tong Wu & Ruitu Lyv in Chuan He's lab



1.1. KAS-SEQ SLIDES FROM THE HE LAB
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1.2. KAS-SEQ IN OUR HANDS

Georgi, Alex, Zohar
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1. Dissolve ketoxal at 37C in media or PBS

2. Dump ketoxal on cells, incubate for 10 minutes

3. Wash away ketoxal

4. Isolate DNA

5. Click chemistry on modified DNA, attach biotin (1.5 hours)

6. Fragment DNA (Covaris)

7. Biotin pull down

8. PCR amplification

PROTOCOL OVERVIEW
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- I am doing library prep on the streptavidin beads – end repair, ligation and PCR 

- Alex tried tagmentation on the streptavidin beads

PROTOCOL MODIFICATIONS
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Species # Complexity
MACS2 

NumPeaks

MACS2 

RPM

MACS2       

noBL 

NumPeaks

MACS2 

noBL RPM
Read Length Unique

Unque 

dedup

Raw 

fragments

Drosophila melanogaster dm6 L1198-S2_KAS-seq 0.61 6,213 312,578 2x36 25,271,558 17,536,742 23,071,415

Drosophila melanogaster dm6 L1217-S2_KAS-seq_tagmentation_on_beads 0.65 8,735 223,411 2x36 39,376,934 30,745,498 30,428,387

Drosophila melanogaster dm3 L1198-S2_KAS-seq 0.62 6,266 303,522 2x36 24,754,264 17,190,696 23,071,415

Drosophila melanogaster dm3 L1217-S2_KAS-seq_tagmentation_on_beads 0.66 8,704 213,479 2x36 38,486,900 30,333,572 30,428,387

Haloferax volcanii L1212-Haloferax-KAS-standing_culture 0.67 597 148,246 2x36 9,815,872 8,407,646 5,869,879

DATASET STATS
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FRAGMENT LENGTH
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chrM:

DROSOPHILA
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DROSOPHILA
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DROSOPHILA
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DROSOPHILA
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HALOFERAX
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HALOFERAX
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HALOFERAX



32

This is Cas6

HALOFERAX



1.3. nanoKAS ATTEMPT
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- Ketoxal is a bulky modification

- Should be detectable very well using nanopore sequencing

- Would provide basepair readout of ssDNA

- Would provide linked long-range single-molecule readout of ssDNA

POSSIBILITIES AND ADVANTAGES



35

Species Assay # Mapping Base Contexts Reads Total Bases
Mean Read 

Length

Median Read 

Length

dm3 ssDNA 2019-11-06-S2-ssDNA-800k Tombo 1.5 denovo generic-A-C-T-G 533,199 975,589,084 1,830 806

dm3 ssDNA 2019-11-06-S2-ssDNA-800k Tombo 1.5 denovo generic-G 532,664 969,620,818 1,820 797

FIRST 800K READS:
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chrM:
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Histone genes:



1.4. TO DO LIST



42

SS-KAS-SEQ

- It would potentially be very useful to know which strand is actually single-stranded

- This might distinguish between R-loops/transcriptional bubbles and DNA that is single-stranded for other reasons (if any)

- There is a straightforward strategy to do that, by pulling down denatured ssDNA and ligating adaptors on beads:

5’ 3’B B

BB
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scKAS-SEQ

- The main objective behind the collaboration is the development of a single-cell version of KAS-seq

- Key problem – how do we do enrichment while also barcoding cells?

- Idea #1: we do cell barcoding on the 10X, then we do click chemistry and biotin pulldown

- would require crosslinking and denaturation prior to transposition

- losses would probably be substantial

- Idea #2: adapt CUT&Tag to KAS-seq, then to scKAS-seq and potentially to sciKAS-seq



44 PMID: 31036827

CUT&TAG
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GENERAL STRATEGY AND VARIATIONS TO TEST:

1. Start with a KAS-seq reaction in bulk

2. Stop the reaction by washing away the ketoxal, then we crosslink in order to “freeze” things

3. Denature cells with SDS the way we do it for Hi-C

4. Do click reaction in situ

5. CUT&Tag variations:

5.1 Use an anti-biotin antibody to bring the pA-Tn5 to ssDNA sites

5.2 Incubate with streptavidin, then use an anti-streptavidin antibody to bring pA-Tn5

6. For first scKAS-seq experiment, distribute cells into ICELL8 wells for PCR

7.  Longer-term, do pool split using ligation and/or indexed pA-Tn5 

- need indexed pA-Tn5 and/or phosphorylated pA-Tn5 for that)
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CRISPR OFF-TARGETS PROFILING?

1. Incubate gDNA with a dCas9 RNP

2. Treat with ketoxal

3. Isolate DNA

4. Click biotin onto DNA

5. Make libraries, sequence



2. THE PHYSICAL GENOME ACRROSS EVOLUTION



2.1. OVERVIEW
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LIFE ON EARTH:
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EUKARYOTE TREE
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EUKARYOTE 

TREE, UPDATED 

VERSION
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TARGETS



WHY ARE THESE THINGS INTERESTING?
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GENERAL QUESTIONS:

- What are the deepest principles of chromatin organization and gene expression? Studying its extremes can make apparent 

previously obscured features.

- How did the regulatory apparatus and mechanisms evolve across the eukaryotic tree of life

- How many times did distal enhancers originate? Why and how?

- What are the conserved and derived chromatin states across different lineages?

- What is the relationship between genome organization and organismal complexity?

- What does all of that tells us about mammalian genomes?

- Finally, some things are just too cool on their own to not be studied.
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DINOFLAGELLATES
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DINOFLAGELLATES AND THEIR SPECIAL FEATURES

- Permanently condensed fibrilar chromosomes

- Very low protein-to-DNA ratio (~1/10th of the usual)

- Histones are in low abundance, long thought to be completely absent

- High percentage of 5-hydroxymethyluracile (up to 40%)

- Huge genomes, often with tandem arrays of the same gene

- Extremely intron rich (19 introns per gene on average); unique splice sites

- Few transcription factors

- Gene regulation is hypothesized to happen either at the posttrascriptional level or at the level of the control of chromatin looping
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DINOFLAGELLATE CHROMOSOMES

Cuadrado et al. 2019
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- DVNPs (Dinoflagellate Viral Nucleoproteins, unrelated to histones) and HLPs (histone-like 

proteins) are thought to be the main packaging components
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BUT HISTONES 

ARE PRESENT
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LOSS OF NUCLEOSOMES
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THE FACT COMPLEX IN DINOFLAGELLATES
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QUESTIONS:

- How is chromatin organized in 3D space in permanently condensed chromosomes mostly without histones?

- How is transcriptional regulation (if it exists) accomplished in such an environment?

- How has the transcriptional machinery adapted to transcribing through DVNPs

- What is the role of the very divergent histones?

- What is the role of dhmU?

- and many others
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CORAL SYMBIOSIS
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CORAL BLEACHING
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CILIATES
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NUCLEAR DIMORPHISM
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NUCLEAR DIMORPHISM

MAC ploidy levels:

- 45n in Tetrahymena

- ~1000n in Paramecium

- >10,000n in Stylonichia
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FROM MIC TO MAC, PROGRAMMED DNA ELIMINATION:



70

PROGRAMMED DNA ELIMINATION WITH UNSCRAMBLING AND NANOCHROMOSOMES:
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NANOCHROMOSOMES:



72

NANOCHROMOSOMES:
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QUESTIONS:

- How is chromatin organized in 3D space when millions of nanochromosomes are present?

- How is transcriptional regulation accomplished with so little regulatory space?

TARGET SPECIES:

- Tetrahymena

- Oxytricha/Euplotes
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EUGLENIDS
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SPECIAL PROPERTIES:

- Near complete loss of transcriptional regulation

- Polycistronic gene arrays
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SPECIAL PROPERTIES:

- Near complete loss of transcriptional regulation

- Polycistronic gene arrays

- Permanently condensed chromatin in diplonemids and perhaps in a few other groups

TARGET SPECIES:

- Trypanosoma/Leishmania

- Bodo saltans

- Euglena

- Diplonema
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DIPLOMONADS
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SPECIAL PROPERTIES:

- Absence of most general transcription factors

- Suspected pervasive bidirectional transcription
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MICROSPORIDIA
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SPECIAL PROPERTIES:

- Obligatory intracellular parasites

- Most reduced autonomous eukaryote genomes known – down to 2.5 Mbp

- Extremely tightly packed genes, loss of some key histone marks
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NUCLEOMORPHS
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SECONDARY ENDOSYMBIOSIS
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TERTIARY ENDOSYMBIOSIS
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NUCLEOMORPHS
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SPECIAL PROPERTIES:

- Most reduced known eukaryote genomes

- Overlapping genes, extremely little intergenic space

- Surprisingly convergent evolution between the two groups – 3 chromosomes with subtelomeric rDNA arrays

- Divergent histone code and RNA Pol2 CTD
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QUESTIONS:

- How has the transcriptional machinery adapted to the context of extreme genomic reduction

- How has the histone code evolved

- How has the transcriptional cycle evolved, on its own and in relation to the histone code?
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GENERAL SURVEY OF ALL 

MAJOR SUPERGROUPS:
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ARCHAEA AS THE ANCESTORS



93

AIMS:

Specific Aim 1. Characterizing candidate cis-regulatory elements (cCREs) and chromatin accessibility states. 
- ATAC-seq in each species under multiple conditions
- SMAC-seq for finding coaccessible regulatory elements 

Specific Aim 2. Charting the relationship between the linear epigenome and 3D genomic organization.
- deep Hi-C maps in each targeted organism. 
- histone mark ChIP-seq. 
- DNA methylation

Specific Aim 3. Identification of trans-acting structural and regulatory non-coding RNA species.
- ChAR-seq

Specific Aim 4: Identifying the sequence determinants of CREs using interpretative deep learning methods
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OUTCOME:

- Submitted the grant for the February 5th cycle

- Scores:
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OUTCOME:

- Submitted the grant for the February 5th cycle

- Scores:
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OUTCOME:
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OUTCOME:



(MORE) PRELIMINARY DATA 

AND INTERESTING RESULTS



1.2. SYMBIODINIUM HI-C
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#Contig length S. kawagutii S. microadriaticum S. minutum_Clade_B1

0 23412 136 12051

1,000 2611 6868 2305

10,000 1434 1039 5587

100,000 2534 1516 1956

1,000,000 49 136 0

10,000,000 0 0 0

100,000,000 0 0 0

S. kawagutii S. microadriaticum S. minutum_Clade_B1

N50 125,226 573,512 380,908

N90 31,482 145,806 109,232

SYMBIODINIUM GENOME ASSEMBLIES
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SYMBIODINIUM HI-C

5kb resolution, 

uncorrected homemade maps

(Juicer takes forever on so 

fragmented assemblies)
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34C 8d RNA-seq

34C 0d RNA-seq

+ strand genes

- strand genes
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34C 8d RNA-seq

34C 0d RNA-seq

+ strand genes

- strand genes
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COMPARISON WITH OTHER EUKARYOTES:

from Rawley et al. 2017
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HI-C SCAFFOLDING
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HI-C SCAFFOLDING



108

ONE PROBLEM:

18 chromosomes, but we get ~90
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BROAD STRUCTURE:
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DOMAIN STRUCTURE:
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DOMAIN BOUNDARIES
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WHAT IS THE MECHANISM?

- Transcription-induced supercoiling is one possibilitiy



120



121

EXPANSION OF THE TOPISOMERASE 

GENE REPERTOIRE IN 

DINOFLAGELLATES
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CONCLUSIONS

- Strong insulation domains are observed in the Symbiodinium genome

- These appear to correspond to individual multicistronic gene arrays (with some exceptions)

- Possibly related to transcription-induced supercoiling

- Clear loop contacts are not immediately obvious
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IN PROGRESS (WITH ALEX)

- Inhibition of transcription (DRB, amanitin)
- Prediction: domains should disappear as topoisomerases resolve topological stress

- Inhibition of topoisomerases
- Prediction: domains should become stronger

- Problem: nobody has ever done such experiments on Symbiodinium and we have no idea:
- Whether the inhibitors will actually get inside the nucleus
- How quickly cells will die as a result of the treatment
- There isn’t even a way to measure cell death 
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1.3. DVNPs AND ACCESSIBILITY
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A B
p-val p-adj

up in B vs A down in B vs A up in B vs A down in B vs A

27C 34C 372 1,395 2 317

ATAC-SEQ DATA

Obtained ATAC-seq data but is inconclusive in terms of whether there are clear regions of enrichment
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- ATAC-see

- Heterologous expression of DVNPs in yeast, then ChIP-seq, ATAC-seq and dSMF

- dSMF on Symbiodinium

CURRENT EXPERIMENTS:



1.4. TETRAHYMENA HI-C
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TETRAHYMENA THERMOPHILA
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NOTE ON EXISTING ASSEMBLY:

- The Tetrahymena thermophila genome was sequenced back in 2006 using Sanger sequencing and is of 

quite high quality (and I ordered exactly the same strain from the Cornell stock center)

- ~100 Mbp in total

- However, it is not complete – it has some 400 scaffolds, of which only 185 have telomeres at their 

ends

- Another problem: the genome is 75% AT-rich. 

- MboI, the restriction enzyme usually used for Hi-C recognizes GATC

- Most experiments were done with MluCI, which recognizes AATT
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- Initially there was not a lot of structure when looking at individual complete chromosomes:
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BUT AFTER 3D DNA SCAFFOLDING…
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- These sorts of interchromosomal interactions are actually quite common.

- Though not in mammals.
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HUMAN



140

PLASMODIUM



141

ARABIDOPSIS
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- These sorts of interchromosomal interactions are actually quite common.

- Though not in mammals.

- Usually they involve centromeres

- However, previously observed centromere-to-centromere interactions are always all-vs-all, while 

here we have pairwise interchromosomal loops (and sometimes three-way)

- MIC contamination cannot explain the patterns because the interactions are internal to chromosomes 

and there is no scrambling in Tetrahymena

- The data suggests that chromosomes exist in very specific compartments in the MAC, preferentially 

associating with one or two other chromosomes. Also, keep in mind the 45n ploidy
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ONE WORRY

- Before ligation, the restriction enzyme needs to be heat-inactivated.

- For MboI, that is done at 62C for 20 minutes

- MluCI is heat-inactivated at 80C 30 minutes

- Tried Hi-C at 80C but that failed completely (likely due to crosslinks being reversed)
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- Fortunately, the same patterns appear on maps generated with MboI, so they are not an artifact:
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- Fortunately, the same patterns appear on maps generated with MboI, so they are not an artifact:
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- We have done a MinION flowcell for validation of scaffolding (analysis in progress)

- Desperately need FISH validation of interchromosomal pairsings



1.5. TETRAHYMENA ATAC-SEQ
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1.6. DIATOM HI-C
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- Phaeodactylum tricoturnum (diatom)
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NOTE ON EXISTING ASSEMBLY:

- The T Phaeodactylum genome was also sequenced using Sanger sequencing and is of good quality 

(though it did turn out it had a couple missasmblies)

- ~28 Mbp in total

- It was also not complete – it had 33 chromosomes plus a few quite sizable scaffolds
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BRIEF REVIEW OF FOLDING MECHANISMS IN EUKARYOTES:

- There are two main mechanisms driving folding in eukaryotes

- The main one appears to be compartments, driven by associating between similar chromatin states

- Topological insulation on loop extrusion of the CTCF kind operates as an orthogonal mechanism

- Side note: after the Symbiodinium it is quite clear supercoiling is also a fundamental topological force, 

but its effects are largely masked in other clades
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BRIEF REVIEW OF FOLDING MECHANISMS IN EUKARYOTES:

- Remarkably, TADs constrained by CTCF or CTCF-like loops are actually very rare

- Vertebrates have them

- Drosophila does not, even though it has CTCF plus additional 6 different insulator proteins (Drosophila 

has Polycomb loops, but those are few in number and very different in nature). It does, however, 

exhibit TAD-like patterns, but those do not seem to be formed by loop extrusion

- C. elegans has no CTCF or other insulator proteins, and no TADs on its autosomes. But on the X 

chromosome the Dosage Compensation Complex (DCC) seems to play a similar role to CTCF and 

to form (weak) TADs

- There have been no reports of loop extrusion and TADs in other organisms
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HI-C PATTERNS IN EUKARYOTES STUDIED SO FAR:

from Rawley et al. 2017
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SIGNATURES OF LOOP EXTRUSION:

- TAD domains

- Loops

- Topological stripes
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IN DIATOMS:



162

IN DIATOMS:
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IN DIATOMS:
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1.7. DIATOM ATAC-SEQ
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1.8 OTHER PROTOZOANS IN PROGRESS:
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- Nannochloropsis occulata (eustygmatophyte)
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HI-C SCAFFOLDING

possible domains

It appears that the strain we have is 

not a match of the strain from which 

the public assembly was generated

Will have to reassemble at the DNA 

level (genome is 25Mb)
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- Euglena gracilis

(euglenid)
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- Euglena gracilis (euglenid)

- Had a lot of contamination issues

- Genome is 1.5Gb and is in a 

horrible state – 250X PacBio 

assembly, yet still in 2M contigs

- Analysis has been in progress for a 

long time
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- Cyanophora paradoxa (glaucophyte)

- Galdieria sulphuraria (rhodophyte)
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- Generated what seems to be good Hi-C 

for both of these

- Unfortunately, once again it turned out 

the strains were not what they were 

supposed to be

- These are a 14 Mbp and a 70 Mbp

genomes so they should be fairly easily 

rescuable 
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- Ectocarpus siliculosus (multicellular phaeophyte)
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- Generated what seems to be good Hi-C

- The strain is also not the genomic one
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- Emiliania huxley (haptophyte/coccolithophoride)

- - did not grow 
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- Euplotes (ciliate with nanochromosomes!)

- Also did not grow well, and it appears it never will in 

axenic condition

- Will have to bite the bullet and eventually do Oxytricha
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- Chromera

- ordered genomic strain from CCMP
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- Emiliania huxley (haptophyte/coccolithophoride)

- reordered genomic strain from CCMP (previously 

sourced it from UTEX)
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- Guillardia theta

- Has nucleomorph!

- ordered genomic strain from CCMP
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- Bigelowiella natans

- Has nucleomorph!

- ordered genomic strain from CCMP 

- (will only arrive in January)
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- Aureococcus

- ordered genomic strain from CCMP
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- Chromera

- ordered genomic strain from CCMP



190

- Acanthamoeba

- To be ordered
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- Thecamonas

- To be ordered
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- Bodo

- To be ordered
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- Jakoba

- To be ordered
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- Naegleria

- To be ordered
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- Nutomonas

- To be ordered
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- Rigifila

- To be ordered



1.9. ORIGIN OF TADs IN METAZOANS
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- Compartments (driven by chromatin state) seem to be the fundamental component of folding 

and Hi-C maps

- Mammals also have TADs and CTCF-mediated loops

- Drosophila has topological domains too, but no loops associated with them (it has other kinds of 

loops), even though it has multiple insulator proteins

- C. elegans has no CTCF and no TADs on the autosomes; on chrX it has TAD-like domains, the 

boundaries of which are specified by the DCC (dosage compensation complex)

- What about other metazoans?
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HI-C IN AIPTASIA
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Scaffolding
(200 rounds)
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Local look:
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1.10. ARCHAEAL CHROMATIN
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ATAC-SEQ
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INITITAL EXPERIMENTS (NOT VERY SUCCESSFUL)
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MOVING TO CROSSLINKED ATAC
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TSS PROFILE
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WITH NAKED DNA CONTROL:
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HI-C
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ARCHAEAL DNA MODIFICATIONS
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NANOPORE SEQUENCING OF HALOFERAX DNA:
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NANOPORE SEQUENCING OF HALOFERAX DNA:

- Strong modifications observed in a lot of places.

- Haloferax has two known RM sites:
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The RM sites do not explain the observed patterns
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EM-SEQ PROTOCOL:
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EM-SEQ PROTOCOL:

Species # CpG % CHG% CHH% Complexity Read Length

Mean 

alignment 

Length

Unique
Unique 

deduped
Multi

Raw 

fragments

Alignment 

fraction

Homo sapiens hg20-female L575-GM12878_EM-seq 42.80% 10.10% 11.40% 0.97 2x75-trim 74.16 81,747,684 51,390,857 80.00%

Symbiodinium_minutum _Clade_B1_Ver1.120123 L576-SSBO1_EM-seq 63.90% 4.00% 3.80% 0.91 2x75-trim 74.07 174,638,446 158,207,576 55.50%

Haloferax volcanii DS2 L577-Haloferax_volcani_stationary_EM-seq 30.10% 35.70% 31.50% 0.65 2x75-trim 74.29 35,934,240 20,115,037 89.80%

WGBS:

- New modification?

Haloferax volcanii DS2 L625-stationary_2019_03_on_bead_PCR 5.90% 0.50% 0.50% 2x75-trim 1.50%

Haloferax volcanii DS2 L626-42C_2019_07_on_bead_PCR 7.80% 0.80% 1.00% 2x75-trim 2.90%

Haloferax volcanii DS2 L627-stationary_2019_07_on_bead_PCR 7.30% 0.50% 0.60% 2x75-trim 1.60%
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