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1. INTRODUCTION



- Wold Lab, Caltech
- As part of the ENCODE Project
- Development of methods for optimizing and analyzing ChIP-seq and RNA-seq datasets
- Development of early scRNA-seq techniques
- Mapping gene regulatory networks involved in muscle differentiation
- Role of piRNAs in silencing repetitive elements in Drosophila and mammals
- Mapping the regulatory landscape of mitochondrial genomes

- Michael Lynch Lab (IU Bloomington)
- Genome evolution in Paramecium ciliates
- Phylogenomics of chromatin proteins in eukaryotes
- Energetics of cellular organization and its role in evolution



- Greenleaf and Kundaje labs (Stanford)

- Charting the deep evolution of chromatin organization across the tree of life

- Development of new genomics tools for mapping the regulatory genome
- Mapping functional elements in the genome using CRISPR tools
- Single-cell methods for mapping chromatin, transcriptomes and perturbations
- Single-molecule methods for mapping chromatin architecture



CONVENTIONAL VIEW OF EUKARYOTIC CGHROMATIN
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EUKARYOTIC NUGLEOSOME

Octamer of two copies each of:

- H2A
- H2B
- H3
- H4

*there’s also linker H1
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[ HISTONE CODE

- Histone modifications are deposited by histone modifying enzymes

- Histone modifications recruit other proteins
- chromatin remodelers
- histone modification writers and erasers
- other effector proteins

- Every chromatin process involves histone marks in some capacity
- transcription and its regulation
- chromosome compaction

- DNA replication and chromosome segregation
- DNA repair

Histone tails, especially H3 and H4 are extremely conserved across nearly all eukaryotes



CONVENTIONAL VIEW OF EUKARYOTIC CHROMATIN

We now have an unprecedented in its breadth and depth view of the human genome, enabled by
genome-wide functional genomic assays

Methods for mapping the functional genome:
- ChlP-seq for mapping protein-DNA interactions
- RNA-seq and derivatives to map the transcription landscape
- ATAC-seq/DNase-seq for mapping open chromatin
- Hi-C for mapping 3D genome organization
- GRO-seq/PRO-seq/KAS-seq for mapping active transcription
- and many others

Large collections of datasets across cell types and conditions
- ENCODE Consortium Project
- Single-cell atlases across tissues, development, individuals and diseases



CONVENTIONAL VIEW OF EUKARYOTIC CHROMATIN
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CONVENTIONAL VIEW OF EUKARYOTIC CGHROMATIN
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- small (12Mbp) saggﬁ,r? I 550,000] 560,000 570,000|

1-

DNase-seq

- few and short introns
- Little intergenic space

- few to no distal
regulatory elements

ATAC-seq

Relative cut density
>

O M K MG W G T DEOOEE R min)

) |

Schep et al. 2015



The mammalian-centric view:
- TAD (topologically associated domains) formed by constraints on loop extrusion (CTCF)

- Compartments formed by interactions between similar chromatin states
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Chromosome
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Compartments

Szabo et al. 2019



The mammalian-centric view:

TAD (topologically associated domains) formed by constraints on loop extrusion

Compartments formed by interactions between similar chromatin states
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LOOP EXTRUSION DOMAIN SIGNATURES

Clear chromatin loops

Topological stripes

CTCF motifs in opposite orientations
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TYPIGAL HI-C MAPS
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LIFE ON EARTH

Prokaryotes
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HISTONES AND CHROMATIN
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KNOWN EUKARYOTE DIVERSITY

Much deeper than the well-known macroscopic clades

Contains numerous known exceptions to the conventional chromatin
organization and regulatory logic

- loss of histones as main packaging component

- loss of transcriptional regulation

e - drastic fragmentation of the genome in nanochromosomes

- drastic reduction of the genome
- nucleomorphs (in cryptophytes and chlorarachnophytes)
- microsporidians

=

Archeplastids
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KNOWN EUKARYOTE DIVERSITY

Much deeper than the well-known macroscopic clades

Contains numerous known exceptions to the conventional chromatin
organization and regulatory logic

- loss of histones as main packaging component
- loss of transcriptional regulation
- drastic fragmentation of the genome in nanochromosomes
- drastic reduction of the genome
- extreme divergence of histone proteins
- dinoflagellates
- nucleomorphs
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i Telonemids
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KNOWN EUKARYOTE DIVERSITY

Much deeper than the well-known macroscopic clades

- Contains numerous known exceptions to the conventional chromatin

organization and regulatory logic

- loss of histones as main packaging component

- loss of transcriptional regulation

- drastic fragmentation of the genome in nanochromosomes
- drastic reduction of the genome

- extreme divergence of histone proteins

- Importance of protozoans
- human pathogens

- apicomplexans (malaria, toxoplasma)
- kinetoplastids (Trypanosoma, Leishmania)
- parabasalids (Trichomonas)
- diplomonads (Giardia)
- heteroloboseans (Naegleria)
- microsporidians
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KNOWN EUKARYOTE DIVERSITY

- Much deeper than the well-known macroscopic clades

- Contains numerous known exceptions to the conventional chromatin
organization and regulatory logic

loss of histones as main packaging component

loss of transcriptional regulation

drastic fragmentation of the genome in nanochromosomes
drastic reduction of the genome

extreme divergence of histone proteins

- Importance of protozoans

human pathogens

key primary producers
- diatoms
- bhaptophytes
- green algae
- red algae
- brown algae
- dinoflagellates
- eustygmatophytes
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KNOWN EUKARYOTE DIVERSITY

Much deeper than the well-known macroscopic clades

Contains numerous known exceptions to the conventional chromatin
organization and regulatory logic

loss of histones as main packaging component

loss of transcriptional regulation

drastic fragmentation of the genome in nanochromosomes
drastic reduction of the genome

extreme divergence of histone proteins

Importance of protozoans

human pathogens
key primary producers

key role in the carbon cycle
- bhaptophytes
- foraminiferans
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KNOWN EUKARYOTE DIVERSITY

Much deeper than the well-known macroscopic clades

Contains numerous known exceptions to the conventional chromatin
organization and regulatory logic

- loss of histones as main packaging component

- loss of transcriptional regulation

- drastic fragmentation of the genome in nanochromosomes
- drastic reduction of the genome

- extreme divergence of histone proteins

Importance of protozoans
- human pathogens
- key primary producers
- key role in the carbon cycle

Little to nothing is known about the biology of most of the deeply
branching lineages




Il. DINODFLAGELLATE GHROMATIN



DINOFLAGELLATES

highly diverse group

photosynthetic, predatory, and parasitic

mostly unicellular plankton

numerous secondary and tertiary symbiotic events

photosynthetic dinoflagellates are the trophic foundation of coral reefs
numerous extreme divergences from the conventional eukaryote state

once proposed to be intermediate between prokaryotes and eukaryotes
- mesokaryote (Dodge, 1965)




SPECIAL FEATURES OF DINOFLAGELLATES [PARTIAL LIST)

Permanently condensed fibrilar chromosomes
Very low protein-to-DNA ratio (~1/10t of the usual)

Histones in low abundance, long thought to be completely absent.
- replaced by other proteins of viral and bacterial origin (DVNPs and HLPs)

High percentage of 5-hydroxymethyluracile (dhmU)
Huge genomes

Genes are organized into multigene/polycistronic arrays
Widespread trans-splicing

Transcriptional regulation mostly absent

- few transcription factors;
- gene regulation happens at the posttranscriptional level



DINOFLAGELLATE CHROMOSOMES

K. brevis K. selliformis K.mikimotoi

these are interphase
chromosomes!

K. brevis K. brevis

Cuadrado et al. 2019




DINOFLAGELLATE CHROMOSOMES

Livoland & Bouligand, 1978



LONG STANDING QUESTIONS:

How is the genome organized in 3D space in permanently condensed chromosomes mostly without histones?
How is transcription and gene regulation accomplished in such an environment?
- one decades-old proposal featured regulated looping of genes out of the permanently condensed

chromosome for the purpose of transcription

What is the role of the novel set of chromatin proteins?
- might there be an analog to the histone code that has evolved?

What is the role of dhmU?



DVNPs (Dinoflagellate Viral Nucleoproteins, unrelated to histones) and

HLPs (Histone-Like Proteins of bacterial origin)
are thought to be the main packaging components
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Ciliates

Colponemids
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BUT HISTONES ARE IN FACT PRESENT

Diversity and Divergence of Dinoflagellate
Histone Proteins

Georgi K. Marinov' and Michael Lynch
Department of Biology, Indiana University, Bloomington, Indiana 47405

ORCID 1D: 0000-0003-1822-7273 (GK.M.)

Phylogenomic analysis of the presence and properties of histones in available dinoflagellate transcriptomes

Also charted the evolution of known chromatin modifiers and remodellers



HISTONES ARE PRESENT
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---BUT HIGHLY

DIVERGENT

+/- 0aa (1-aa) conservation
+/- 1aa (3-aa) conservation
+/- 2aa (5-aa) conservation
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THERE IS A
FACT COMPLEX

Thus, presumably transcription
through nucleosomes too

ASPTIGfCAM PEP 0199915306

SPT16-CAMPEP 0199948490

SPT16-CAMPEP_0200001864

SPT16-CAMPEP 0200084770

i

SSRP1-CAMPEP 0199955272

SSRP1-CAMPEP 0199994828

SSRP1-CAMPEP 0200083442
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FACT-Spt16_Nlob

SPT16-domain
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CORAL SYMBIOSIS AS MODEL SYSTEM

2

r 2
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Symbiodinium acquisition
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Bleaching — Death O O O Q

Coral Symbiodinium ﬁ Development
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Figure 2. A symbiotic relationship between corals and Symbiodinium
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OPEN
Transcription-dependent domain-scale

three-dimensional genome organization in the
dinoflagellate Breviolum minutum

Georgi K. Marinov®'?®, Alexandro E. Trevino®*®, Tingting Xiang ©*>®, Anshul Kundaje ©'5,
Arthur R. Grossman* and William J. Greenleaf (12785



SYMBIODINIUM/BREVIOLUM MINUTUM HI-G

Extremely poor draft assembly — N50 < 50 kbp .
Carried out deep Hi-C and Hi-C assisted scaffolding

Hi-C scaffolding identifies ~90 chromosomes

IHA




DOMAIN STRUGCTURE

pseudochromosome 10

3mB 4amB 5MB
| | |

- “dinoTADs”




TRADITIONAL MODELS

Dinoflagellate chromosome

Chow et al. 2010



DOMAIN STRUCTURE AND TRANSCRIPTION

RNA-seq directionality

-strand + strand

Gene directionality and topological domains

Pseudochromosome 10
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DOMAIN STRUCTURE AND TRANSCRIPTION

Aggregate Hi-C signal Aggregate RNA-seq directional signal
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NO CHROMATIN LOOPS OBSERVED

Pseudochromosome 10
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WHAT IS DRIVING DOMAIN FORMATION IN SYMBIODINIUM?

Most likely it is transcription itself as domains coincide with gene arrays

A topologically constrained DNA segment

NGO

lTranscription initiation

A

B e RNA polymerase e

\/\/\./'\Q/\.f\/\./‘\

A \/

i Transcription elongation

C. Underwinding Overwinding

|
| | Underwound @/' @J Overwound

(

positively
supercoiled)
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supercoiled) RNA

Creation of plectonemic
supercoils

Underwinding Overwinding

[
"’\..\ MRNA ,...f“"
negatively positively
supercoiled supercoiled
plectoneme plectoneme

E. coli Hi-C

0 Bin:1kb 1 2 3 4
Genomic coordinates (Mb)

Verma et al. 2019
Bignaud et al. 2024



TRANSCRIPTION INHIBITION EXPERIMENTS

Transcriptional inhibitors

Triptolide
Initiation Elongation
XPB in TFIIH RNA Pol Il

——O0—

Experimental overview

low (1 pg/mL) and high (4 pg/mL)

Oh 16h  24h 48h
| | |

| 1 1
Oh 8h 24h 48h
I

I
Triptolide low (10 uM) and high (40 uM)



TRANSCRIPTION INHIBITION EXPERIMENTS

HiC Contacts following transcriptional inhibition (Pseudochromosome 10)
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TRANSCRIPTION INHIBITION EXPERIMENTS

Iriptolide high

Aggregate Hi-C signal across all dinoTADs
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[ PHYLOGENOMICG EVIDENCGE FOR ELEVATED TOPOLOGIGCAL STRESS

TOP1

15-

Topoisomerase gene amplification
in dinoflagellates

20+

Number of orthologous genes

|

Category: [__] Dinoflagellates

TOP2 TOP3

104

1

(n=40)

[= | I&

[] Other eukaryotes
(n=228)



Model of transcription-induced
plectonemes and domain formation

w® 20,50 @OP®L g

<= i<——

h
Gene arrays: '
+ strand Topological domain
- strand L —
Topological
insulation
,.’ , Boundary
\ ;" elements

O?/w

Topoisomerase
activity



NO TADs IN KINETOPLASTIDS

Kinetoplastids have a similar gene array organization but have not lost histones
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[ WHAT ABOUT 5-HMU? |

- In kinetoplastids, hmU is an intermediate in the synthesis of Base J

- and Base J is found at boundaries between gene arrays

TTS TSS TTS TSS
—> >

anJdJ J JJ NOnnOooonond J JJ g

@ K10ac @ K10ac
@ K9,14ac @ K9,14ac
@ K4me3 @ Kd4me3

Reynolds at el. 2016



WHAT ABOUT 5-HMU?

In kinetoplastids, hmuU is an intermediate in the synthesis of Base J

0O, CO,
+ +
2-oxoglutarate succinate GLUCOSE

O O | O
HsC HOH,C OH,
| NH Fe2* NH | NH

. | .
N/& JBP2 T/KO GT N/&

| O JBP1
DNA DNA DNA

Thymine hmU Base J

Cliffe at el. 2012
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Sequencing 5-Hydroxymethyluracil at Single-Base Resolution

Dr. Fumiko Kawasaki, Dr. Sergio Martinez Cuesta, Dr. Dario Beraldi, Areeb Mahtey, Dr. Robyn E. Hardisty,
Prof. Mark Carrington, Prof. Shankar Balasubramanian g4

First published: 07 June 2018 | https://doi.org/10.1002/anie.201804046 | Citations: 15

= SECTIONS “* pDF &, TOOLS < SHARE

Graphical Abstract

A method to sequence 5-hydroxymethyluracil (ShmU) at single-base resolution is presented. ShmuU
is oxidized to 5-formyluracil (5fU), followed by the polymerase extension to induce T-to-C base
changes, which are amplified by PCR, in combination with next-generation sequencing. The method is
demonstrated in synthetic oligonucleotide models and the genome of a ShmU-rich eukaryotic
pathogen.




5-HMU IS ENRIGCHED OVER REPEATS
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ATAG-SEQ AND GENOME-WIDE CHROMATIN ACCESSIBILITY

ATAC-seq

—— unique
—— all
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TAD BOUNDARIES AND 5-HMU/RTAG

Log2FC Enrichment over control
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ATAG VS 5-HMU

logFC MEDIP vs depleted

5kb bins across genome
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ATAG, 5-HMU AND REPEATS ]

Repeat family
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SUMMARY AND CONCGLUSIONS

3D genome organization in dinoflagellates is novel and unique to eukaryotes

Large and very strong topological domains are formed

Driven by transcription-induced supercoiling

Absence of histones plus the long gene arrays likely key to allowing supercoiling to manifest itself
The genome appears mostly “"naked”

Repeats show decreased accessibility

5-hmuU is enriched over repeats

Possible role for 5-hmU and/or repeats around dinoTAD/array boundaries



Ill. ARGHAEAL CHROMATIN



ARCHAEAL HISTONES

histone fold with no long tails

archaeal histones

eukaryote nucleosome and histones



HYPERNUGLEOSOMES

Henneman et al. 2021



Histones missing in:
- Geothermarchaeota
- Parvarchaeota
- some Crenarchaeota
- a few other lineages
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The chromatin landscape a2
of the euryarchaeon Haloferax volcanii
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HALOFERAX VOLCANN

Euryarchaeote
Possesses histones, but with some doubts about their packaging role

Genome consists of a main chromosome
and five plasmids

Extremely halophilic — grows in 25% salt

71
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Chromatin is an ancient innovation
conserved between Archaea and Eukarya B
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ACTIVE TRANSCRIPTION MAPPING [KAS-SEQ)
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NO CORRELATION BETWEEN ACCESSIBILITY AND TRANSCRIPTION
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SUMMARY

Haloferax exhibits eukaryote-like chromatin organization
- similar to eukaryotes with compact genomes
- high levels of absolute protection of DNA
- not yet clear which protein confers it

Promoter pausing is observed
- suggesting a role for promoter release in expression regulation

Independent regulation of expression inside operons

Strikingly, no correlation is observed between transcription and accessibility
- suggests that promoter opening is not a critical step in gene regulation in Haloferax



IV. BAGTERIA WITH HISTONES



HISTONES AND CHROMATIN
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- histones proposed to wrap around DNA

- not DNA around histones as usual!
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Figure 5. Bd0055 binds DNA end-on and encases straight DNA. (a) Crystal structure of Bd0055 in complex



Bdellovibrio is predatory!

ATAC-seq does not work reliably
because of the presence of the

prey

Fortunately, there are prey-
independent strains
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DE NOVO ASSEMBLY ILLUMINA + FLONGLE

667x coverage

Single contig

4,148,738 bp

4,127 protein coding genes
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A DOUBLET HISTONE IN BACTERIOVORAX
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1 MAEV LVVT SKVKKL IKEKGQ --MNTS AETIDVL SKAIEQLCLKGVES AKAD GRKT VMARDIVID---- - 62
1 MAEVLVVT SKVKKL IKEKGQ - -MNTS AETIDVL SKAIEQLCLKGI ES AKAD GRKT VMARDIVID---- - 62
1 MAEV LVVT SKVKKL TKEKGQ - -MNTSAETIDVLSKAITEQLCLKGI ES AKAD GRKTVMARDIVID---- - 62
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GCHROMATIN AGCCESSIBILITY [ATAG-SEQ)

—
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Position relative to TSS
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GCHROMATIN AGCCESSIBILITY [ATAG-SEQ)
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ACTIVE TRANSCRIPTION [KAS-SEQ)
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EXTREME PROMOTER PRAUSING
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GCHROMATIN AGCESSIBILITY AND TRANSGCRIPTIONAL AGCTIVITY

RPM
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GCHROMATIN AGCESSIBILITY AND TRANSGCRIPTIONAL AGCTIVITY

genes

KAS ATAC
HEPES exp HEPES

ATAC

KAS

HEPES exp HEPES

exp

TSS genes
ATAC KAS ATAC KAS
HEPES exp HEPES exp HEPES exp HEPES
WEEY -0.14 -0.15 -0.15 029 0.26 0.22 0.24 025 025 001 001 001 020 012 0.07 011 011 010 @
LEEY -0.14 -0.15 -0.15 029 0.26 022 024 025 024 001 001 001 020 012 007 011 011 010 E’
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SUMMARY

- Contrary to e.g. Caulobacter, Bdellovbrionota exhibit eukaryote-like chromatin organization
- similar to Haloferax
- similar to eukaryotes with compact genomes
- this is despite the proposed inverted physical relationship between DNA and histones

- Extremely strong promoter pausing is observed
- suggesting major role for promoter release in expression regulation

- 3D organization similar to that of other bacteria



[ BASIC CHROMATIN PROPERTIES ACROSS THE TREE OF LIFE |

histone- gene length intergenic space ATAC
based TSS promoter
clade histones chromatin genomesize @ mean median mean  median score pausing _
Bacteriovorax sp. Bacteria prokaryotic v 4,148,738 939 785 94 65 1.35-1.4 v
Caulobacter crescentus x x 4,042,929 944 800 128 97 low ?
Haloferax volcanii Archaea prokaryotic ? 4,012,900 833 740 167 108 1.35-1.4 v
Sulfolobus islandicus x x 2,522,992 823 722 194 77 1.1 ?
Saccharomyces cerevisiae H2A, H2B, H3, H4 v 12,157,105 1,300 1,019 498 347 1.4-2 x
Drosophila melanogaster | Eukaryotes| H2A, H2B, H3, H4 v 143,726,002 5,753 1,709 3,597 644 1.6-2.3 v
Homo sapiens H2A, H2B, H3, H4 v 3,099,750,718 67,046 26,780 113,388 20,430 v
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V. ADVANCING THE ASSAY TOOLKIT



nature/methods ARTICLES

https://doi.org/10.1038/541592-019-0730-2

Long-range single-molecule mapping of chromatin
accessibility in eukaryotes

Zohar Shipony'¢, Georgi K. Marinov'®, Matthew P. Swaffer?, Nicholas A. Sinnott-Armstrong 07,
Jan M. Skotheim?, Anshul Kundaje'? and William J. Greenleaf ©'4>*



SINGLE-MOLECULE LONG READ ACCESSIBLE CHROMATIN MAPPING

0000000000000 0
000@0000000000
00000000 Ce0000
0000000000000 0
@0000000000000"
0000000000000
0000000000000 O0
0000000000000 0
0000000000000 0
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
000000000000
000000000000 00
Q0000000000000
L 00000000000C000
ﬂOOOOOOOOOOOOOO
0 000000000000 00
L 0000000000000
@ 00000000000 000
L 0000C0000000000
(CNeJeloloX T Jol X X T X Jof )

T 0000000000000
S p00O0Oe®@@@0000e

To0000000000000

rints

M.Sssl (CpG 5mC) §

00000000000
Q® ©® @ ®cpen/accessible

lecule long-range Accessibility of Chromatin footp

Qclosed/protected

on
@]
(@]
(@]
(0]
(@]
(@]
(@]
(@]
(@]
@]
(@]
(@]
(@]
(@]
(0]

ﬁooooooooooooooMO

BOOCO00000C0C000 §

200000000000000 W)

+ 00000000000000 .

£ 0000000000000 P ()
000000000e0000

00000000000000

0000000000000

EcoGll (m°®A)

- HMW DNA extraction
- nanopore sequencing

? M.CviPI (GpC 5mC)

?



SINGLE-MOLECULE POPULATION-SCALE VIEW OF CHROMATIN HAPLOTYPES |
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| SMAC-SEQ REVEALS FINE-SCALE STRAND-SPECIFIC OCCUPANCY FEATURES |
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| SMAC-SEQ REVEALS FINE-SCALE STRAND-SPECIFIC OCCUPANCY FEATURES |
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Marinow et al. Genome Biology (2023) 24:85 Genome Blnlﬂg}f
https://doiorg/10.1186/513059-023-02930-z

CasKAS: direct profiling of genome-wide e

dCas9 and Cas9 specificity using ssDNA
mapping

Georgi K. Marinov"*@, Samuel H. I{imlf, 5. Tansu Bagdatli', Soon |l Higaihinc:’, Alexandro E. Trevino™,
Josh Tyckc:‘,'l'ung Wu®, Lacramioara Bintu®, Michael C. Bassik'®, Chuan He™™®, Anshul Kun daje"gand

William J. Greenleaf''%'"'2
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Vi. FUTURE DIRECTIONS



- Most of the eukaryotic diversity is uncultured/unculturable

- Much of it is not well known
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Most of the eukaryotic diversity is uncultured/unculturable
Much of it is not well known

Single-cell genome sequencing for assembly does not work well currently, and it
requires cell-by-cell isolation



ENVIRONMENTAL SAMPLE SPECIES-RESOLVED ASSEMBLY

»
(¥

J

single cell long-read . . . . . . .
. single cell Hi-C+Transcriptome imaging + in-situ sequencing
Genome+Transcriptome
- single-cell RNA assembly - single-cell RNA assembly
- species-index cells by RNA - species-index cells by RNA - morphology-to-sequence match
- draft assembly over species bins - scaffold draft assemblies

Throughput: millions of cells at a time




TREE-OF-LIFE REGULATORY ATLAS

- Goals:
- Annotated ENCODE-like regulatory atlases for all major eukaryotic lineages

- ldentifying cell lineages, their trajectories and specifiers in all multicellular clades

- Long-term: mapping gene regulation at the single-cell level in the environment



TEGCHNICAL CHALLENGES

ATAC-seq does not work if there are bacteria around

Tn5 is a magnet for transposase and all reads end up bacterial because of no nucleosomes in bacteria
Environmental samples are impossible/very hard to profile

So are macroscopic species that have tightly associating epibionts and other symbionts

So are predatory protozoans, unless they are subjected to prolonged starvation (not desirable)



ENHANGED SMF/SMACG-SEQ

dense coverage, e.g. all As, Cs, Ts, or Gs

direct base conversion

can be amplified but can also be read directly

can do both short and long reads

can do both short and long reads in a multiome format (with other modalities too)

allows for environmental and contaminated single-cell multiome profiling

dense coverage allows for precise nucleosome and TF footprinting, thus regulatory atlas building

long read formats and dense absolute occupancy maps allow charting exotic genomic landscapes like organellar
genomes in protists



EXPANDING THE MOLECULAR TOOLKIT

Single-molecule readouts of active transcription
Single-molecule readouts of base-pair protein-DNA association
RNA single-molecule footprinting

Single-molecule multiomics (DNA and RNA)
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SECONDARY ENDOSYMBIOSIS
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SPECIAL PROPERTIES:

Most reduced known eukaryote genomes
Overlapping genes, extremely little intergenic space
Surprising convergence between the two groups — 3 chromosomes with subtelomeric rDNA arrays

Divergent histone code and RNA Pol2 CTD
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V. ADVANCING THE ASSAY TOOLKIT



SINGLE-MOLECULE CHROMATIN STATE MAPPING

- Is the chromatin status of distant regulatory regions in the same chromatin fiber correlated?

- What is the distribution of open chromatin states (chromatin haplotypes) within the population?

i M

i A

)
N

- scATAC does not answer these questions because of sparseness, noise and diploidy



LIMITED SINGLE MOLEGCULE MAPPING USING SHORT READS
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LIMITED RESOLUTION OF CG/GC METHYLTRANSFERASE-BASED ASSAYS |
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SINGLE-MOLECULE LONG READ ACCESSIBLE CHROMATIN MAPPING
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SMAG-SEQ CAPTURES THE BUDDING YEAST CHROMATIN LANDSCAPE
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INGREASED ASSAY RESOLUTION WITH mGA
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SINGLE-MOLECULE POPULATION-SCALE VIEW OF CHROMATIN HAPLOTYPES |
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SINGLE-MOLECULE POPULATION-SCALE VIEW OF CHROMATIN HAPLOTYPES |
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RIBOSOMAL DNA CASE STUDY

~ 150 copies
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RIBOSOMAL DNA CASE STUDY
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- Not uniquely mappable

- Present in arrays of 150-200 copies in the genome (but the whole arrays are not included in the genome
assembly)



RIBOSOMAL DNA CASE STUDY

~ 150 copies
«CEN Y TEL =
ChrXil /L H rDNA_H rDNA H//H_tDNA_ TR H/
G 9.1 kb "V,
35S rDNA -
IHEES | g5/

RNA Polymerase Il RNA Polymerase |

Not uniquely mappable

Present in arrays of 150-200 copies in the genome (but the whole arrays are not included in the genome
assembly)

Extremely highly transcribed and thought to be almost devoid of chromatin when active
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TRANSCRIPTION FACTOR FOOTPRINTING
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| SMAC-SEQ REVEALS FINE-SCALE STRAND-SPECIFIC OCCUPANCY FEATURES |

0.787

0.764

0.744

1 - methylated fraction

- all
== {op 10%

0.72-

-50 -40 -30 -20 -10 0 10 20 30 40 50
Position relative to nucleosome dyad



| SMAC-SEQ REVEALS FINE-SCALE STRAND-SPECIFIC OCCUPANCY FEATURES |

0.787 0.78~

minus strand
= plus strand
c c
2 2
& 0.76 @ 0.76- \ " M 1\ 1
5 = TR
3 3 hfl"l | ,,{L V|
2 £ A [ T
- £ - U ™/}
£ — all E JJ\‘ \/_\/\M
- == {op 10% -
0.72- 0.72-

-50 -40 -30 -20 -10 0 10 20 30 40 50 -100 -80 -60 -40  -20 0 20 40 60 80 100
Position relative to nucleosome dyad Position relative to nucleosome dyad



LONG-RANGE CHROMATIN DYNA NIGS
ASSOCITED WITH TRANSCRIPTONAL REGULATION
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