Phenotyping at Single Cell
Resolution
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Graduate school and Post-doc
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Science for the benefit of humanity
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Arrived 2002
Chair of Biology 2002-2007

Director NIH Center for Systems Biology 2007-2013
HHMI Investigator 2012-present






GrassRoots’ RootArray platform
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*Study promoter function in real time in living plants
*High-throughput, semi-automated image acquisition and
analysis

*Allowed rapid iteration



THE PROBLEM

Farmers need to increase food production in
the presence of climate change and a
growing population

Novel innovation will be needed:
1. Shift how we design crop varieties
2. Design climate resilient crops



THE CURRENT INDUSTRY SOLUTION

Utilize genomic data from whole plants or tissues

« Gene expression patterns can be obscured
» Lack of spatial specificity

THE RALEIGH BIOSCIENCES SOLUTION

Utilize single cell and spatial genomics for crop design

« Expertise in utilizing single cell genomics in plants
— Focused solely on plants

« |dentify traits in cellular space and developmental time
— Precise trait expression



Single cell genomics can identify genes with agronomic value
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Reducing phosphorus accumulation in rice grains
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Novel allelic variant of Lpa7 gene associated
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Use of High Resolution Spatiotemporal Gene Expression Data
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Leaf cell-specific and single-cell transcriptional profiling
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Single cell RNA-seq
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Library construction and sequencing
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scRNA-seq in Arabidopsis identifies major root cell types

Jean-Baptiste et al 2019 Plant Cell
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Ryu et al 2019 Plant Phys.

Shulse et al 2019 Cell Reports Turco et al 2019 Cell Reports

1, 7: phloem/pericycle
2: sub-cell type of stele
3: sub-cell type of stele
13: endodermis
9: phloem
20: proto-/meta-phloem
15: xylem
21: lateral root
®© 10, 22: endodermis (CS*)
18: epidermis
®® 12, 19: stem cell niche
® 14: proximal meristem
® 4: columella root cap
5: lateral root cap
16: sub-cell type of RC
6: unknown
11: unknown
@0 8, 17: root hair
23: mature cortex
® 24: photosynthetic cell

Zhang et al 2019 Mol. Plant
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And the developmental progression for some
lineages
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Meristem
Denyer et al 2019 Dev. Cell
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Meristem

More cells needed
to map
developmental
trajectories



A Root Atlas of 110,000 cells
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Cell_Type
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Rachel Shahan, Hsu et al.




Single-cell atlas of 110K cells captures

major cell types
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And developmental stages
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Continuous developmental trajectories are

revealed by the atlas

a Ground Tissue b Ground Tissue (re-embedded) c
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Analysis of scRNA-seq data

BIOC

Bioconductor

OPEN SOURCE SOFTWARE FOR BIOINFORMATICS

D 20-50m

Before you begin
Download and install R
and packages

[l High-quality cells
Low-quality cells

[ Dying cells or debris
Outliers

Quality filtering with COPILOT
Non-arbitrary, distribution-based
background noise detection

Align reads with scKB
(kallisto, bustools)
Fast read alignment
and transcript count
matrix generation

Freqency

UMI Counts

I rioh quay (4291
low quaity (10368)

I percertm > 5 056)

top 1% (44)

UMI Counts

Barcodes

Hsu et al. Star Protocols 2022

Freqency

Number of Genes

Parameters

Iteration of Filtering
Mitochondrial Expression Threshold
Top High Quality Cell Filtered
Doublet Removed

Cell Stats

Estimated Number of High Quality Cell
High Quality Cell

Total UMI Counts in High Quality Cell

UMI Counts in High Quality Cell

Median UMI Counts per High Quality Cell
Median Genes per High Quality Cell

Total Genes Detected i High Quality Cell

Cell above Mitochondrial Expression Threshold
Estimated Doublet Rate in High Quality Cell

Sequencing Stats

Number of Reads Processed
Reads Pseudoaligned
Reads on Whitelist

Total UMI Counts
Sequencing Technology
Species

Transcriptome




Assign identity to each cell

Used four different approaches to determine
likely identity

Maijority of approaches used to assign
identity



Uses of the Root atlas

cellType
Quiescent Center

* Columella

* Lateral Root Cap
Atrichoblast

* Trichoblast

+ Cortex
Endodermis

* Pericycle
Phloem

°© Xylem

* Procambium

* Unknown

Other species G

Annotation label transfer

Reference

Mutants Time courses

»BDT

Shahan, Hsu et al. Nolan et al.
Dev Cell 2022 Science 2023
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Rice and Arabidopsis have similar root tissue
organization
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Shahan, Hsu et al.,
2022 Zhang et al., 2021



What are clusters in rice root scRNAseq map?

Mingyuan
Zhu &
EEIE]!
Taylor




ldentify cluster-specific markers

LOC-0s02¢g21640

LOC-0s02g21640




Molecular Cartography™ is a multiplexed fluorescence
in situ hybridization (FISH) technigue

Each gene has its own unique color code
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Color Coloring of probes
Probes enabled by new
mRNA technology
Image S e s .
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Probes probes |

Dr. Samik Bhattacharya



Markers identified for all major cell types
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Rice root atlas of 70k cells

Markers:

Atrichoblast
Trichoblast
Exodermis
Sclerenchyma
Cortex
Endodermis
Pericycle
Phloem
Xylem

Stem cell niche



Other multiplex in situ hybridization
technoloaqies

* Vizgen — Merfish

https://vizgen.com/?gclid=CjwKCAjwkLCkBhA9EiwAka9QRrAzcuGj71NpCcbgN_Lf
Q5xwbiy8iR2VQgXeFg8UIqrVxsekfGY5xRoCTIwQAvD BwE

e 10X — Xenium

* Nanostring — GeoMx, CosMx



Sequencing based spatial transcriptomics:
StereoSeq

DNA nanoballs
arrayed on slide RNA capture Library construction &
sequencing

https://www.stomics.tech/WhyStereoSeq



StereoSeq

Librarv seauencin Use of coordinate | |
Y54 J information to align Spatial resolution:
sequences with tissue subcellular

https://www.stomics.tech/WhyStereoSeq



single cell chromatin accessibillity:
SCATAC seq

Pool ( )
Remove Oil
1

10x Barcoded
Gel Beads

Single Nucleus 3 ed Accessible 10x Barcode

GEMs yments DNA Frag

Nuclei in bulk

Image : 10X Genomics



ldentifying genomic features driving
expression

* Use AI/ML to identify genomic elements
responsible for specific expression patterns

« Genome edit native promoters to change
expression patterns

» Generate synthetic promoters that confer specific
expression



Genome editing in diverse species

*Transformation bottle neck

*Use 3D Bioprinting to overcome



3D bioprinting

Bioink generation Bioprinting Maintenance and evaluation

Nutrient refreshments
In the dark at 22°C

Isolated Scaffold
protoplasts material

images

PORM o
ﬁ M RS
- Z-stack confocal
@




Bioprinting to transform any genotype

3D bioprinted cells
maintain division
capacities and
form microcalli

Monitoring of
cell-type specific
markers over
time
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Krishnamoorthy et al, BioDesign Research 2021
Van den Broeck, et al, Science Advances, 2022



Cell cycle re-entry of protoplasts derived from
Arabidopsis roots and soybean embryos

Protoplast Cell division Microcallus formation

~12% of the
bioprinted
constructs
developed a
microcallus
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Summary

« Single cell transcriptomics

 Spatial transcriptomics

« Data analysis and interpretation

« Genome features driving gene expression

« Genome editing to change expression patterns
* Repeatable plant regeneration

* 3D bioprinting



Uwe Ohler (Humboldt, Berlin)

Ben Cole (LBL Joint Genome Institute)
Geoff Schiebinger (UBC)

Scott Fraser, Thai Truong (USC)

Rachel Shahan
Che-Wei Hsu
Trevor Nolan
Mingyuan Zhu
|saiah Taylor

RALEI

BIOSCIEN

Ross Sozzani
Eric Rogers
Natale Clark

Howard Hughes
Medical Institute




