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Greatest Grand
Challenge of our

time! Need to produce more on less under unprecedented
Population conditions Changing Climate, diminishing arable land,
9 billion by 2050! High yielding, affordable, high quality food, feed, fuel, fiber
70-100% More * Sustainable production: Lesswater, lessfuel, lessfertilizer,
less pesticides, less degradation, less GHG output

Food Required _ :
Major opportunity for Ireland




The Future for Irish Agriculture :
Smart Plants Smart Livestock Smart Environments

Smart Plants - Smart Livestock: “Systems” precision
Breeding

 Holistic Macro level — “omics” technologies

« Reductive Micro level — trait modification
Holistic/reductive approaches to identify, modify,
Introgress desirable traits into optimized genetic
backgrounds

Study /modify/ the expression/interaction of functional
networks of genes, epigenes, the microbiome and their
products’ to determine realtime response of plants and
livestock to their environment




Future Plant and Animal Breeding -

A new Research-Paradigm
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From Omicsto Improved Crops and L ivestock
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Genomics tools

Genotype select largest possible number of genes for traits of importance
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Advances NGS, markers and “omic” analysis and in SNPs representing thousands of

the associated information technology will accelerate individual genotyping indicators allow
the discovery and characterization of genes, QTLs,  very high throughput analysis of genes
NCS, having potential utility. and gene expression patterns.







Bottleneck _
Phenomic gap —
correlation of
genotypes with
desirable trait

Data analysis, Co-
evolution between
statistical models,
sequencing and HT
phenotyping -
control for spurious

associations







The Farmer Scientist!
Genomic selection has increased rate
of genetic gain in dairy herd by 60%
Custom SNP chip (Teagasc, ICBF,

Weatherby’s, lllumina) developed in
2013 — imputation tool

Ireland will soon have the largest set
of genotyped animals in the world
250,000/yr

Now research to leverage this data —
250 trillion data points

Marker Assisted Breeding
Determine breeding value at birth
Increase accuracy of selection
Increase selection intensity
Reduce generation interval
Increase rate of genetic gain
Specialty herds

Personlized animal health
Source Frank O’'Mara






To speed up introgression of
desirable traits

GS leverages genomic readouts to provide
estimates of breeding value early in the life of
animals.

Capacity limited by generation interval
Reduces by 7 months

Chance to produce multiple animals at the
same or later time from banked, frozen
fibroblast cell lines.

Selection of high genetic merit at an early
embryonic stage reduces 40% cost of
purchasing and managing recipient females
and maximizes value by selectively transferring
embryos with the desired genotypes.

We expect that the application of this method
will substantially improve genetic gain

Kasinathan P, Wei H, Xiang T, et al. Acceleration of genetic gain
in cattle by reduction of generation interval. Scientific Reports.
2015




Tools to select/create those desirable traits

Next generation sequencing, RNAseq, GWAS, CNV ( P+A)
Functional/Comparative Genomics transcriptome analysis ( P+A)

SNaPshot high-information-content-fingerprinting (HICF) (P+A)

“RNA family” RNA interference (RNAI, miRNA, shRNA) (P+A)

TILLING — site directed mutagenizes (P)

Genome Editing: GEENs, MENSs, Transcription activator-like

effector nucleases (TALEN), Zn Fingers, CRISPRs-RGENs (P+A)
Excising/breeding out transgene (P+A)

Traitup extra chromosomal (plastid) transient expression operon (P)
Chemical genomics ( P+A)

Tunable Promotors & Transcription factors (Tfs), natural and synthetic (P+A)
Target of rapamycin (TOR) kinase, a master regulator (P+A)
Pentatricopeptide repeat (PPR) Dynamically switch endogenous gene -Track
or relocate endogenous RNAs -Alter sequence/coding capacity of RNAs-
Novel Maternal/paternal Haploid production (P) —

Centromere engineering (CENH3) ( Chan) (P)

Epigenetic modification —RdDM, siRNA (P+A)

Metagenomics (microbiome) (P+A)

Network engineering (P+A)

Mini-chromosomes Combinatorial multigene transformation (P+A)
Synthetic Biology — synthesis assembly complete circuits (BioBricks) (P+A)

Systems Biology (P+A) e P=Plant, A=Animal




How to circumnavigate the “GMQO” issues!
Or Why Ireland should be interested in next gen trait modification
Group 1: Site specific mutagenesis Zinc Finger Nuclease (ZFN)

Meganuclease (MN) technique

Transcription Activator-Like Effector
Nuclease (TALEN) technique

Clustered Regularly Interspaced
Short Palindromic Repeats
(CRISPRS)

Oligonucleotide-Directed
Mutagenesis (ODM)

Group 2: Cisgenesis and Intragenesis Cisgenesis Intragenesis
Group 3: Breeding with transgenic inducer RNA-dependent DNA methylation
line (RADM)

Reverse breeding
Accelerated early flowering

Group 4: Grafting Non-GM scions on GM rootstocks
Group 5: Agro-infiltration transient Agro-infiltration ‘sensu stricto’
expression Autonomous replicating operon,
floral dip

Group 6??:  Synthetic Genomics Viable minimal genomes



EU Position ?7?

Commercial development: oilseed rape (HT + other traits), maize
(HT), flax, potato, tomato, tobacco, Petunia
Additional info from literature: HT rice

ZFN

Commercial dev.: maize (HT), oilseed rape, tomato, tobacco, sugar
beet, potato (starch quality), trees (lunber/paper), lettuce, Petunia,
Agyranthemum, poplar

MGN

Commercial dev.: maize (HT) and tobacco

TALEN

Literature: HT tobacco, low sugar potatoes

CRISPR/Cas9

Literature/Commercial dev Wheat, barly, rice, sorghum, tomato,
potato, brassica , sweet orange

RdDM

Commercial dev.: maize, oilseed rape
Literature: maize (male sterility), potato (starch content), tomato (no
ripening), Petunia (reduce pigmentation)

REVERSE
BREEDING

Commercial dev.: tomato (taste), broccoli
Literature: oilseed rape

CISGENESIS-
INTRAGENESIS

Commercial dev.: potato (fung. res. and starch content), maize,
oilseed rape, barley (less phytate)

Literature: potato (sev. traits), apple (fung. res and red flesh),
grapevine and melon (fung. res.), alfalfa (reduced lignine), poplar
(wood properties)

GRAFTING ON
GM ROOTSTOCK

Commercial dev.: grapevine (virus res.), apple and pear (root. ab.),
citrus (dwarfing and fung. res.)

Literature: apple, rose and walnut (root. ab.), watermelon, pea,
potato and cucumber (virus res.)



First to challenge and succeed(!) within EU In getting
non-GM status

« CIBUS Rapid Trait Development System (RTDS™) “non-transgenic
breeding technology”

February 2015, authorities in Germany told Cibus that they would not
consider products created by gene editing as GM, but as products of
conventional plant breeding.

Canola: sulfonylurea (SUT), Flax (glyphosate tolerant), Rice and
Potato (Phytophtera R).




Genome Engineering

“Genome editing basically provides the variation you want, where you
want it,” Bruce Whitelaw, Roslin Institute

e Synthetic Nucleases A Zinc Finger

e Tools HOLEEESERED. _J " UEEHCEEEGODEN
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e Zinc Fingers
!i!!!ll FE=E¥
e Transcription activator-like
effector nucleases (TALEN)

« CRISPR/Cas9 system

 Applications
e Single gene knockouts
e Subtle modification of gene functions

» Sequence-specific integration of foreign genes for gene
StaCklng Puchta and Fauser (2014)

The Plant Journal 78:727-741




Bespoke genome engineering
Generating a Knock-out Using CRISPR/Cas9
Enhancing Specificity with Cas9 Nickase
Making Precise Modifications (insertions) Using Homology
Directed Repair (HDR)
Activation or Repression of Target s CRISPR/dCas9 CRISPRI
Multiplex Genome Engineering with CRISPR/Cas9
Genome-wide Screens Using CRISPR/Cas9
CRISPR as a sensor
Gene drive the creation "gene drive" that could eliminate
pests or the diseases, pest R, MCR







Barley and brassica,
off-target edits were
sometimes found in a
very closely related
gene. John Innes

Simultaneous editing of three
homoeoalleles in hexaploid bread
wheat confers heritable resistance to
powdery mildew

eYanpeng Wang

Drought-resistant corn and wheat than can
breed like a hybrid rather than self-pollinate.
Increase wheat yield by 10-15%. CRISPR/Cas9
edited, like soybeans, rice, potatoes. DuPont,
Caribou Biosciences,

CRISPR Genome Analysis Tool

Welcome to the lowa State University Crop Bioengineering Consortium's CRISPR Genome Analysis Tool.

This tool works in two steps:

1.ldentify potential target sites for CRISPR
gene editing in DNA sequences
2.0Optionally, use identified target sequences
from step 1 to search a genome of interest
for potential off-target matches

lowa State Universit




Roslin and Texas A&M
More meat: The
genome of the Nelore
bull on the right was
edited to produce 30
percent more muscle
fiber.

TALEN modified calves

‘Recombinetics introduced  Roslin Institute African swine

Angus seq into skin cells fever warthog RELA gene only 3

rom a horned Holstein bull. /500 amino acids Mammalian

In total. 10 BP deleted 212 interspecies substitution of immune modulatory

’ alleles by genome editing
bp added from Angus. Bruce A. Whitelaw et al
an animal could be edited to have the

very best genes its species can offer."
“The genome is information. And this is
information technology. We have gone
from being able to read the genome to

being able to write it.” Scott Fahrenkrug

In combination with chicken primordial germ cell line with germ-line transmission
capacity, ovalbumin gene knockout chickens by TALEN-mediated gene targeting.
Targeted gene knockout in chickens mediated by TALENs (2014)

Tae Sub Parka,b, Hong Jo Leea, Ki Hyun Kima, Jin-Soo Kimc, and Jae Yong Han




CD163 is the receptor for entry of
PRRSV into cells. Used
CRISPRCas9 to generate CD163-
Pigs displayed no symptoms to
PRRSV. “Because CD163 was
edited using CRISPR-Cas9, the pigs
challenged in this study do not
contain any transgenes” Wells 2015,
MSU

Using CRISPR Cas9 pig cells have
been engineered to inactivate all
62 Porcine Endogenous Retrovirus
in the pig genome, which
eliminated infection from the pig to
human cells in culture Church,
Genome-wide inactivation of
porcine endogenous retroviruses
(PERVS) Science, 2015

Chickens that only produce
female offspring (for egg-
laying) male for meat

Genome edited sheep and cattle

Chris Proudfoot et al, 2014
*Myostatin KOed gets you Schwartznegger phenotype
phenotype!

Beef cattle that only produce males (for more efficient
feed-to-meat conversion).

Edit the SRY gene, create visually-appearing males
from genotypic XX females. Approach to contain
transgenes through sterility, facilitate coexistence and
acceptable cisgenic containment genetic engineering
in animal agriculture. Van Eenennaam




A "precision" drive exclusively impacts a population by targeting unique genomic loci.

An "immunizing drive" blocks another drive from spreading by preemptively altering
sequences that another drive targets, preventing the latter from initiating copying.

A "reversal" drive undoes a prior drive's effects, in all or part of the population, although
downstream ecological changes might remain.

A "repetitive" drive features multiple iterations to further establish or maintain new trait(s).

Drive systems could destroy or modify plant, animal pests and target populations of
invasive species, such as rats and kudzu.

Science. 2015 Apr 24;348(6233):442-4. doi: 10.1126/science.aaa5945. Epub 2015 Mar 19.

Genome editing. The mutagenic chain reaction: a method for converting heterozygous to homozygous
mutations. Gantz VM?, Bier E*.




Plant Microbiome

N. Johnson & J. Graham Plant Soil (2013) 363:411-419

ion

Hypothesis: indigenous landraces

of corn grown In isolated regions
of Mexico co-evolved
diazotrophic microbiomes that
contribute to plant performance
due to nitrogen deficiency in the
soll.







http://learn.genetics.utah.edu/content/epigenetics/nutrition/




Future for Ireland

Challenges: Technology, application, regulation, acceptance (by farmer and
consumer), practicality and economics of implementation

Low Hanging Fruit (from practicality perspective)

Systems biology modelling of biological systems and processes.

Improved genome-wide analyses and computational tools will allow a

better understanding of complex regulatory and metabolic pathways.

Systems approach for discovery and decoding pathways - modify with new tools

Better genotyping/phenotyping - predictive biology of indicator traits (and better
indicators that lends to automation), the harmonization of data from automated
systems —standardization (ontologies), automation, high repeatability

Very precise trait modifications using genome editing
Tuning’ expression with tunable promotors and TFs

Higher Fruit

Synthetic biology systems - synthetic circuits and synthetic genomes,
Artificial chromosomes, operons large multigenic constructs

synthetic inducible promoter(successful in microbes —phytosensing)
Construct artificial biological systems and devices that exhibit predictable
behaviors — automation — parts reuse

Most important focus orchestrating networks — subcellular-populations-organizations






