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Animpediment to use of exotic alibengineered trees in many places is
their propensity for spread by pollen and/or se€uds.laboratory has beersing gene
editing to induce mutations in floral genes as means to impart stable and reliable
genetic contaiment when this is desirable frosocial (markets, regulation, public
opinion) or ecological perspectives. Our studies focus on one of the most widely
planted, productive, and sometimes invasive forest tree spEaiesyptuggrandis x
Eucalyptus uropyila.

We used CRISPRas9 to targt two genes expected to be important to
reproductive development Bucalyptus Based on studies in the model plant
Arabidopsis proteins encoded ke eucalypt homolog c0EDA33(EMBRYO
DEVELOPMENT ARREST Bareexpected to be essential for seed disaleand
proteins encoded kiyhe homolog off DF1 (TAPETAL DEVELOPMENT AND
FUNCTIONY) areexpected to be essential for pollen development. Bioinformatic

studies have shown that each has a sioglatively orthologas,functional locus in



the Eucalyptuggenome.This study focused odetermination of the nature of
mutations induced, withreemphasion identifying biallelic lossof-function
mutations, an@ffectsof lossof-function mutatioron vegetative growth and
morphology in the greenhous@®©ngoingwork in our laboratory isstudyingthe
effectsof mutation of these genes floral development and fertility.

We generated two CRISPRa® constructseachwith two guide RNAs that
target each gene, and one Cas®/ (no guide RNAsktontrol construct Wethen
Agrobacteriumtransformed hybrid eucalypt SPE. (grandis x urophyllg for which
an efficient transformation systemwasavailable. We generated 1@dal8 gene
insertion events for thEDA33andTDF1 construct, respectively, anenevents for
theCas9 control. Taking advantage of the natural polymorphisms in the hybrid that
we discovered after resequencing near to the target region, we generated and
sequenced allelspecific PCR products for each locus. We identifeednserton
eventsn EDA33 andsix in TDF1 events for which there were clear lagsfunction
mutations in both alleles. Overall, CRISIRSs9 was highly efficient in generating
knockout mutations, with a rate (per transgenic regenerated shoot) of &E9A838
and 46% inTDF1. The knockout events anflve Cas9 control events wetieen
micropropagated, acclimateahdtransplanted into 94@c pots for a greenhouseal
to study variation in plant growth rate and leaf morphology

Thethree montlgreenhouse trial usedrandmized block design with an
average o§ix ramets per genotype afd nonrtransgenic controlsVemeasured
height and diameter at the stantieendof the trial and relative chlorophyll density,

leaf area and weight, and leaf oil gland density at theoétitk trial. In a linear



mixed effect model, we conducted an overalest where blocks and construct were
fixed effects and evesitvereconsidered random effects

We found that blocks were highdyatisticallysignificant sources of variation
(P<<0.05, which was not surprising as trees were sorted into blocks based on size at
the start of the experimenBresumably due to variation imgpagation history, the
wild type controls were larger at the outset of the study and continued to grow
significantly differently from the transgenic trees, so comparisons between the-knock
out and normutated events were predominantly based on the tralesgentrols. At
harvest, none of the traits were different at the 5% significance level among the
transgenic gengpe groups, though leaf area and old gland density were different at
the 10% significance leveEquivalence testingf the differences imeans of plant
characteristics measured at harvest between the imdakoups and transgenic
controls showed thahere was unlikely to be a 10% or greater reduction of any of the
trait values in the knoekuts Our results suggest that the functionshefse genes are
largely restricted to reproductive development in eucalypts, and imparting sterility
through their dssof-function is unlikely to affect productivityLonger term studies,
preferably in the field under normal forestry conditicar® needd to confirm these

results.
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Chapter 1: Scientific background

1.1 Scope and organization of thesis
1.1.1 General research goals

Field evaluation and commercialization of genetically engineered (GE) trees have
been severely hindered dueatnegative public reception and strict regulatbayriers.
One kind of technology that may reduce negative perception and regulatory barriers is
genetic containment, for which CRISRIRected mutation of floweringssential genes
may be the best method. This research is part of a larger ongoing praect
laboratory directed toward this goal, with my focus on the rate of CRIS&Rtion, and
whether floral mutations affect vegetative development (effects on flowering are under

study by others in the laboratory).
The larger project can be categedznto the following major projects:

a) To examine the phenotypes (both vegetative and flor&@RISPRmutated,
transgenic eucalypts through greenhouse trials in normal and rapid flowering
genotypes;

b) To examine the extent of efdirget mutagenesis from CHR expression; and

c) Todevelop andissess the effectivenessanfexcision system fasomaticremoval of
gene editing machinery.

This document contains information pertaining to the methods that were used for
finding biallelic knockout mutant§.e.,where both copies of the target genes are
rendered notfunctiona). Here we present the results of mutation assessments and a
greenhouse trial to study vegetative growth analysis of different experimental groups,
including transgenic vs. namansgenic lingsand knockout vs. noAmutated transgenic

plants.



1.1.2 Organization of the document

This thesis contains three major sections each in general manuscript style,
beginning witha broaditerature reviewof areas important for mypa s t studiegs s
methods and results of the research, and discussiontangr@tation of results. My work
will be part of a larger manuscript that includes results for flowering once that work is
complete. Hence, the manuscript style is intended as a pedagogic exescisaiific

writing.
1.2 The Eucalyptusgenus

The genugtucalyptusincludes over seven hundred species of flowering trees
(Brooker and Kleinig, 1994). Within the family Myrtaceae, eucalypts are distinguished
from other genera based on a lack of petalstia@ghresence of opercula that covers the
floral buds (Bolad et al., 1984).

1.2.1 Morphology and reproduction &ucalyptuggrandis

For our research we usedeacalyptuggrandisx urophyllahybrid due to it ease
of vegetative propagation and transformaiionitro. The genome size &. grandisis
around 640 megabase pairs (Myburg et. al, 2014). The chromosome number for the
organism is 1412 pairs and shows diploidywhichwas suggested teelp provide
Eucalyptuswith high genetic diversity, and thuelapgability to a range of environmental
condtions (Rye and James, 1994. grandisis a tall, straight tree that could reach up to
a height of 46m. Its bark, along with being smooth and deciduous, is white in color (Hill
and Maiden, 1918Fucalyptudisplays opportunistic growth based on envirantal
conditions (Jacobs 1955; Pook 1984a). Its longevity can span from 100 to a maximum of
500 years. Leaves have an alternate arrangement on the plant and can be categorized into
three stages of development: jaue, intermediate, and mature. Leaf veoa is
moderately fine and oil glands for essential oils are present in the veins of the leaves. The
characteristic aromatic odor of eucalypts comes from the volatilizing essential oils
(Bolandet al, 1991). Flowes are mostly bisexual, and a unit inecence consists of 1

to 11 flowers born on a common stock, the peduiiclgrandishas an axillary umbel
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with 3-10 flowers and floral buds are pyriform that are usually contracted in the middle,
pedicellate and gucous (Blakely, 1955). The color of thecalypt flower is determined
based on the stamens. Stamen are usually brightly and prominently colored. After
fertilization, stamens fall off and the bud matures into a woody fruit, which dehisces
longitudinally abng the length of peduncle when the ovagf splits into sectors
(Bolandet al, 1984). Pollination ifcucalyptususually depends on the region, for
example in temperate ecosystems wind pollination is observed whereas in tropical and
subtropical regionsanimal pollination is more common (Rega982). TheEucalyptus
breeding system is of mixed mating type with preferential outcrossing (Griffin et al,
1987).

1.2.2 Global distribution

Eucalypts are indigenously found across the Australian continent and igatsds
north (Hall et al. 1963, Williamand Potts 1996). However, owing to the economic and
medicinal importance of eucalypts, they were introduced as an exotic species to other
regions including South and North America, Africa, Europe, the Mediterrddeesn,
the Middle East, China and thadian subcontinent (Sellers, 1910).

1.2.3 Ecosystem services and uses

Eucalypts provides various ecosystem services and environmental benefits. They
can be used reduce excess carbon dioxide in the atmosphere, ptornagater benefits
and purify air (UC Sa Diego Campus Forest, 2009). It also has various cosmetic and
medicinal applications. The essential oil derived from eucalyptus is used as raw material
in perfumery, food, beverages, aromatherapy and phytothétapglyptol chemical
derived from the exéict contains antimicrobial and airtflammatory qualities (Minto et
al. 2016). Additionally, eucalypts are used in plantation industry as-grfasing
rotation tree for timber, pulp and bioenergy. Primary producéwood products derived
from eucalyps are tropical countries like Brazil, Spain, Portugal and south Africa. Brazil
is the largest exporter of eucalypts wood products. Plantations in Brazil are mostly owned

by international and national companies l#zano. It has been estimated that Biiazil
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2005 had exported around US$3.5 billion amount worth of timber and paper products. It
is believed that companies own around 1 million hectares of land, out of which 60% is

dedicated foEucalyptugplantations (fpbal forest coalition, 2018).

Due to a increased interest in renewable energy resources, biofuel feedstock
obtained fronEucalyptusholds potential as an alternative to petrolenased products.
Since quality requirements of biomass fuel are lower thapulpwood, eucalypts are
highly suitdle due to their high wood density and shorter rotation times, thus
maximizing yield (Spinelli et. al, 2016fucalyptuscan be harvested for pulpwood and
fiber within 6-8 years. Owing to a uniform and high fibentent,Eucalyptuspulp has
been used foroated and uncoated frsbeet paper, bleach board, sanitary products and
in cardboard boxes. However, there is also increased seafyptudor solid wood
purposes, such as sawn wood, veneer and medium diémsibyoard as well as
extenders in plagtiand timber (Myburg, Potts et. al, 2007). Besides above mentioned
uses ofEucalyptusit has also been used in some countries like India as windbreak, and
to control diseases such as malaria as part of wastewatergement.

In Eucalyptus growth, wood quality, disease resistance, and vegetative
propagatiorrelated traits are considered as commercial traits of importance in breeding
programs. According to Myburg, opportunitiesdacalyptusmolecular breeding ah
genome research existsasammunity linkage maps, an integrated physical and genetic
linkage map, comparative genome mapping, association genetics, integrative and

comparative genomics.



Figure 1.1 Eucalyptugirandis
flowers. The white filamentous
structures are the anthers.URL
(https://www.flickr.com/photos
/mercadanteweb/5778708890

Figure 1.2 Eucalyptuggrandisplantation in Hawaii (URL:

https://www.flickr.com/photos/stasgnvironmental/24562059793



https://www.flickr.com/photos/starr-environmental/24562059723
https://www.flickr.com/photos/mercadanteweb/5778708890
https://www.flickr.com/photos/mercadanteweb/5778708890

1.3 Application of biotechnology in forestry and agriculture
1.3.1 A brief history of tree breeding, genetiodification and genetic improvement
| will write using the following definitions, which can vary among authors

a) Tree breeding: Similar to natural selection, i.e. through natural mutation,
recombination and selection pressure, tree breeding comprti$esah selection
of individual or plus (superior phenotype) trees which is directional (i.e. focused
on socieeconomic needs and adaptive requirements) followed by controlled
crosses and propagation of elite families or clonal varieties. Improvedeswoiet
plantation trees are primarily used for industrial forestry but they can also be
employed in agrdorestry or for enrichment of local foregR®aques, 2013)

b) Forest genetics: It is the study of hereditary variation in forest trees (Wright,
1976).

c) Genetic modification: It involves unintentialor purposeful tweaking of genetic
constitution of an individual tree or an entire population for human needs (Burdon
and Libby, 2006). Unintentional changes can be both detrimental and beneficial.

d) Genetic engineering: It is the utilization of recomdntDNA methods for
isolation, configuration, modification and transfer of genes in pldarses et al.
1998)

e) Tree i mprovement: WAApplication of fores
tree biology, silviculture and economics, to develop genetically improved
vari eti es @hitefAdamg antd Neale 20@7% 0

Wood has been used throughout the human history frerbitinze age to modern
day as the major means for provision of shelter and energy for many societies. Human
mobilization around the globe has been possible by employing wood and timber for basic
purposes such as creation of fire, transportation, shellemaal extraction. Wood has
been used in construction of ships and as energy source in early locomotives. Fire
generated through wood had provided early humans with heat necessary to survive in

cold temperatures, bake bread from grain and derive saltskeamater (John Perlin,
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1989). It is believed that huntgatherer humans dependence on wood for purposes such
as cooking, shelter, tools and heating has influenced biodiversity of trees and genetic

composition of selected species in a forest (Libby andi@y 2006).

There have been many episodes of deforestation in the past, but only recently
have we understood the needed technique for sustainably maintaining forests and
plantations for timber. Although, modern tree breeding began after the seconavaorid
with international and regional cooperati@u Cros, 200Q)earlier efforts with the
practice of tree breeding in the west was shown by John Evdbam a request from the
British navy commi ssioners and The Royal S
A Discourseof Foresir ees and the Propagation of Ti mb
was presented on October™3662. It provided exhaust information about the
variety of trees that could grow in England along with their cultivation and(Ese$/n,
1679) Moreover, there have been a few tree breeding and conservation astsrghat
supported by the British monarchy around 1
Breeding, l ncreasing, and P{MHeuseeotCommogs of Ti
Journal, 1610)However thefirst documentation of scientific tree breeding is from 1749
in Sweden where a Marine command regarding the choice of seed sopcefous

robur (pedunculate oak) was put forward for ship construdiilenCros, 2000)

There is a vast | iterature on tree bree
most of that literature is beyond the scope of this docurBen€ros, (20003uggests the

following prerequisites for tree breeding:

a) Presence of genetic variation of economic traits

b) Inheritance of individual traits

c) Knowledge of genotype envirarentinteraction

d) A comprehension of breeding systems and genetic compatibility among species to
be cultivated

e) An understanding of financial implications of tree breeding
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Knowledge accumulated in the area of tree breeding and domestication is recent
comparedo domestication of agricultural crops. Forest genetics and tree improvement
programs have helped in tree breeding. Biotechnology and genomics are usually used as
moden tools to speed up the process of tree breeding and get improved wood products
for biofuel, pulpwood and timber industry. Tree breeding starts with having genetic
variations in the economic traits (du Cruss, 2000). Genetic markers are DNA phenotypes
thatreflect differences among population, species and individuals (Myburg et al., 2007).
Thevariability in these markers have helped in developing genetic maps which can
further help in various studies like Genome Wide Association study (GWAS) and Marker
Assisted selection (MAS). GWAS and MAS help in selection process by selecting
genotypes thanight provide best phenotypes in given environmental conditions.
Genomics can aid in understanding the influence of multiple genes [quantitative trait loci
(QTL)] on the phenotype. Examples of some markers that can be used to study genetic
variations in gopulation are SNPs (Single Nucleotide Polymorphism), RAPDs (Random

Amplified Polymorphic DNA) and RFLPs (Restricted Fragment Length Polymorphisms).

The appearanaaf recombinant biotechnology further advanced tree breeding by
providing researchers withe capacity to introduce novel genes from the same species
(cisgenics) or a different species (transgeniggjobacterium tumefaciemsediated
transformation of tres aids with introduction of desired genes in the plant genome
(Nester, 2008). This ality to insert foreign DNA into a plant genome can help with cell

wall modification, yield improvement, forest conservation and modification of flowering.
1.3.2Tissue culture in forest biotechnology and clonal forestry

Deployment of tissue culture techoig in breeding program has been revolutionary.
Tissue culture includes various techniquesdroritro cultivation of plants, seeds, organs,
and embryos in a atrolled and sterile environment. The primary techniques that are
used in tree biotechnologytail micropropagation and organ regeneration. In
micropropagation, a fully functional plant is generated using meristem tissues such as
axillary primordia (Ikeubi, 2016). Steps involved in micropropagation are: shoot
multiplication within an aseptic mediahoot induction, and transfer of these plants into
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soil (Gosal et al. 2010). Organ regeneration is the generation of a whole plant from an
explant or mass oflant cells (Hill, 2013). These cells are usually somatic and totipotent,
and they can speciaéznto any type of plant cell that these are derived from. Steps
involved in organ regeneration are: callus induction, root formation and the transfer to
soil malia. Cytokinin to auxin ratio in the media are important in both kinds of
propagation. Vegetate propagation is important since they help with asexual

reproduction of plants and trees.

Molecular genetics, biotechnology and clonal forestry go irahdnd; the
combination of these three fields help in maintaining and multiplying commercially
important traits that might have been genetically engineered at an economical expense
(Ahujaand Libby 1993) CIl onal f or est r yscaeaeploymentafef i ned
relativelyfev, known superior c¢clones that have pr
(environmentalpaltion.in/forestry/clonaforestry, S. Agarwal). In forestry, a clone can

be defined in three ways:

a) Traditionally, a vegetative propagule of a plant;

b) In cell cuture, a cell line that originated from different single cells of the parent
organism,;

c) In termsof molecular biology, bits of DNA or genes that have same nucleotide
base pair sequence and are amplified to make many copies for study or use.
(Ahuja and Libby 1993)

Clonal forestry fantations have been widely used with several plant species such as
Populus pine, ancEucalyptis The ease of propagating rooted cuttings is a major
consideration for commercial clonal forestry (Myburg et al., 2007). One of the
disadvantages of clonal festry is the susceptibility of tree population to a pest or insect
due to lower biodiversity ithe plantation. Clonal forestry has been widely used with
Eucalyptusn countries like Brazil and South Africa. Many plantations use stecklings
(rooted cuttingginstead of seedlings for producing nBwcalyptudrees. Clonal forestry
captures full genetipotential of genotypes and gives a greater uniformiBuicalyptus

plantations.



10
1.3.3 Biotechnology for crop improvement

Biotechnology is broadly defined &the use of living systems and organisms to
develop or make products (Wikipedia 2028)ore pecifically, Biotechnology includes
genetic engineering, genomics, genetic modification, application of genetic markers and
vegetative reproduction methods (Red}001). It can assist with traditional crop
breeding by introducing or modifying genes tbah help with pest resistance, increase
nutritional value, and improve yield. Genomic tools and resources further facilitate crop
breeding by helping researchersderstand genotygehenotype relationships (Castro et.
al, 2012). Through utilizing nexgeneation sequencing and bioinformatics tools, we can
discover new genes, regulatory sequences and develop molecular markers. Genomic
selection, where entire genosnare indexed for making breeding selections, expedites
the process of selection of traits thatve economical value and provide resistance
against diseases. Besidewitro propagation of plants through tissue culture techniques
described earlier, cromsan be propagated both sexually and asexually. Asexual
propagation includes techniques suctissie (root, stem, cane and leaf bud) cutting,
layering, separation and division, budding and grafting, and micropropagation. Sexual
propagation involves seggrmination, techniques to break dormancy, growing plants
from seed and by transplanting seeg$i (ncsu.edu/extensigardenethandbook/13
propagation).

Crop domestication and improvement has been critical to the development of
human civilization. Dom&ication of crop plants in the new world likely began around
9,000 years ago in the Balsas &iWalley of tropical southwestern Mexico, where maize
was obtained by genetic modification of Balsas teogiéstorf, 2009) Advancement in
food domestication over the years helped address p&aple d e ma n &#ithftrer f oo d .
global human population projected to reach 9.7 billion by 2050 and to be mainly
concentrated in developing countr{gmited Nations et al., 2019roblems of poverty,
malnutrition,food security and degradation would worsen. To feed the growing
population large masses of land will be neefbedgricultural purposes causing land and

forest degradation, soil erosion or salination and global warming. Along with the
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concerns mentionedave, various kinds of pests and pathogens also lead to a loss in
crop productivity due to their increased aystibility as a result of climate change.

Hence, application of biotechnological tools can be one of the approaches to tackle those
issuegMiflin, 2000).

Agricultural bioechnology helps in improving crop productivity in many ways,
including by reducing application of pesticides@ops and improving crop yield and
nutrition (Persley, 1999)in 2018, around 70 countries had 191.7 million hectares of land
planted with biotech crops. A ~113 fold increase in planting of biotech crop around the
globe has been observed since 1996, with an accumurlatedfa2.5 billion hectares.

Top producers of biotech crops include five countries: the USA, Brazil, Argentina
Canada and India accounted for a total of 91% of global biotech crop area (ISAAA, Brief
54). According to the ISAAA, in the USA approximately milion hectares of land

were planted with biotech crops such as soybeans (34 million hectares), maize (33
million hectares), cotton (5 million hectares), canola (900,000 hectares), sugar beets
(491,000 hectares) and alfalfa (~1 million hectares).

Primary traits of importance present in biotech crops include insect and disease
resistance, herbicide toleraned#tered nutritional profile and enhanced storage life. Few
of the examples of genetically engineered crops include biotech papaya, golden rice,
banana, apple and mushroom. Some prominent examples of biotech crop that were

proven to be beneficial for consens include:

a) Non browning applé The artic apple was created using RNAi (RNA interference)
suppression of genes that are associated with tiosidaf polyphenol oxidase enzyme
(PPO). When an appleds surface nmsumeres i n co
browning in apple occur due to the activity of PPO. Thelmawvning trait introduced
protects the flavor and nutrition of apple, it ateduces food wastagBaker, 2018)

b) Golden Ricé Prof Ingo Potrykus and collaborators created Golden Rice in the
1990s by introduction of a multjenecoded biochemical pathwagi r i ce 6s genome

pathway produces betarotene, a precursor of Vitamin A, in rice which is naturally
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absent in it. Populations in poor countries offer suffer due to Vitamin A deficiency,
Golden Rice could meet the demands for Vitamin A in dietspifds, in 2019, had
become the first country to approve the utilization of GR2E, second genartion Golden
Ricefor its populace.

¢) Rainbow papaya Papaya Ringspot ViruPRSV) causes serious disease in
Papaya. Since 1992, this virus almost took oveettige hectares of Papaya farms in
Hawaii. Transgenic papaya line-85howed resistance to the virus and leaambow
papaya was created, and its use had become widespread in early 2000s. Rainbow papaya
helped farmers in earning money for their livelideoSimilar to vaccination, transgenic
papaya was introduced with Virus coat protein from PRSV strain HAThe protein
provide papaya with resistance against the virus infestation (Ferreira and Pitz et al., 2002)

1.3.4 Genetic engineering in forestrydebiotechnology for tree improvement

From the first genetically engineered (GE) poplar tree (Fillatl.efi987) to
possibly the first GMO chestnut to be planted in the wiidl,(AP news, 2019), genetic
engineering has come a long way in thedfied forestry. Application of GE is often
accompanied with plant tissue culture and transformation techni@&esolds promise
as a tool for expediating tree breeding process by shortening generation times,
introducing novel traits into proven genotypesl dy reducing the cost of selection (Pena
and Seguin, 2001). Through recombinant biotechnology, a genedsntan be
introduced into an organism using vectors such as plasmid and BAC (bacterial artificial
chromosome). Utilizing methods such as-sitected mutagenesis, specific mutations
can be made in the genome which can aid in studying the genes andhglianeficial
products by creating a fairly accurate changes in the genome. This capability provides us
with a tool for beneficial modificatioof tree to improve wood quality, alter fiber
content, and for sustainable management of forest lands. Moyewasdker assisted
selection (MAS) and genome wide association study (GWAS) can help us study the
genes responsible for quantitative traitefel et al,2018). Powerful genome
sequencing tools such as ngeneration sequencing (NGS) helps with compasati

genomic approaches as well as in sequencing entire genomes of tree species (Kremer and
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Neale, 2011). Genomic resources such as ESTs, refagenedc maps and SNPs are
well developed in many tree genera and help us in deriving knowledge about the

varigions in genomes caused within species.

Although, GM trees have been grown experimentally in more than 700 field trials
since 1987, its commaet utilization is minimal (Vidal and editor, 2012). Countries like
China and Brazil have commercially apprdube use of transgenic trees. In 2002, China
had become the first country ever to approve commercial lBeRdplar (Lu andian
Jun 2011).Fb | owed by Brazil, when in 2015 Futur :
approved for plantations, the company clainteat their GM eucalyptus could produce
20% more wood compared to the conventional varietgford,2014). Since, poplar is a
model organism for gtlying trees, a great deal of biotechnological resdamsheen
performed on them. Following are some casdiss for the application of genetic

engineering in forestry.

Forest tree restoration and conservation

Biotechnology can play a crucial role in biodiversity restoration and conservation
of genetic resources within and among species in a forest. Tould@cular genetics
can aid in distinguishing between native and-native tree species, and for monitayi
an endangered ecosystem. It can help us with knowledge in developing and interpreting
information on the evolution and current state of an ecosy&easton et al., 1995). For
example, species specific probes can be used for analysis of natural aylridsIA
fingerprints can be utilized for monitoring seed orchards for pollen contamination (Sutton
and Grossnickle, 1999).

Due to increased globaktrel pests and insects can be easily introduced into a
novel geographic location, where they can estalthemselves as narative species.
Moreover, a warming climate expediates the process of colonization in both native and
introduced insects. Naturaidaliversity and plantation forestry suffer from these pest
infestations. Biotechnology is a tool that be utilized as a measure to control the pest
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growth as well as to restore endangered plant species. Following are some examples to

support the abovassertation:

a) Chestnut (Castanea spp.) have been extensively studied using biotechnological
tools and geomics; it is an apt example for the use of biotechnology in species
conservation program (Nelson et al., 2014). Chestnut trees located on the eastern
coast of the USA have a cultural, ecological and economic value associated with
it. Unfortunately, in théate 1800s, introduction of the fungGsyphonectria
parasiticacaused Chestnut blight, a cankerdiseases which wiped out most of the
chestnut populatim Researchers had taken several traditional tree breeding
approaches to save this tree but to no aRaila last resort, biotechnology was
used to introduce wheat gene in the genome of chestnut tree. The enzyme
produced by the gene breaks down the toailed oxalic acid produced by
fungus NewhouseThe Washington post, 2018).

b) Other instances of speciesstoration using biotechnological tools include white
ash (WA) tree restoration in the USA and European ash fegsrfus excelsior)
in the UK. EAB(Emerald ash borer) consumes tree vascular tissue and in doing
so harms the tree. Researchers at Putthigersity, USA tried to develop
transgenic WA trees with Cry8Da protein that is toxic to EAB larvae and is
naturally found irBacillus thuringiensiSDS-502 (Pijut et al, 2014). European
ash trees have been devasted by a fungal infection causedHiyresiooscyphus
fraxineus.Researchers at University of York, UK utilized associative
transcriptomes to selectively breed for trees that were resistdna tongus
(Harper and Bancroft, 2018).
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Improved growth rate and vield

AGrowth i mprovements can be categorized
under norstressful conditions) and yield preservation (adequate growth or at least
survival, undersr es s f ul condi ti oniaddobwoqdCdndeng et al
improved by improving processes such as light interception, conversion of energy to
biomass and allocation of biomass to the harvested portion of plant (Koester et al., 2014).
Transgenes came used to increase tree biomass by 1) Mdation of phytohormone
pathways 2) Improved uptake and utilization of water and nutrients 3) Modification of

photosynthesis and carbon utilization methods. (Dubouzet et al., 2013)

Cell and wood properties

Cell walls are mainly composed of cellulose digthin. The other less dominant
components include hemicellulose and pectin. Research on biochemical components of
cell wall have been important since economic value of woody biomass is to an extent
determined ¥ its cell wall. Improved cellulose contemdits separation from lignin
helps in supporting chemical, energy and byproducts derived from wood. Moreover, cell
wall components are also used in biofuel production, providing an alternative to

petroleumbasa energy products (Chang et. al, 2018).

Cellulose,Betal-4 glucan, has been used as a raw material in fabric and paper
industry. It is also used for production of cellulose derivatives such as cellulose esters and
ethers. Recently, it has been utitizer fermenting compound and production of
bioethanol (Koda and Uraki, 2015). Cellulose also provides strength for vertical growth
in the trees. U.S. Department of Energy (DOE) first used hybrid poplar in their Bioenergy
Feedstock Development Program @ise as fuel in generating heat and elecyricit
Willows andEucalyptusare the other trees that have been used since then for biofuel
production. Altering cellulose content can help in production of biofuel. An increase in
cellulose content causes cell Wal thicken, crystalize and enhance woodsilign In
some studies researchers had introd8#8y(Sucrose Synthase) abiGPase(UDP-
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glucose pyrophosphorylase) transgene which resulted in a higher soluble sugar content in

leaf tissue, indicating altereth& strength in trees (Coleman et al., 200009).

Lignin is a complex and heterogenous -wedlll-bound phenolic polymer, it
provides cell wall with strength, rigidity and impermeability to water (Saxena and
Stotzky, 2001). Lignin is one of the resergoaf stored carbon in plants (Tuskan et. al,
2006) . Lignin content modification can al'¢t
invading pathogens. A reduction in lignin content makes the plant cell wall thinner and
susceptible to attacks by insects, herbdgoand microbes (Halpin et al., 2007). Hoerv
it provides commercial benefits which includes increased pulping efficiency and
reductions in mill contaminants during paper production (Rastogi and Dwivedi, 2008).
The livestock industry also benefits frdignin reduction as fodder becomes more
chewdle by animals. Lignin quantity and quality can be modified by alteration of genes
that encode enzymes for the lignin biosynthetic pathway. For example;rdguiation
of expression of cinnamyl alcohol dehydeogse (CAD), caffeoyCOA O
methlytransferas€CCoAOMT), and caffeic acid {nethyltransferase (COMT) in

monolignol biosynthesis pathway reduces the lignin content of wood (Chen et al., 2001).

Hemicelluloses are heterogenous group of branched polysatashdrat
associate with both cellulose mid@iwils and lignin (Chang et al., 2018). During the
biochemical conversion of woody biomass, hemicellulose content and composition may
limit saccharification by limiting the access of cellulase to cellulose ffihet al, 2007).
RNAI suppression of glucurmxylan glycosyl transferase genes in hybrid poplar
demonstrated a reduction in glucuronoxylan content (hemicellulose biochemical

component) and improved hydrolysis by cellulases (Lee et al., 2009).

Pectins ar@ group of heterogenous polysaccharidesinajalacturonic acid, it is
mainly composed of two components i.e. homogalacturonan (HG) and
rhamnogalacturonan | (RGI) which surround the cellulosic glycan network (Willats et al,
2001). Pectins are major coomnents of the primary cell wall and a modifion in pectin

may alter saccharification yields in trees (Chang et. al, 2018).
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Resistance to biotic and abiotic stressors

a) Drought androsttolerance

Tree survival can be threatened in the periods a@-lasting drought. Drought
tolerance in celland tissues of trees can be enhanced by targeting molecular
physiological factors responsible for osmotic adjustment, antioxidative defense and water
use efficiency in trees. Biotechnological tools can heipareasing drought tolerance
among plants bpverexpressing the genes involved in stress sensing and signaling, such
as the abscisic acid core pathway, and detsaam transcription facto(Polle et al.,

2019) For example, an upregulation of genes suchlT@MAGEN, ERECA, and
STOMATA DENSITY ANDISTRIBUTION1 (SDD1g¢an induce changes in stomatal
development of poplar for survival in drought like conditifidarfouche, Meilan, and
Altman, 2014) Likewise, overexpression &fREB(dehydration responsive protein
binding element) under tRD29promoter can enhance droughtdmance in plants by
activating osmolyteéZhou et al., 2012)Furthermore, understanding of the genetic basis
for drought tolerance by utilizing technigues such as transcriptomeics, provenance
testing, quantitative trialocus (QTL) mapping, angenotype association studies can aid

in forest management by providing options for plus tree sele@oran et &, 2017)

Trees have physiological mechanisms that help them survive in cold
temperatures. Cold hardiness in perennial woody trees is a complex process that involves
different mechanisms and stages, along with the gengiitateon of dormancy
(Wisniewski, Nassuth, and Arora, 2018he compl& processes associated withid
hardiness in woody plants has been studied by consideration of both epigenetic and
genetic regulation of cold hardiness, in combination with advanced genetic analysis tools
such as GWAS. An example of genetically engingédreeze toleraritucalyptsis the
clone AGEH427, it was developed through introducing plasmid pABCTEOL1 into the EH1
genotype oE.grandis x E.urophyllaybrid. The transgenic line survived in cold
temperatures through production of CBF2R€Epeat Bindind-actor) cDNA. The
plasmidused contained a CBF2 expression cassette that comprised-gicudible
promoter rd29AHinchee et al., 2011However, it has yet to be approved for
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commercial use by USDA, and its level of cold tolerance may not be adequate for

commercial applications.
b) Insect and pest retasice

In the face of a chmging climate, trees have developed susceptibility to a broad
range of insects and pathogenic microbes. Economic losses incurred due to infected
plantation trees reduce the productivity of intensive plantation forestry. Hence,
biotechnology and genomic tisacan be used for engineering resistance in plantation
trees against these pests. Tools such as GWAS or Genomic Selection can be utilized for
choosing candidate genes to achieve improved resistance against pests (Naidop S. et al
2019). Knowledge derivedom proteomics, transcriptomics, metagenomics and
metabolomics can further help with developing systems in trees for pest resistance.
Insects that causes great loses to forest trees in USA include the mountain pine beetle
(Dendoctonus ponderosaegypsymoth Lymantria dispa), southern pine beetle
(Dendroctonus frontal)s and emerald ash borexdrilus planipenniy(Chang et al.,

2018). Around 22 insegesistant poplar varieties have been developed for pilot scale
studies ad smaltscale field testani China (Wang et al., 2018). Insecticidal genes that are
employed for targeting insects can be both exogenous and endogenous, and have been
obtained from plants, animals and microorganisms. Genes derived from plants usually
encock for proteinase inhibitoyphytolectin, amylase inhibitors and chitinase. Genes

from the bacteriunBacillus thuringiensifias been widely used in many tree systems for
providing resistance against broad range of insBcthuringiensioften contains gnes

that encode for proteiand toxins that could be lethal for insect larvae.

c) Salt tolerance

Salt accumulation in upper soil layers can be detrimental to the growth of plants.
With increased instances of droughts and climate change, the occwténgleer
salinity in soilhas become more frequent around the w{Zlen and Polle, 2010n
such scenarios, one of the strategies could be to develop transgenic trees with higher

tolerance to saline conditions. Researchers have developed a trafsgatyptus
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camaldulensis trethat contains the mangrgene, an allene oxide cyclase homolog,
which has a core protein domain that enhances salt tolerance in tifguhestal., 2013)
Examples of other genes that have beau disr enhancing salt tokemce in transgenic
trees include glycine betaine biosyntheidA the DREB transcription factors and
vacuolar membrane Néd™ (Khan et al. 2016)Glycine betaine is an osmoprotectant that
provides protection for important cellular organelles during plant adaption to stressful
conditions. DRER)enes encode for transcigot factors that regulates streséerance

responsive genes.
1.4 Biotechnologies for reproduction control

Plant reproduction could either be accelerated or suppressed based on the
requirement of an organization. Intlsise ct i on, | idglthle tedhr@quds that bah i g h t

be used for genetic containment in plants.

Plant sterility in exotic species and transgenic trees can be important from the
viewpoint of regulatory bodies, market needs and ecological reasonsh&etsal.,
2018). Additiondly, sterile trees may demonstrate increased wood production due to
enhanced vegetative growth, reduce instances of pollen allergies and help in hybrid
breeding (Strauss et al., 1995). Methods that have previously been useddbove
purposes includergan ablation, transgene excision, RNA interference (RNAI),
transgenesncoded protein interference and expression of genes that cause delays in onset
of flowering. | discuss a few of the most advanced forms below.

1.4.1 Ablation approaches

Genetic ablaon methodology is a tool which is often used for analysis of
development processes and to determine role of a specific cell type in complex tissues
(Thorsness et al., 1993). This method could also be used for attaining gesrdiig and
insect resigtnce. It functions by employing a promoter in specific cells to control the
expression of a deleterious gene encoding for a cytotoxin, this cytotoxin in response
causes cell death (Burgess et al., 2002). Several cytotoxinsasiiphtheria toxin A

chain Exotoxin A, Ricin toxin A chain, RNAse T1, can be used for the cell ablation
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process (Day and Irish, 1997). However, the most commonly used cytotoxin for anther
specific floral cell is a ribonuclease Barnase (Mariani et aQLHoweve, non

exclusivty of promoter expression outside the floral gene (Rottmann et al., 2000) may
impair tree growth due to unintended effects of cytotoxin (Skinner et al., 2000). Few of
the successful examples of ablation technique employedes dred crops include:
attanment of sterility in male and female reproductive organs in Arabidopsis thaliana and
Nicotiana tabacum through microspore and megaspore mother cells ablation using SDS
(SOLO DANCERS) and BARNASE fusion gene (Huang et al., 20&8garchers
successfully sed a male specific promoter PrMC2 to drive modified Barnase coding

sequences for ablation in pine, eucalyptus and tobacco (Zhang et al., 2012).
1.4.2 Transgene excision

Site-specific recombinase system such asIGne from bacteriophage P1 can be
empbyed for manipulation and removal of transgenes from transgenic plants (Gilbertson,
2003). However, this system is primarily used for two purposes that is to remove
selectable marker from the chloroplast or nuclear genomhéoa targeting the transgenes
to defined locations. A more recent application of it has been to remove transgene from
the plant before seed and pollen germination. This system is efficient in transgene
containment, however, its stability in field condits and the activity of the recmase
system in large trees when they are flowering is difficult to assure. Moreover, this
technique does not impair fertility and hence it would be wiser to use this system along

with a sterility transgene (Brunner et, &007).
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1.4.3 Gene suppssion and targeted gene mutagenesis

RNA interference (RNAI)

Ribonucleic acid interference (RNAI) was first observed in the nematode
Caenorhabditis elegans (Fire et al., 1998). RNAI involves suppression of gene expression
or translation through specific geadation of mMRNA molecules (Mansoor et al., 2006).

RNAI has multiple uses in plant biotechnology, for example it could be used against plant
pathogens or for overproduction of secondary metabolites which might havenigiidh,

or environmental benefitdloreover, it has also been used for conferring reproductive
sterility (Lu et al. 2018).

Targeted mutagenesis

Genome editing is the primary means for targeted mutagenesis, and has been
evolving rapidly in the past two dades. It involves creating doekdtranded breaks
(DSBs) at targeted sites in the genome that are incorrectly repaired, causing loss of
function mutations at those sites. Some examples eflisgeted mutagenesis methods
include ZFNs (Zinc finger nucleas), TALENS (transcription activa-like effector
nucleases) and CRISPR/Cas. The most advanced and efficient method for directed
mutagenesis is based on CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeat) associated RNA guided endonucle@ss® (Type 2 CRISPR/Cas). CRISER$
system was first discovered in archaea. It provides defense/adaptive immunity against
bacteriophages and viruses in prokaryotes. This system was then developed for site
directed gene editing in the year 2013. It work<Jas9 endonuclease cutting & th
desired DNA sequence within the endogenous genome. The endonuclease is guided by a
short RNA search string. Cas9 contains two domains, i.e., HNH domain (cuts the
complementary strand of crRNA) and RUtke domain (cuts pposite strand of double
strandedDNA). For excision purposes, Cas9 identifies the PAM (protospacer adjacent
motif) sequence in the genome. After an excision is made double stranded break can be
repaired through nehomologous end joining or homology dited repair (Liu et al,

2017). CREPRCas9 has revolutionized genetic modifications in plant biology. Since its
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discovery it has been used in crops and plants such as cotton, tomato, potato, rice, wheat,

eucalypts and poplar.
1.5Roadblocks in commercial use ©bGE trees and crops

Major impedment to the wide commercialization and use of genetically
engineered trees and crops stem from three areas: public acceptance, regulatory

supervision, and ecological concerns regarding genetically modified organisms (GMOs)
1.5.1 Public acceptance

Geneically modified organisms are often viewed both in positive and negative
lights among the public, based on factors such as educational levels, political standings,
personal values, and perception of risks and benefits (L2@h5). National public
surveysn the US have shown that Americans are more likely to accept biotechnology for
medical purposes or for human health improvement, but not as much for other uses like
ameliorating meat qualityHefferon and Funk?ew Reseah Center, 2018). The
skepticismregarding consumption and utilization of genetically modified organisms was
strongly expressed in 1996 in Europe, with France developing a strong opposition against
GM crops. Due to certain mishaps in the European Unidmfaiid safety and diseases,
theppbl i c6s trust of governmental organi zat:.
fueling this mistrust, particularly negovernmental organizations (NGOs) and
environmental organizati onng,2009.pposition ag

People have differg views regarding genetically engineered food all around the
world. For example, Chinese citizens mostly display a neutral to positive response to GM
food and crops, however, some see them as a means to spread bioterrGhama
(Shoemaker, Cui, 2018itizens in the European Union view GMOs more harshly.
Genetically modified food is either partially or absolutely banned in 19 out of 28
countries in the European Union. Countries such as Spain and Portugal have atlowed B
maize production (European greeapital news). In many countries a high percentage of
respondents to the polls accepted the use of both GM and CRISPR for food. For example,
56%, 47%,46%, 30% and 51%of those surveyed in the USA, Canada, Belgium, France,
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and Australia viewed GM food ingositive light (Shew, Nalley et al., 2018).
Commercialization of GM products is further complicated due to this lack of global

consensus.

Acceptance of GMOs varies among groups of people, for example, farmers and
plantdion owners, are more likely taceept GM crops and trees if it helps them reduce
the cost of producing crops. Consumers are usually unaware of the pros of GM crops and
hence, they are more resistant to consuming food derived using biotechnological tools.
Consumers are usually worriedabb t he presence of Aforeign
its implication for their health (Lucht, 2015). Another reason for lower public acceptance
of biotech products is the knowledge gap between the final product and prasestes
developing GE crops aritkes. Studies have shown that people are more likely to
purchase GM products if they are educated and aware about the process underlying the

final GE product.

Moreover, an individual 6 dectvhaltse&&M and pe
crops and tree Many people tend to avoid consuming biotech products due to religious
and economical reasons. For example, some people show hesitance in purchasing GM
products based on their worry about a corporate monopoly in agrecattd plantations.
Big companiesike Monsanto (now Bayer) may affect smaller farmers and potentially
contribute to global agricultural income inequality (Lucht, 2015). Negative portrayal of
genetically modified organisms by media outlets influences puédieption of GMOs.
Catchphrases uch as fAFrankenstein Forestso, AFr ak
ATer mi nator geneo inflict fear of deployin

purposes among citizens.

Vandalism of field trials of GM productsy GMO opponents adversely affec
research in the plant biotechnology sector. In Europe, up until 2012, there had been 80
acts of vandalism against academic or governmental research on GMOS. These acts were
mainly concentrated in 4 countries: Francerrmny, the United Kingdom, and
Switzerland (Kuntz, 2012). In 2001, few organizations on the west coast of the USA had

become a target of fiecoo0 terrorism. Mi | I io
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vandalism in GM field trial sites located at Qom State University in Corvallishe

University of Washington in Seattle, and GreenWood Resources (GWR) in Portland,
Oregon (Strauss, 2016). In another case in Oregon, vandals had destroyed around 1,000
plants in a farm that had cultivated transgeniasigets (Biology fortified, 2033

Moreover, organizations such as Greenpeace and Earth Liberation Front have been

historically involved in various GM crop field destruction acts.

However, GM crops and trees are not a panacea for world hunger problems,
dwindling biodiversity, and suaihability. Factors such as societal values, cultural
differences, economics, and population should be taken into consideration as well. And
other genetic and management methods are often more efficient and reliabl&than G
methods, a difference that isegtly exacerbated by regulatory and market obstacles.

Studies have shown that people are open to the idea of using biotechnological
solutions for problems that require immediate attention such as in addressing faitest he
threats by insects, pestsidgpathogens; whereas not as much when compared to using
genetic engineering for less tangible threats like climate change or improved tree growth
(Needham, 2015).

1.5.2 Governmental and market regulations important o @nal forest biotechnology in
the USA

The USA federal government designed a policy in 1986, the Coordinated
Framework for Regulation of Biotechnology, which examines products developed using
biotechnology. In USA, the primary agencies that are resporisibéxperimental
testing, approx | , and commerci al release of transg
Animal and Plant Health Inspection Service (APHIS), the Environmental Protection
Agency (EPA), and the Depart mentDrugf Heal t h
Administration (FDA) (Biotebnology topics, USDA).

APHIS deals with protecting agriculture from pests and diseases; and it does that
t hrough Aregul ated articlesd (though a cha
take effect in coming monshand years: USDA 2020). APHISarsees the import,
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handling, interstate movement, and release of regulated organisms into the environment.
APHIS also holds the authority to deregulate a transgenic article based on scientific
evidence. The EPA overseée tapplication of biopesticides trops. Biopesticides are
pesticides for pest control that are produced through plants and microbes which could be
transgenic (www.epa.gov/pesticides/biopesticides). The FDA holds accountability for

proper labeling of foodnd feed derived from transgemiganisms\ww.fda.goy).

The USDA helps with market facilitation of biotech crops and food through
programs such as Agricultural Marketing Service (AMS) and the Grain Inspection,
Packers and Stockyards AdministratiodR#SA) (usda.gov/biotechnologyequently
askedquestions). Dgste this facilitation, the testing, patenting, and commercialization
of GM products take several years compared te@bhproducts. Also, the high cost of
testing and field trials lead to sm&lbiotech companies and public sector researchers to

opt outof producing biotech products for the betterment of society.

Forest certification programs such as Forest Stewardship Council (FSC) and
Sustainable Forestry Initiative (SFI), as well as othease certified around 440 million
hectares of forest aroutide globe for sustainable management of plantation land. One of
the criteria for their certification is an absence of transgenic trees from plantation land.
Such stringent requirements hindeogness in sustainable forestry management.
Beneficial traitsike disease resistance or increased yield could help plantation owners in

tropical countries to manage their land sustainably and economically (AAAS, 2019).
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1.5.3 Ecological concerns

With biotechnological research the primary concern is the confinement of biotech
products to the product site, for example pharmaceutical products are mostly developed
in laboratories. However, that is not the case with GM trees and cropsathe
ecologcal concerns associated with genetically engineered trees and crops revolve

around gene flow of transgenes from transgenic tree/crop to wild or feral populations.
1.6 Environmental impacts of engineering genetic sterility in trees and crops

Some caution® use ofGM trees and crops

As an evolutionary survival mechanism pollen from trees are dispersed at a long
distance through wind pollination. Gene flow and horizontal gene transfer (escape of
genes from genetically modified tresewild or feral specigsnay pose ecological threats
(Libby and Burdon, 2006). Furthermore, presence of GM crops and trees can cause plant
weediness and higher survival rate of them in the natural ecosystem compared to non
GMO counterparts. An absencepdilen or seeds in plasitan impact pollinators as well
as nectar consuming organisms. It may also indirectly affect the business that depend on
flower nectar such as honey farms/keepers. An increased usage of herbicide may lead to
weediness of a nenafve tree or crop specie8nother problem with using genetically
engineered trees involve intellectual property rights. Poor farmers may not be able to
afford monetary fees that are imposed if pollen from a genetically engineered crop

escapes into an adgtt nornGMO field.

Eualyptushas been considered as an exotic species in many countries and
regions such as India, Brazil, China, Indonesia and South Africa. The tree competes with
natural forest tree biodiversity of a region by depleting nutrientsvaer from the soil.
Eualypt oil is highly flammable and it may cause forest fires. Moreover, monoculture in
forest land can lead up to reduced biodiversity of birds and insects. Allelopathy due to
eucalypts inhibits growth of other plant species (FA@bre 1993). Because dki
impacts and exotic nature maBycalyptugplantations are not accepted by

environmental organizations. Matching of species to a region and provenance testing is
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crucial; additionally, managing forests with a comprehension ahdrtient cycling,
growingeucalyptus with other trees and handling its plantation as a habitat for wildlife

may help in solving acceptance issues (FAO, 1993).
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Chapter 2: Sequence analys@d vegetative growth in transgeluacalyptuswith
CRISPRCas9induced nutations in théeucalyptushomologs of the floral genes
EMBRYO DEVELOPMENT ARREST (EDA33)andTAPETAL DEVELOPMENT AND
FUNCTION1(TDF1)

2.1 Introduction

Demand for wood has been predicted to rise over the next few decades (FAO et
al., 2012), which trends until 2020 have shown to be true. The pressure put on the natural
forest for logging often reduces biodiversity and caoasiesr environmental problems
(Pimm et al.,2014), particularly in tropical and subtropical environments. Globally,
approximately one third of wood for timber is derived from plantations forestry, though it
uses only 5% of the total forest land aroundwield (FAO,2010).

Genetic engpeering techniques are intended asstomincrease the health of
forests, and to help improve the yield of wood at lower environmental costs. However,
due to biological, economic and social constraints, including diffand costly
transformation in rany species, stringent regulatory barriers, negative public acceptance,
and ecological concerpthere is only modest research with genetically engineered trees
outside of China. Commercialization and field trials of geaditi engineered trees have
beenseverely hindered. Our laboratory has focused on means for genetic containment of
transgenic and exotic trees as a tool to increase public acceptance and reduce regulatory

barriers.

There are many technologies for geneontainment in plants whidtave been
discussed earlier in chapter one. In this research we focus on methods to mutagenize
genes expected to be essential for sexual reproduction. We used CRISPRClustered
Regulatory Interspaced Palindromic Refge@RISPR associated sequencg@je
editing technology for generating sii@ected mutations. CRISPRas9 has been highly
efficient as a tool for reverse genetics in plants (Elorriaga et al. 2018; Belhaj et. al, 2015;
Montenegro, 2016; Quetier, 2016hdacan in theory induce nepemanent sterility by

mutations and/or deletions of essential floral development genes. CRI&%HRhas been
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a revolutionary technique for sithrected mutagenesis because of its high mutagenesis
efficiency (Samanta et al.026), and its relatively low cband ease of use compared to
other nucleases such as ZFNs and TALENSs (Elorriaga et al. 2018). The CRESBR
system has been used to generate mutations in poplar homologs of tktudiell floral
development gendsY and AG, whose mutation is expectealgive bisexual sterility
(Elorriaga et al. 2018). We have extended this work by studying additional genes whose
mutation inEucalyptusmight give male or female sterility specificalywith potential

uses that include maerility to facilitate hybridoreeding or minimize pollen dispersal,

and avoidance of seed dispersal to reduce invasiveness or facilitate seed collection from

trees in seed orchards.

Genes selected for research and their roles in plant reproduction

We targeted th&ucalyptushomolays of two genes.mbryo Sac Development
Arrest 33 (EDA33andTapetum Development and Function 1 (TDFd) female and
male sterility. These choices were based on three criteria. First, the genes had been
shown, in a modgdlant species, to be criticadrfreproduction but not to have obvious
effects on vegetative development. SecondEtealyptushomologs were actively
expressed during floral development. Finally, bioinformatic studies of related genes in
the Eucalyptuggenome suggested ththe chose genes had a unique roedundant
function,thus that itgnutation would be likely to cause sterility (further described in

methods).
EDA33i Embryo Sac Development Arrest 33

EDA33,also calledNDEHISCENT/IND gncodes a atypical class of eukaryotic
bHLH (basic helix loop- helix) transcription factor that is necessary for normal
development and rupture of the capsule valve margin and thus allows seed dispersal in
Arabidopsis thalianaThevalve margin separagethe vale (a wall that protects seedpod)
from the replum (a structure that helps in attachment of the fruit to the plant).feeds
the fruitpod are released by a springded mechanism, which enables the fruitpod to

open and disperse the seed. EDABSg withother key regulators in the floral
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regulatory network such as SHP, ALC and FUL controls specification of the valve

margin and allows differentiation of the lignified valve layer and dispersal of fruit

(Liljegren et al.,2004)Through study in Aabidopsismutants of EDA33 were shown to

have reduced fertility due to the inability of seed dispersal and valve margin
developmentin another study conducted in Arabidopsis, an EDA mutant with defects in
embryo sac development were categorized into msitaavingdefects during the nuclear
division phase of megagametogensis, mutants presenting abnormal nuclear numbers and
positions, and mutants that became cellularized but failed in polar nuclei fusion
(Pagnussat et al., 2005yurthermore, in canola downregulation of IND gene produced a
complete loss fdfruit dehiscence, preventing any seed dispersal. We therefore
hypothesized that a ndanctioningEDA33would result in female sterility in

Eucalyptus However, because of the very distinctive capsukeucalyptuscompared to

that in the Brassicaceae, it is ntgar exactly how fruit and seed release will be affected,

or if there might be vegetative effects, such as on growth rate or leaf morphology as these

were only superficially studied previously.
TDF11 Tapetum Development and Function 1

In Arabidopsis, he TDF1 gene codes for a putative R2R3 transcription factor
which has high expression during anther development, particularly in the tapetum,
meiocytes and microspores. The tapetum plays a critical rplglen development by
nourishing pollen grains dimg their maturation development, including to provide
enzymes for callose dissolution. Because the tapetum breaks doOWRimutants, it is
clear that TDF1 plays a critical role in tapetal differentiagmd function. In
Arabidopsis, th& DF1 gene is gpressed during the anther development stage, petal
differentiation and expansion stage, and plant embryo cotyledonary stage.
arabdiopsis.org). Lossf-functiontdfl mutants caused greslefects in anther
development and tapetal function, particylavith respect to microspore maturatigu
et al, 2008). We theorize that a similar effect will be observé&dioalyptugor which

both copies of it DF1 homolog were mutated, includingroplete male sterility.



31

2.2 Materials and Methods

After the Eucalyptushomologs oEDA33 and TDFIenes were identified by
sequence alignment and comparison of tissue specific expression patterns (detailed
below), Agrobacteriurimediated transformation was used for introduction of vector
construct into the plant tisss. The DNA of regenerating shootasiextracted for
checking the transgene presence in the plant genome via PCR (Mullis et al., 1986). We
employed allelespecificPCR to ensure there were knockout mutations in both alleles for
plants whose phenotypes wéoebe studied. Plants with biallelilossof-function
mutations were then transplanted into rooting media first in the tissue culture room and
then into the greenhouse in a randomized block design. To study whether vegetative
growth differed between tHenockout lines and various controlswe measured several
aspects of plant growth rate and leaf morphology. The general experimental flow is

summarized in the figure 2.1

&
Step 1 -Target gene  Step 2 — Design of stepd—
selection and CRISPR-Cas 9 Agrobacterium
genomic analysis construct transformation

120 130

GAT TCTGGTCTTATTTCC

Step 4 —Plant DNA Step 5 — Sanger Step 6 —
extraction and sequencing to Greenhouse
allele-specific PCR obtain nucleotide analysis of growth
amplification sequence and flowering

Figure 2.1 Overview of experimental design from target gene selection to greenhous
experiments(URL: https://techonomy.com/wpontent/uploads/2014/05/DNA
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genomicsgenetics.jpgother imagesveretakenfrom googleimagesunder the usage
right lakeled for Reuse

2.2.1 Plant material and transformation

TheEDA33 TDF1 and Cas9nly (control) constructs were transformed into
hybrid Eucalyptusclone SP7Eucalyptuggrandis xEucalyptusurophylla) generously
provided by Futuragene (Rehovot, Isjaeding anAgrobaceriumbased, organogenic
transformation method described earlier (Klocko et al. 2014). In brief, sterile leaves were
wounded and cocultivated withgrobacteriuncontaining binary CRISPRas9 plasmids
then placed on callusduction medim (CIM) for 48h inthe dark followed by shoet
induction medium (SIM) for @ weeks, with subculturing at 3 te week intervals. After
shoots became visible, explants were moved to sfloagation medium (helps the shoot
to grow vertically upwards) for-3 weeks. All type®f media contained the selection
antibiotic hygromycin. Shoots from individual P&@Rnfirmed transformed events were
propagated, leading to multiple identical ramets (trees) per independent transformation

event.
2.2.2 CRISPRCas9 floal gene and targsite selection

We assembled a list of florapecific genes from the floral transcriptome of
Eucalyptuggrandis(Vining et al, 2014). Subsequently, we ran a BLASSearch
(https://blast.ncbi.nlm.nih.gov/Blast.gdgio find Arabidopsis homologs of late flowering

genes irEucalyptughat are expected to be critical for reproduction based on published
literature, but did nahave known effects on vegetative growth. We made sutréhiha

floral genes that we chose were expressed only in floral tissues based on genomic
databases available. The softwar8impleModular Architecture Research Tool

(SMART) (Bork et al. 2015) was used to compare functional domains of Arabidopsis and
Eucdyptushomologs to ensure that both homologs had key functional domains in

common, and that no other genes in the genome shared high sequence similerity


https://techonomy.com/wp-content/uploads/2014/05/DNA-genomics-genetics.jpg
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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domains. Afer selecting the floral target gerle®A33andTDF1, we resequenced those
genes irthe our SP7 hybrid to ensure our designed sgRNAs would have a perfect match

to the chosen sequences.

For CRISPR mutation, we used thline tools sgRNA scorer

(https://sgrnascorer.cancer.go@hari & al,2017 and CasOFFinder

(http://www.rgenome.net/casffinder/; Park et al, 201¢to pick dual guide RNA sites on

the genes. sgRNA scorer was used to rankdispossible sgRNA targets by predidte
mutation rates, whereas G@gFinder (Bae et al. 2014ttp://www.rgenome.net/cas

offinder/) was used to search for potential-t#fget sites of the Cas9 RNguided
endonucleases. While designing @RISPRCas9 constructs we considered the

following for selection of two different guide RNAs to target each gene:

a) They should match theege at a position where a frame shift mutation or deletion
would lead to a nofunctional protein.

b) They should targeboth alleles of the target genes in &uigrandis x E. urophylla
test hybrids.

c) They should not cause off target mutations at similaritothie genome.

d) The distance between two guide RNAs was far enough to potentially create a

large deletion when bosgRNASs were present.


https://sgrnascorer.cancer.gov/
http://www.rgenome.net/cas-offinder/
http://www.rgenome.net/cas-offinder/
http://www.rgenome.net/cas-offinder/
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A)

GGAGATGATGTACAAGATTGCGG( TCCTCCAGAGGCTCGTCCCCGGEG!
Guide RNA site 1 Guide RNA site 2
[ T |
B)
Exon1 Intron 1 oV Exon2 Intron 2 oV Bxon3
y . A
¥ | I L

TTGGACGCCCGAAGAAGATGC ACAAGCCTTTCTCTCAGATC
Guide RNA site 1 Guide RNA site 2

Figure 2.2: Location of CRISPR target sites: EDA33 Located on chromosome 8p

it contains only a single exon. The guide RNAs are 205 base pair apart on the exon. B)
TDF1: Located on chromosome no 8, it containg¢hexons. The guide RNAs are

located 887 base pairs apart on exon 2 and exon 3

2.2.3 CRISPRCas9 vector construction and transformation

We used Gibson assembly (Gibsginal,2009) for cloning fragments into
plasmids. We assembled three constructs,fowtargetingeDA33andTDF1 (see fig),
and an empty vector control for expression of Cas9 (see fig) in the absence of sgRNA.
The fragments included a ubiquitin promoter U6 itate the transcription of sgRNA, a
Scaffold to connect sgRNA to cas9 (omysterility constructs), the endonuclease cas9 to
cleave genes at sequences matching sgRNA and two sgRNA sequences to guide cas9 to

the matching target sequence in the genecgdde marker hygromycin was also
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integrated into the plasmid vector. A dé&iB5S promoter was used to ensure high

expression of Cas9 in the plant genome (Belhaj et al., 2013).

Addgene [ittp://www.adlgene.org/emptpackboneg/ an online tool, was used doder

theplasmid backbone-However, the construgtasassembledh the lab.Gibson

Assembly enzyme mixes frodlew England BiolabsGibson et al, 200%nabéd us to

recombine many fragments of DNA into one transformation vector. The details for the

protocol and enzymes used for the mixbae f ound on NEBOGs website

The primers used for cloning have been shown in the 2ablg

2x355 hCas9

B)

Figure 2.3: Construct desigin A) At the top is the experimental plasmid vector that was

used to target two small guide RNA (sgRNA) loniEDA33andTDF1.B) At the

bottom is the Acontrol 0 pU6bpmmotethitidtesr Cas9 t
transcriptionof SgRNAS; 2x35Sdouble Cauliflower mosaic virlCAMV) 35S gene

promoter, used for expression of Cas9; sgRNAL1 is the guide tR&tAnatches target site

1 on the DNA and sgRNAZ2 is the guide RNA that matches target site 2 on DNA; hCas9

is the human codeaptimized Cas9 endonuclease gene sequenceStmptococcus
pyogenestnos is termination region of the nopalene synthetasefgemeédgrobacterium
tumefaciensHygis the gene that provides hygromycin resistance; LB and RB are left T

DNA and Right TDNA borders, respectively.
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2.2.4 Plant DNA extraction

We used the plant DNA extraction protosalggested bintegrated DNA
Technologies (IDT)https://www.idtdna.com/pages/education/biotéelsic3, which
follows that of KebLlaneset al (2002). In brief, after harvesting the leaf tissues from the
plant, they were flash frozen in liquid nitrogen followmdstoring them in80 degree
Celsius unt the extraction of DNA. The leaf tissue for DNA extraction weighed
approximately0.30gand yields of DNA from extraction were typicab@-100ng per
gram of tissueAfter quantificationof all the DNA samplegheywere diluted with 100
pl of nuclease free watethe list of buffer and @gents used can be obtained from the
protocolcited above. The concentration and purity of genomic DNA were determined

using a Nanodrop 2000 Spectrophotometer.nanodrop.com

2.2.5 Transgene confirmation using end point PCR

We verified the samples for transgene presence by conducting PCR with
Econotaqg DNA polymerase (Lucigen, Middleton, Wisconsin, USA) and twmbets
primers forthe Cas9 (product size324 bp) and sterility constructs (product Siz&48
bp). For Cas9, primers used were p201R (near right border) and StUbi3P218R (near left
border); and foEDA33andTDF1, primers used were p201R (near right bordeq
ScaffoldF(near left border). Primer sequences and the number off@SiRve events

are shown in Table®.1 and 2.2, respectively


http://www.nanodrop.com/
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Table 2.1: Primer sequences used for checking transgene presence in the genome.

Gene Right border Left border

Cas9 56 56

(p201R/SULI3P2 | CGCGCCGAATTCTAGTG | ACATGCACCTAATTTCACTA
18R) ATCG GATGT

EDA33 and 56 50

TDF1 CGCGCCGAATTCTAGTG| GTTTTAGAGCTAGAAATAGC
(p201R/Scaffold) | ATCG AAGTT

Table 2.2Transformation efficiency of constructs witgrobacterium tumefaciens

Shown arghe numler of positive events obtained after endpoint PCR using the primers

shown in table 2.1.

Sterility Total Callus Shoot Positive Transform-

construct number of | formation | formation | transgenic | ation rates
: explants o o events (%)

S_el?;ggt?g:s/a n transformed (%) (%) obtained

Cas 9 316 42.7 16.2 10 3.2

EDA33 362 20.6 9.6 17 4.7

TDF1 428 39.8 18.2 18 4.2
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Step 1: Sequence the SP7 genotype at the target loci to check for the presence
of both alleles in sequences using natural SMNPs

Step 2: Clone the construct
into Agrobacterium

tumefaciens for the delivery
of CRISPR-Cas9 system into
the plant genome

Step 3: Extract plant DNA through CTAB technigue and conduct an end point
PCR to verify transgene presence in the event genome

Step 4: For transgenic lines with sterility constructs and Cas2 enly, conduct an
allele specific PCR to amplify both the alleles individually using
oligonudeotide primers that were designed using SNPs in the genotype

EDA33 gene

TDF1 gene

Step 5: Sequence the PCR product using Sanger sequencing technigque and
utilize sequence alignment software to assess the impact of mutation on the
gene and predict loss-of-function protein formation.

O

Step 6: Finally, if you fail to obtain sequence, evaluate the reasons for failure and
probably go back to step 3 and start over. But if successful with mutation

analysis, proceed to propagating knockout events for greenhouse experiments

Figure 2.4 Pipeline for genetic investigation of mutations in the floral g&i2a33 and
TDF1.
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2.2.6 Allelespecific PCR for gene amplification

All the transgenic samples were amplified usatigle specific polymerase chain
reaction(ASPCR (Wallace and Ugozzqlil991). Oligonucleotide primers for ASPCR
were designed in a manner to selectively amplify a single allele based on presence of at

leag a single SNP (single nucleotide polymorphism) in the primer region of each allele.

We identified5 naturalSNPvariantsin TDF1gene and 9 iEDA33.The two
haplotypes foif DF1 were CCAAT (we named it as allele 1) and TATTC (we named it as
allele 2). The haplotypes foEDA33were ACGTTAATG (allele 1) and GTACCGGCA
(allele 2). We used these SNP variants in the haplotypes to ensure that both alleles had
been amplified for each target gene. The whole gene sequence with SNPs can be found in

appendix figuréA.4

Oligonucleotide gmers were designed through NCBI primer blast website

(https://www.ncbi.nlm.nih.gov/tools/priménast). Criteria considered for designing

primers included:

a) Primer length was kept around 184 base pairs;
b) GC content for the primers were betweer600%6;
c) Melting temperatures (Tm) were between 50 to 65 C;

d Pri mer pairs had similar Tmdéds with a ma

A primer set contained of a forward primer which &frggl DNA strands fronb 6
to 36 direction and a reverse primer which
Alleleespeci fic | igonucl eotide primers were de:c
end. (Alleles which had the same SNP as thatiofgarwere amplified wheas the
other allele didnét get amplifie&DABBe to t
the primers helped in amplifying genomic regions flanking both the target sites.
However, a nested ASPCR was conducted @F1 eventsdue to a large distance
between the two guide RNAs and an absence of SNPs outside the guide RNA locations.

Primers used for amplifying samples in the CRISEHRA33transformed samples
were:a) For allele 1: EDA33_F1 and EDA33_R1 which gave a produadfs#& bp. B)


https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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For allek 2: EDA33_F2 and EDA33_R2. Primers used for samples™Mafil amplified

a single guide RNA with one PCR reaction. Primers for amplifying guide RNA 1 were
TDF1_5prime F1 and TDF1_sgl_R1. Primers for amplifying guide RNA 2 were
TDF1 g2 F1 and TDF1_sg2_ RPrimer sequences can be found in the appendix, Table
Al

A thermocycler machine, BioRad C1000, was used for obtaining the PCR
amplicons. PCR reactions were performed u&ognotag DNA polymerase (Lucigen,
Middleton, Wisconsin, 8A), 10xEconotaq DNA Hter, 10% Bovine Albumin serum
(BSA), a 2.5mM ea mixture of dNTPs, oligonucleotide primer set and.OXA
concentration of each solution mixture was basedfdatie TableA.5 provided in
appendixAnnealingtemperature varied beegn 57 degree Celsius to 61 degree Celsius.

2.2.7 Agarose gel electrophoresis and Sasgguencing

After amplification, electrophoresis was performed on all the samples at 130 V
for 30 to 60 minutes depending on the agaroseamnation in the gekrénging from
0.8 to 1.5%). We used 1X tracetateEDTA buffer for gels stained with red stain
safedyg0.25- 0.5 pg/ul). The amplified PCR products were visualized under UV light.
PCR product bands were then excised from the gel usilega @zor and extracte
using the Zymoclean Gel DNA Recovery Kit (Zymo Research) following the

manufacturerods instructions.

The sequence of each purified PCR product were determined using the Sanger
Sequencing service provided by Center for Genome Ra#saad Biocomputing (GRB)

at Oregon State Universititfps://cgrb.oregonstate.edu/core/sargggiuencing

Samples were prepared by following the guidelines provided by CGRB. A sample
mixture contained 12 pamnoles of primer, and templates at the concentrations provided
by CGRB, dissolved in a final volume of 12uL in water. Template concentration were
basedn length of the PCR band.


https://cgrb.oregonstate.edu/core/sanger-sequencing

41

After obtaining the sequences we used the software MEGAG6 (Tamura2ti3l
to align sample DNA against the wild type. We first aligned the DNA nucleotide
sequence and then we translated the sequence into an aminegaedce. Protein
sequences gave us an idea about possible frameshift mutations and changed amino acid

sguences.

Figure 2.5 eda33gene mutations
amplified by PCR. PC is positive contro
(plasmid DNA template), NC is negative
control (water). The expted product
size for PCR is 530 bp, but due to a lar
deletion we see bands of 380 bp in
e several events. In the last lane can see
530 bp 380 bp 800BP | 4 Jarge insertion.

2.2.8 Greenhouse trial design and measurements

Plants were arranged in the greenhouse usiag@omized block design with two
blocks. Block designation was based on tree appearance and health at the outset of the
planting; block one coniiaed the larger trees whereas block 2 the smaller ones, both with
all of the study genotypes represented. Wi#ach block, a minimum of 1 ramet and a
maximum of 5 ramets from each event were planted. An excel function, =RAND() was
used for randomizing khe events and ramets into blocks. Plants were kept in the
glasshouse and greenhouse for a total of 7 mo®tey. that period, we collected data at
multiple points for measuring plant traits such as stem height and diameter, and leaf
measurements thatdluded chlorophyll content index, leaf area, leaf dry mass, and leaf
oil gland density. Data collected werergtd in an excel sheet for which a link has been
attached and explained in the Appendix.
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Figure 2.6: Plant phenotyping workow i A) In this projectt staredwith in vitro
propagation of plants in Magenta box B) Plamésethen transferred to rooting media in
small dishes, C) Plantgerethen moved into small pots covered with aloipk plastic
bag that are gradually opahto the air D) Plantarerethen moved intdéhe greenhouse.
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Figure 2.7:View of the greenhouse experiment shortly after transplanting (pots in
middle).

Propagation and root induction

After confirming the knockout mutations, we propagated arounth@6ts per
event in magenta boxes which summedap40 plants in total. The plants were allowed
to grow inEucalyptusnduction medidor a month in the boxes before transferring them
into Eucalyptugooting media (ERM).
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Acclimating new trees in the gnehouse

Rooting trees were kept indoors itighted growth room/headhouse for a month
before moving them to greenhouse. While indoors, they were placed in a covered zip
lock plastic bag to keep them moist. We opened the bag gradually after 21 days to
accimate plants to the ambient conditions. Afiee plants were moved to greenhouse,
we transferred the plants into larger pots to let the plants root grow freely without space
constraints. Conditions in the greenhouse were kept-80-tegree Celsius with6

hours lighting
Height and Diameter

We measured tree height and diameter twice, first at two weeks after plants were
transferred into the big pots and the second observation was taken three months after the
first measurement and towards the end efdkperiment. Height was measured using a
metr stick and diameter was measured at 2 inches above soil line using Meba IP54
Electronic Digital Calipers. We also took photographs of the plants at both points in time.
In addition to analysis of the measurats, for statistical analysis we also usederal
derived traits including volume index (height x diameter squared: V1), leaf density
(area/weight: LD), and relative growth rate (RGR: which considers growth change over a
period of time among the plant$JGR was calculated as natural log of theraf final
and intial VI (In VI2/VI1).

Leaf chlorophyll content

Relative chlorophyll content was determined based on three measurement per leaf
on leaves collected from three locations on each plant (&ubieast height, the middle
and near the fmof the crown). A SPAD 502 Plus Chlorophyll Meter was used for

measurements.
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Leaf area

Leaves were collected from three locations on each plant (from near the base of
the plant, the middle of the plantycgathe top of the plant). An HP Scanjet 82045 then
used for leaf scans. Each scan included the three leaves from the same tree and a ruler.
Leaf areas were calculated using ImageJ software. In ImageJ, a scale was set based on the
ruler from the scan phas. Then the image resolution was changetiia and the color
threshold was adjusted to distinguish leaves from the background. The wand tool was

used to outline all the 3 leaves; areas were calculated and recorddekicebsheet.
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Figure 2.8 Example of leaf scans from a single plamgwed in ImageJ software

Leaf mass/dry weight

After measuring leaf area, leaves were placed in drying oven at 62 degree C for
10-12 days. All the three leaves from an individual tree were measured together on a
Mettler AJ100 scale.
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Leaf oil glandcounts

Fresh leaves were used as to count oil gland density undeeyleace Digital
microscope VHX1000E Leaves were placed on the microscope platform with the top
surface of leaf facing upward towards the lenghke software, two frags were used for

calculating the number of oil glands per unit area.

Figure 2.9 An example of oil gland seen in the Keyence microsed@é®0x
magnification We used the two highlighted frames to estimate the density of odgylan
in a leaf.



