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Abstract
The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9) is a gene editing system requiring activity of a nucleoprotein complex
consisting of Cas9 nuclease and a single guide RNA (sgRNA). Within the nucleus of the cell,
pairing of the sgRNA with the complementary region of the genome guides Cas9 to cleave
the dsDNA molecule at a site located three bases upstream of a protospacer adjacent motif
(PAM). Inaccurate repair of cleavage potentially results in insertion/deletion mutations
(indels) leading to frame-shifts. This system enables a relatively precise mutation of genes.

The CRISPR/Cas9 system is usually introduced to plants through stable introduction of a
cassette consisting of a Cas9 gene, a selectable marker gene, and one or more sgRNAs
targeted towards one or specific sites. The disadvantage of this system is that a new
transgenic plant must be developed for each new target(s). This study attempted to overcome
this limitation. The aim of this project was to develop a homozygous, single-copy, Cas9expressing Nicotiana tabacum (tobacco) line, and to explore means by which sgRNA
molecules could subsequently be delivered to the nucleus of such a plant to affect mutation,
leading to phenotypic change.

To achieve the aim, Agrobacterium tumefaciens was used to introduce Cas9 along with an
herbicide-tolerance marker gene bialaphos resistance (bar) into tobacco cells. The successful
integration of the Cas9-bar cassette in the tobacco genome was confirmed in 43 T0generation events. Evidence of expression of the Cas9 gene was splicing of its intron upon
transcription in plant cells. The gross morphologies of transgenic Cas9-bar-containing plant
lines derived from a single event were recorded. Some plants had unusual traits, including
bifurcated leaves and fruit, indicative of somaclonal variation had occurred during the tissue
culture stage. Single-copy homozygous Cas9-bar-containing lines were identified from
segregation patterns of the bar after self-pollination for two sexual generations. One
homozygous, single-copy line, named T1-12.2, was selected for further studies.

Three sgRNAs targeting a fragment of the endogenous tobacco plant gene phytoene
desaturase (PDS) and five sgRNAs targeting the transgene bar were designed. Cas9-digestion
assays were conducted in vitro to confirm the activity of sgRNAs. Cleavage of the target
regions was confirmed for two sgRNAs against the PDS gene and two against the bar gene.
II

Seed imbibition, transient expression by agroinfiltration, and stable integration by
Agrobacterium-mediated leaf disc transformation methods were used to introduce sgRNAs
into T2 or T3 plants from line T1-12.2. Seed imbibition method targeting the bar gene, and
agroinfiltration method targeting both the PDS and bar genes failed to generate detectable
mutants. Stable transformation of sgRNAs targeting the bar gene facilitated a point mutation,
which inactivated tolerance to the herbicide glufosinate. Sequencing confirmed a frame-shift
mutation located three nucleotides upstream of a protospacer adjacent motif. Detection of this
mutation event provided strong evidence that Cas9 was active in plants of line T1-12.2.
Although an efficient delivery method for transiently-expressed sgRNAs was not identified in
this project, the T1-12.2 plant line is potentially a valuable tool in which further functional
genomics study of genes or its regulatory elements can be done by applying sgRNAs
sequentially or simultaneously.
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Chapter 1
General introduction and thesis aims

1

1.1 Introduction
Plant breeding has been practised consciously or unconsciously for at least ten millennia by
humans. It has resulted in a gradual genetic change in cultivated plants. ‘Domestication traits’
such as larger and more grains or fruits, non-shattering seed pods, reduced bitterness, changes
in shoot branching, and synchronous seed germination have been some of the results. Today,
our agricultural plants bear little resemblance to their wild progenitors. Cultivated crops
differ in morphology, physiology and biochemistry from their progenitors (Abbo et al., 2014;
Doebley et al., 2006). For example, Oryza rufipogon is the ancestor of cultivated rice (O.
sativa) (Lu et al., 2002; Rakshit et al., 2007). Compared to O. rufipogon, O. sativa has
reduced grain shattering, reduced dormancy, loss of pigmentation in hull and seedcoat, and
increased grain number and weight (Kovach et al., 2007). Solanum insanum, the wild
progenitor of the cultivated eggplant (Solanum melongena), has prickly stems, inflorescences
with several flowers, and jelly-like fruit pulp compared to S. melongena, which has smooth
stems, one flower and comparatively larger fruits with spongy fruit pulp (Knapp et al., 2013).
The primary strategy used to introduce ‘domestication traits’ has been the selection of
beneficial mutants from genetically diverse populations (Nelson et al., 1983; Rugini et al.,
1996; Xin et al., 2008), but also wide crossing of lines and species (Hajjar and Hodgkin,
2007; Kammholz et al., 1996). Thus, traits present in different genomes of the same species
or related species are brought together.
After the bumper wheat and rice crops of Borlaug’s “Green Revolution” that began in the
1950s (Borlaug and Dowswell, 2003), today’s agriculture is facing new challenges. An
unforeseen side effect of the abundance of food generated by better crop varieties (combined
with an agricultural chemical, fertiliser technologies and cheap fuel) was a human population
explosion (Taiz, 2013). Today, the world population stands at 7.8 billion (Worldometer,
2020) and meeting the massive increase in demand for food is a global research priority.
Droughts, soil salinity, floods, diseases, soil fertility, and global heating are all factors
limiting today’s agricultural production. There are serious concerns about global food
security (Lal, 2013). Malnutrition figures as a proportion of the total population have
dropped, but it is still a huge problem in some under-developed countries, notably in southern
Asia and in sub-Saharan Africa (Ahmed et al., 2014; Akombi et al., 2017; Delpeuch et al.,
2000). Along with engineering and agronomic approaches, developing new cultivars better
able to yield under sub-optimal conditions is a major focus of plant breeding.
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Although traditional plant breeding is still a critical part of the cultivar development process,
it is limited to sexually compatible species and suffers linkage drag, where desirable features
are linked with undesirable features (Cao et al., 2010; Van Nocker and Gardiner, 2014). This
is referred to as the species barrier problem. Biotechnology overcomes this problem by
enabling access to new sources of genetic variation from across life, and by enabling the
creation of completely new genes and gene variants. Plant biotechnological approaches
include recombinant DNA technology (Kuo et al., 2018; Lee and Pijut, 2018; Narasimhulu et
al., 1996), micropropagation (Choudhary et al., 2017), embryo rescue (Pérez-Tornero and
Porras, 2008), protoplast fusion (Aleza et al., 2016), gene editing (Bao et al., 2019), and
others.

Plant genetic engineering (GM) is used to introduce new genes and alleles into plants. The
first genetically modified food approved for release was the Flavr SavrTM tomato in 1994
(Kramer and Redenbaugh, 1994). In the quarter-century since then, cultivation of GM crops
has been widely adopted, providing enormous economic, environmental and health benefits
(Brookes and Barfoot, 2017; Smyth, 2017). The risks of GM crops developed by introducing
transgenes through genetic engineering are similar or less than those for traditional breeding.
For example, fewer unexpected changed of the biochemical composition was found in a GM
maize compared with a variety developed by traditional methods (Herman et al., 2017).
Nevertheless, disinformation and fear campaigns by pressure groups such as Greenpeace
claiming serious health and environmental risks from transgenic crops has restricted their
adoption globally (Shelton, 2012).

Site-directed mutagenesis (gene editing) offers a new approach to cultivar development by
making specific and targeted changes to the DNA sequence of a gene using sequence-specific
nucleases (SSNs) or site-directed nucleases (SDNs). The major classes of SSNs are
engineered homing endonucleases or mega-nucleases, zinc finger nuclease (ZFN),
transcription activator-like effectors nucleases (TALEN), and clustered regularly interspaced
short palindromic repeats/CRISPR-associated protein9) (CRISPR/Cas9) (Antunes et al.,
2012; Gao et al., 2020; Miller et al., 2007; Zhang et al., 2013). Of the above gene editing
tools, the CRISPR/Cas9 system is by far the most widely utilised method because it is simple,
cost-effective, accessible, versatile and offers the possibility of simultaneous multiple-site
mutation (Gao et al., 2015a; Hashimoto et al., 2018). The application of CRISPR/Cas9mediated gene editing technique has been expanded dramatically in a variety of fields,
3

including plant science. It has created opportunities to study gene function and variations in
crops for improving characteristics by producing precise gene knockout, gene replacement
and knock-in mutations (Gasparis et al., 2018; Hummel et al., 2018; Shi et al., 2017; Sun et
al., 2016). In this review, we present a description of the CRISPR/Cas9 system, as well as
recent applications of this technology in crop improvement.

1.2 CRISPR/Cas system
CRISPR sequences were first identified in Escherichia coli genomes (Ishino et al., 1987).
They were identified as DNA fragments comprising a series of palindromic sequences (noncontiguous short DNA repeats) with random bases of spacer DNA sequence (variable
sequences) in between each repeat. Later, CRISPR-associated (Cas) genes were identified in
CRISPR-containing prokaryotes located adjacent to CRISPR loci (Jansen et al., 2002). The
origin of the variable spacer regions within CRISPRs was found to be genomic fragments of
bacteriophages, suggesting the function of the CRISPR/Cas system was in virus detection and
suppression (Barrangou et al., 2007).

1.2.1 CRISPR/Cas-mediated adaptive bacterial immunity
Makarova et al. (2011) proposed the mechanism of CRISPR/Cas was divided into three
distinct functional stages: adaptation (acquisition), expression and processing (crRNA
biogenesis) and interference (targeting) (Fig. 1.1). When a prokaryotic cell is infected by a
phage, a short piece of DNA from a phage called a ‘new spacer’ integrates into CRISPR loci
during the first stage. In the biogenesis stage, the CRISPR locus produces a long precursor
CRISPR RNA (pre-crRNA) that consists of both repeat and spacer sequences after
transcription. The new spacer is also transcribed with other spacers. The long precursor is
cleaved and processed into small crRNAs containing the repeats and spacer sequences. In the
third stage, called interference, the invading phage DNA is targeted and cleaved. When the
cell is infected by a phage having the same sequence as a spacer (called protospacer)
sequence in its genome, the target sequence is recognised by the spacer of crRNA already
present in the cell. A short conserved site (3 or 4 nucleotides) called Protospacer Adjacent
Motif (PAM) located downstream of the protospacer provides the recognition signal and
determines the selection of the protospacer (target DNA) (Marraffini and Sontheimer, 2010).
Thus, invading phage are targeted by the ribonucleoprotein complex containing crRNA and
Cas proteins, and cut in the vicinity of a PAM sequence. Deltcheva et al. (2011) discovered a
4

trans-noncoding small RNA (trans-activating CRISPR RNA, tracrRNA) in Streptococcus
pyogenes that guides the maturation of crRNAs in the expression stage, with the activities of
endogenous RNase III and Cas protein. The tracrRNA is separately transcribed and
hybridises to the pre-crRNA repeat. The spacer sequence of a crRNA is complementary to
target DNA (protospacer), and conserved repeat sequence is complementary to tracrRNA
(Gasiunas et al., 2012; Jinek et al., 2012).

Figure 1.1 CRISPR/Cas adaptive immunity in bacteria (Arora and Narula, 2017).

1.2.2 Classification of CRISPR/Cas system
Initially, the CRISPR/Cas system was classified into types I, II and III. This was based on the
different participating Cas protein sequences and their structures and the nature of the
protein-RNA effector complex (Hryhorowicz et al., 2017; Makarova et al., 2011). Recently,
the CRISPR system has been divided into two major classes, 1 and 2, according to the
composition of the effector nuclease genes (Makarova et al., 2015). The class 1 CRISPR/Cas
system is characterised by effector complexes containing CRISPR RNA (crRNA) and
multiple protein subunits (typically encoded by 3 to 6 Cas genes) for activating defence
against invading nucleic acids and includes the type I, type III, and type IV CRISPR/Cas
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systems (Makarova et al., 2015). In the class 2 system, effector complexes consist of a single
Cas protein with crRNA (sometimes with additional tracrRNA). Class 2 systems include
types II, V, and VI based on effectors Cas9, Cas12 (formerly named Cpf1), and Cas13
(formerly named C2c2) respectively (Abudayyeh et al., 2016; Jackson et al., 2017; Makarova
et al., 2015; Shmakov et al., 2015; Yan et al., 2019).

As the mechanism of immunity is quite complex, class 1 CRISPR/Cas systems are usually
not applied to genome editing work. Class 2 is more preferable for application in
biotechnology because they have simpler Cas gene cassettes and ability to be programmed to
detect new genomic targets (Makarova et al., 2015; Raitskin et al., 2018). Types II and V
CRISPR/Cas systems have been used for DNA editing, whereas type VI can be used for RNA
editing as it targets RNA, not DNA (Abudayyeh et al., 2016; Jackson et al., 2017; Yan et al.,
2019)

1.3 CRISPR/Cas9 gene editing system
The type II class 2 CRISPR/Cas system called CRISPR/Cas9 requires a single Cas9 protein
with RuvC and HNH nuclease domains responsible for RNA guided double-stranded DNA
(dsDNA) cleavage (Jinek et al., 2012; Jinek et al., 2013; Makarova et al., 2015). The Cas9
nuclease requires interaction with CRISPR RNA (crRNA) and trans-activating CRISPR RNA
(tracrRNA), two non-coding RNAs for target cleavage. Jinek et al. (2012) showed that
crRNA and tracrRNA can be fused to form a single chimeric RNA molecule called the single
guide RNA (sgRNA). The sgRNA can be designed to target any complementary ~20nucleotide (nt) DNA sequence (spacer/protospacer) that is immediately followed by a 3’
PAM sequence (Jinek et al., 2012). The PAM-proximal 10-12 nucleotides located at the 3’
end of the 20-nt spacer sequence is called the seed sequence (Cong et al., 2013; Jiang et al.,
2013a; Jinek et al., 2012). Mismatches in the seed region reduce the binding affinity of the
crRNA to the target DNA (Jinek et al., 2012; Semenova et al., 2011).
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1.3.1 Mechanism of CRISPR/Cas9-mediated gene editing
The most common gene used in experimental genome editing is Cas9, derived from
Streptococcus pyogenes. S. pyogenes Cas9 (hereafter referred to as Cas9) is a protein of 1368
amino acids. It is multi-domain and multi-functional in nature (Mali et al., 2013a). The DNA
target cleavage efficiency by Cas9 and the location of cut sites depends on the position of the
PAM sequence. Cas9 cuts 3-bp upstream of the PAM in target double-stranded DNA using
two nuclease domains: the HNH-like and the RuvC-like domain. The HNH-like domain cuts
the target DNA strand; that is complementary to the guide RNA. The RuvC-like nuclease
domain cuts the non-target complementary DNA strand (Chen et al., 2014; Gasiunas et al.,
2012; Jinek et al., 2012). The PAM sequence for Cas9 is NGG, where N can be any
nucleotide (Hsu et al., 2013; Jinek et al., 2012).

Cas9 enzymes are present in cells as nucleases in an inactive state (Jinek et al., 2012). The
sgRNA binds with the Cas9 protein and produces a riboprotein complex that undergoes a
conformational change. This shifts the inactive, non-DNA binding structure of Cas9 into an
active DNA recognition competent structure. PAM recognition is crucial for the sgRNA-Cas9
complex to find a potential DNA target binding (Jiang et al., 2015; Jinek et al., 2014). Once
Cas9 finds a potential target DNA with the appropriate PAM, it unwinds the target DNA at
the PAM-adjacent site, thereby facilitating binding of sgRNA with the target DNA to form an
RNA-DNA hybrid through base pairing (Jiang et al., 2016). The potential target identification
through PAM binding and the complete annealing of sgRNA-DNA induces a conformational
change of the HNH domain to cut the target. This conformational transition activates the
catalytic activity of the RuvC domain (Jiang et al., 2016; Sternberg et al., 2015).

The double-stranded break created by Cas9 is repaired by non-homologous end joining
(NHEJ) or homology directed repair (HDR) (Cong et al., 2013). NHEJ ligates the breaks and
sometimes creates deletion or insertion mutations (indels). Translation is disrupted by
introducing indels and disrupts the reading frame. Thus, NHEJ pathways initiate the insertion
or deletion of bases, causing a frame-shift mutation and subsequent disruption of gene
function. However, when a donor/template strand is present, gaps are filled by the DNA
repair mechanism via homologous recombination (Symington and Gautier, 2011) (Fig. 1.2).
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Figure 1.2 Schematic representation of CRISPR/Cas9 genome editing mechanism (Jiang and
Doudna, 2017).

1.3.2 Steps of CRISPR/Cas9-mediated genome editing in plants
Selection of the target gene, identification of the PAM sequence in the target sequence and
the design of the sgRNA are the first steps in CRISPR/Ca9-based genome editing. Designing
a gene-specific sgRNA can be done manually or by the help of online tools such as CGAT,
CRISPRseek, CHOPCHOP, Crispr-P, CRISPRdirect, Cas-Designer (Brazelton Jr et al., 2015;
Labun et al., 2019; Naito et al., 2015; Park et al., 2015).

The next step involves cloning Cas9 and sgRNA in a suitable vector to allow single or
multiplex editing. Both elements (Cas9 and sgRNA) need to be transcribed in vivo for
genome editing in plants, thus requires the transcriptional promoter. Generally, Cas9 is
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expressed under an RNA polymerase II (pol II) based promoter. Constitutively active
promoters such as the cauliflower mosaic virus 35S promoter (CaMV-35S) (Nekrasov et al.,
2013), Arabidopsis ubiquitin (AtUbi) (Mao et al., 2013), maize ubiquitin (ZmUbi) (Wang et
al., 2014b) or rice ubiquitin (OsUbi) (Zhang et al., 2014) drive Cas9 gene expression in
plants. The sgRNA is expressed by the small nuclear RNA promoter (U6 and U3) and
transcribed by RNA promoter III (Pol III) (Nekrasov et al., 2013; Shan et al., 2013). The
CRISPR/Cas9 vector expression system was mainly based on co-expression of one plasmid
carrying Cas9 by the RNA Pol II promoter and a separate plasmid expressing sgRNA under
the RNA pol III promoter (Nekrasov et al., 2013). sgRNA and Cas9 nuclease can be
introduced on the same construct or separate constructs (Li et al., 2013; Mao et al., 2013;
Upadhyay et al., 2013). For multiplex genome editing, multiple sgRNA expression cassettes
(each sgRNA cassette with RNA promoter) can be stacked into a single construct (Ma et al.,
2015). A dual RNA pol II promoter system has been used in Arabidopsis in which both Cas9
and sgRNA are expressed under Pol II promoters (Gao et al., 2015b). A single promoterdriven CRISPR/Cas9 system (single transcriptional unit, STU) was used in genome editing in
rice where both Cas9 and sgRNA(s) and a self-cleaving hammerhead ribozyme (RZ) are
expressed as a single transcript under a single Pol II promoter (Tang et al., 2016). Cas9 and
the sgRNA(s) were separated by ribozyme (RZ) cleavage motifs, and a single transcript was
processed by a hammerhead ribozyme (RZ) after transcription, allowing the Cas9 mRNA to
be translated and form the functional complex with sgRNA (Tang et al., 2016). Many
sgRNAs can be produced in a cell from a single transcript based on endogenous tRNAprocessing system (Xie et al., 2015) and Csy4 ribonuclease system (Kurata et al., 2018; Liu et
al., 2019).

The next step is the delivery of CRISPR/Cas9-mediated editing reagents into plant cells.
Delivery of these reagents can be done directly to the nuclei as a protein or as an expression
cassette incorporated into plant cells either as DNA or RNA. For stable expression of
CRISPR/Cas DNA into plants, Agrobacterium-mediated transfer DNA (T-DNA)
transformation (Gao et al., 2015a; Ma et al., 2015) and particle bombardment (Hamada et al.,
2018) combined with a selection gene (e.g. herbicide or antibiotic tolerance/resistance) are
the two major delivery methods, allowing integration and expression of DNA into the
genome of a plant to bring about editing. Transgene-free plants can be obtained through
genetic segregation at T1 and subsequent generations by selfing and crossing. Transient
delivery and expression of CRISPR/Cas9 reagents offer an alternative method for achieving
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transgene-free editing. Protoplast transfection (Andersson et al., 2017), Agrobacteriummediated transformation (Chen et al., 2018a), or particle bombardment (Zhang et al., 2016b)
can be used for transient CRISPR/Cas9 expression in plants. After expression, the DNA is
naturally degraded. Thus, edited plants are regenerated without the integration of foreign
DNA and selection. DNA-free genome editing via CRISPR/Cas9 can be achieved by delivery
of a mixture of in vitro transcripts of Cas9 and sgRNAs (Zhang et al., 2016b) or as preassembled ribonucleoproteins (RNPs) (Liang et al., 2017; Liang et al., 2018; Svitashev et al.,
2016; Woo et al., 2015). Viruses have been used as vehicles for delivering sgRNA into Cas9over-expressing transgenic plants (Ali et al., 2015a; Yin et al., 2015a). Viruses have not been
used as vehicles for Cas9 in non-transgenic plants because the Cas9 gene is too large (>3 kb)
for viruses to carry. Potential downsides of using viruses in this way is the requirement for
insect-proof containment glasshouses, and considerations of the effects of virus infection on
the host plant.

The final step in CRISPR/Cas9 editing experiments involves the identification and
confirmation of mutations. This is usually done by amplification of the target gene by PCR,
and sequencing the DNA amplicons (Zhang et al., 2014). Several methods have been
developed to screen edited events including the restriction enzyme (RE) site loss assay (Shan
et al., 2013), restriction fragment length polymorphism (RFLP) analysis (Feng et al., 2013),
surveyor assay (Mao et al., 2013), T7 endonuclease I (T7E1) assay (Wang et al., 2014b),
polyacrylamide gel electrophoresis (PAGE)-based genotyping approach (Zhu et al., 2014),
high-resolution melting (HRM) analysis (Fauser et al., 2014), annealing at criticaltemperature PCR (ACT-PCR) (Hua et al., 2017), and mutation site-based specific primers
PCR (MSBSP-PCR) (Guo et al., 2018). Though costly and time-consuming, whole genome
sequencing is very effective for identifying mutants (Braatz et al., 2017). Biochemical and
physiological assays could be used to identify particular mutants depending on the function
of the target genes. The disruption of the phytoene desaturase (PDS) gene produces an albino
phenotype that acts as a visual marker to identify mutants (Chen et al., 2018a). A schematic
representation of the steps of the CRISPR/Cas9 system in plants is illustrated below (Fig.
1.3).
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Figure 1.3 Schematic representation of the steps of CRISPR/Cas-mediated genome editing
(Arora and Narula, 2017).

1.3.3 Applications of CRISPR/Cas9 in plant genome editing
Application of the CRISPR/Cas9 system was first published in Nature Biotechnology in
August 2013 as three short reports (Li et al., 2013; Nekrasov et al., 2013; Shan et al., 2013).
They found targeted mutagenesis in the model plants Arabidopsis thaliana (Li et al., 2013),
Nicotiana benthamiana (Li et al., 2013; Nekrasov et al., 2013), rice (Shah et al., 2013) and
wheat (Shah et al., 2013). A short time later, other reports focused on applications of
CRISPR/Cas9 to different crop species were published (Feng et al., 2013; Jiang et al., 2013b;
Mao et al., 2013; Miao et al., 2013; Xie and Yang, 2013). At the time of writing,
CRISPR/Cas9 has been applied to species of Arabidopsis and Nicotiana, and to crop plants
such as rice, wheat, barley, potato, cotton, sweet orange, Duncan grapefruit, apple, and
banana (Ahmad et al., 2020; Mao et al., 2019; Najera et al., 2019; Soda et al., 2018; Zhou et
al., 2019).
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The CRISPR/Cas9 system has been used to address yield and yield-related traits by mutation
of yield-related genes (Li et al., 2016b), and the regulatory sequences and promoters of
relevant yield genes (Rodríguez-Leal et al., 2017). It is also used to create loss-of-function
mutations of genes: Gn1a (Grain number), DEP1 (Panicle size), GS3 (Grain size), GW5
(grain weight), OsAAP5 (tiller number) and IPA1 (Plant architecture) that act as negative
regulators of yield determining factors to produce expected phenotypes in rice (Li et al.,
2016b; Liu et al., 2017; Wang et al., 2019b). In other research, this system was used to
mutate four genes encoding Squamosa Promoter Binding Protein-Like (SPL) transcription
factors of the SPL9 family in soybean that alter the plant architecture in soybean that has
significant effects on grain yield of crops (Bao et al., 2019).

The CRISPR/Cas9 system has been used to confer resistance against major pathogens either
by directly targeting the pathogen genome (Ali et al., 2015b) or by targeting host genes
involved in pathogen vulnerability (Wang et al., 2014b). CRISPR/Cas9 was used to induce
resistance against the DNA-based geminiviruses tomato yellow leaf curl virus (TYLCV) in
N. benthamiana (Ali et al., 2015b), beet severe curly top virus (BSCTV) in A. thaliana and N.
benthamiana (Ji et al., 2015), and cotton leaf curl kokhran virus (CLCuKov) in N.
benthamiana (Ali et al., 2016). Multiple guide RNAs targeted several regions of the same
viral genome simultaneously reduced viral load (Ali et al., 2015b; Kis et al., 2019; Roy et al.,
2019). Multiple sgRNAs targeted several regions of the chilli leaf curl virus (ChiLCV)
genome in a transient assay in N. benthamiana to achieve a high level of resistance to
ChiLCV (Roy et al., 2019).

Another strategy for increasing pathogen resistance is based on loss-of-function of a
susceptibility (S) gene that facilitates pathogen colonisation, regulates plant immunity,
biosynthesis and transport of metabolites. The powdery mildew susceptibility gene, mlo
(MILDEW RESISTANT LOCUS O) has been targeted successfully by using CRISPR/Cas9
system to increase resistance against powdery mildew in wheat, tomato and grapevine
(Malnoy et al., 2016; Nekrasov et al., 2017; Wang et al., 2014b). Rice bacterial blight is
caused by Xanthomonas oryzae pv. oryzae that secretes transcription activator-like effectors
(TALEs) to bind specific promoter sequences of at least one of host sugar-transporter genes
SWEET11, SWEET13 and SWEET14 and activate its expression which is required for disease
susceptibility.
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CRISPR/Cas9 has been used to introduce mutations in SWEET gene promoters for disrupting
the binding of TALE protein and induce resistance to Bacterial blight (Oliva et al., 2019;
Zafar et al., 2020). Inactivation of downy mildew resistance 6 (dmr6) gene by CRISPR/Cas9
increased broad-spectrum resistance to multiple plant pathogens including bacterial
pathogens Pseudomonas syringae and Xanthomonas spp. and the oomycete pathogen P.
capsici in tomato (de Toledo Thomazella et al., 2016). Cucumber plants resistant to
potyviruses was developed by mutating host susceptibility gene eIF4E (eukaryotic translation
initiation factor 4E) by CRISPR/Cas9 (Chandrasekaran et al., 2016). The same method was
used to produce mutations at the eIF(iso)4E locus in A. thaliana for producing resistance to
Turnip mosaic virus (TuMV) (Pyott et al., 2016).

CRISPR/Cas9 could modify genes or pathways and regulatory networks involving abiotic
stress tolerance in a variety of plants. CRISPR/Cas9 system has been used to mutate Open
Stomata 2 (OST2) gene in A. thaliana that increases stomatal closing responses to
environmental condition conferring abiotic stress tolerance (Osakabe et al., 2016).
CRISPR/Cas9 system was used to generate SlMAPK3 (the mitogen-activated protein kinase)
gene knockout mutants leading to alter the regulatory mechanism of drought tolerance in
tomato (Wang et al., 2017a). Drought tolerance in maize has been achieved and tested under
field drought stress conditions by precise gene modification of ARGOS8 using CRISPR/Cas9
(Shi et al., 2017). Similarly, rice OsPQT3 knockout mutants exhibited improved resistance to
oxidative and salt stress, and boost grain yield in the field (Alfatih et al., 2020).

CRISPR/Cas9 was used to develop plants with improved quality traits, including starch
content, nutritional value, storage quality of crops. CRISPR/Cas9 was successfully used to
knockout of granule-bound starch synthase (GBSS) gene responsible for producing amylose
resulting in the alteration of starch quality in potato plant (Andersson et al., 2017).
CRISPR/Cas9 technology generated targeted mutagenesis of starch branching enzyme
(SBEIIb) in rice showed a higher proportion of long chains in amylopectin and thus altered
the structure and nutritional properties of starch (Sun et al., 2017). Fatty acid composition in
Camelina sativa was significantly increased by targeting the Fatty Acid Desaturase 2 (FAD2)
gene using CRISPR/Cas9 technique (Jiang et al., 2017). The mutagenesis of FAD2 genes in
peanut was done by CRISPR/Cas9 technique (Yuan et al., 2019). Mutagenesis of seed storage
protein genes in soybean was done by using CRISPR/Cas9 (Li et al., 2019).
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Recent advancement of gene editing system has accelerated the development of herbicide
resistant crops. An intron-targeting gene replacement and insertion method was used to
introduce TIPS amino acid substitutions to rice 5-enolpyruvylshikimate-3-phosphate synthase
(EPSPS) gene which confer resistance to glyphosate through the non-homologous end joining
pathway (Li et al., 2016a). CRISPR/Cas9-mediated point mutations were generated by
substituting two discrete amino acid residues in the rice Acetolactate Synthase 1 (ALS1) gene
conferring resistance to herbicide bispyribac sodium (Sun et al., 2016). Herbicide resistant
oilseed rape and watermelon have been obtained through CRISPR/Cas9-mediated baseediting system (Tian et al., 2018; Wu et al., 2020).

CRISPR/Cas9 was used for de novo domestication of wild species for creating improved
crops. The multiplex CRISPR/Cas9 system was used to edit genes associated with day-length
sensitivity, shoot architecture, flower and fruit production, and ascorbic acid synthesis in four
wild Solanum pimpinellifolium accessions which are either resistant to bacterial spot disease
or salt tolerant for accelerating domestication (Li et al., 2018b).

1.4 Application of CRISPR/Cas9 system to study
functional genomics in plants
Conventional or forward genetics starts with the identification of natural or artificiallyinduced mutations based on their phenotypes, and later the gene(s) is identified. However, in
reverse genetics, the function of a gene is determined by mutating it and analysing the
phenotypic effects (Bouchez and Höfte, 1998). The CRISPR/Cas9 system can be used as a
tool in functional genomics to study gene expression using a reverse genomics approach.
CRISPR/Cas9-mediated single-gene knockout, multiplex genome targeting, fragment
deletions, gene replacement and targeted gene insertion are all possible and can be used to
study the functions of specific genes or regulatory regions (Cai et al., 2018b; Li et al., 2016a;
Liu et al., 2019; Ntui et al., 2020b; Yu et al., 2017).

Knockouts or loss-of-function mutations are very effective for recognising the function of a
gene associated with specific traits. CRISPR/Cas9 technology was used to generate mutations
of two pod shattering resistance genes, Indehiscent (IND), and Alcatraz (ALC) in rapeseed
(Zhai et al., 2019). The mutations were stably inheritance to successive generations, and
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homozygous mutant T2 lines with loss-of-function alleles were selected for phenotypic
characterisation. The function of the gene in Brassica napus (BnIND) gene was found crucial
for pod shattering, and a minor role of BnALC gene was observed on rapeseed pod shatter
resistance. CRISPR/Cas9 knockout of GmFT2a, an integrator in the photoperiod flowering
pathway in soya bean, was stably heritable in the subsequent T2 generation, and the
homozygous GmFT2a mutants exhibited late flowering under both long-day and short-day
conditions (Cai et al., 2018a). CRISPR/Cas9 targeted mutagenesis of VvWRKY52, a
transcription factor gene has elucidated its role in biotic stress responses (Wang et al.,
2018b). Knockout of VvWRKY52 in grape increased disease resistance against fungus
Botrytis cinerea.

Several traits such as yield and abiotic stress tolerance related traits are controlled by more
than one gene. Knocking out of a member of the gene family may not produce phenotypic
changes if the function of that gene can be compensated by other family members. Multiple
sgRNAs can be used to produce multiple gene knockouts simultaneously. Multiplexed
CRISPR/Cas9 system targeting five key genes in the γ-aminobutyric acid (GABA) shunt
pathway has been successfully applied that resulted in manipulation of the GABA metabolic
pathway in tomatoes (Li et al., 2018a). GABA accumulation in both the leaves and fruits of
GABA mutant tomatoes was significantly enhanced, and the leaf development and
morphology of GABA increased mutants differed greatly from wild-type plants.

CRISPR/Cas9-mediated site-specific gene replacement or insertion could have a great value
in plant biological research. Endogenous genes can be accurately replaced via the homology
directed repair (HDR) pathway. CRISPR/Cas9-induced replacement of the dominant ALC
with the recessive alc gene via HDR repair pathway increased the shelf life of T1
homozygous tomato (Yu et al., 2017). The production of large chromosomal deletions is also
possible in a plant by using CRISPR/Cas9 system, which would be useful to study the
functions of gene clusters in biological processes. CRISPR/Cas9-mediated large genomic
fragment deletion had been reported in tobacco (Gao et al., 2015a), A. thaliana (Zhao et al.,
2016), rice (Wang et al., 2017b), tomato (Rodríguez-Leal et al., 2017), maize (Qi et al.,
2016), cotton (Gao et al., 2017), and soybean (Cai et al., 2018b).
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CRISPR/Cas9 system has been used to establish a relationship between cis-regulatory
elements and phenotypic changes of quantitative traits such as tomato fruit size, inflorescence
branching, and plant architecture (Rodríguez-Leal et al., 2017). The cis-regulatory elements
(CREs) in the promoter sequences of Clavata, Compound Inflorescence, and Self Pruning
genes were targeted, and novel promoter mutations were generated in subsequent
generations. Comparison of the function of homologous genes in different species can be
done using CRISPR/Cas9. CRISPR/Cas9 mediated knockout of SHORT-ROOT (SHR) gene
in tomato demonstrated that the function of SHORT-ROOT (SHR) and SCARECROW (SCR)
gene is conserved between A. thaliana and tomato (Ron et al., 2014).

As CRISPR/Cas9 can be used for gene activation or repression, it can help the researcher to
study the gene function and gene regulatory network and may facilitate the improvement of
crop traits. The number of studies on the application of CRISPR/Cas9 gene-editing system in
a broad range of plant species is increasing rapidly; some of these are provided in Table 1.1.
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Table 1.1 Application of CRISPR/Cas9 gene-editing to crop plant improvement
Crop
species
Rice

Target
gene
OsFWL4

Mode of
action
Knockout

Outcomes

Reference

Increased tiller number and plant yield

(Gao et al., 2020)

Rice

OsIAA23

Knockout

Caused pleiotropic defects in growth

(Jiang et al., 2019)

and development
Rice

OsRR22

Knockout

Enhanced the salinity tolerance

(Zhang et al., 2019a)

Rice

OsROS1

Knockout

Regulation of rice fertility

(Xu et al., 2020)

Rice

LAZY1

Knockout

Exhibited a pronounced tiller-spreading

(Miao et al., 2013)

phenotype
Wheat

TaGW 2

Knockout

Increased grain weight and protein

(Zhang et al., 2018)

content
Barley

HvCKX1,

Knockout

HvCKX3
Barley

Maize

Nud

Wx

Knockout

Knockout

Regulated endogenous levels of

(Gasparis et al.,

cytokinin hormones

2018)

Controled the formation of hulled

(Gasparis et al.,

grains

2018)

High amylopectin content

(Le Dong et al.,
2019)

Maize

ZmTMS5

Knockout

Thermosensitive male-sterility

(Li et al., 2017b)

Maize

MS8

Knockout

Transgene-free maize male sterile lines

(Chen et al., 2018b)

Soybean

GmSPL9

Knockout

Regulation of plant architecture

(Bao et al., 2019)

Potato

S-RNase

Knockout

Overcoming self-incompatibility

(Enciso-Rodriguez et
al., 2019)

Potato

GBSS

Knockout

High amylose content

(Andersson et al.,
2017)

Sweet

IbGBSSI

potato

IbSBEII

Soybean

FAD2–2

Knockout

Alter the amylose/amylopectin ratio

(Wang et al., 2019a)

Knockout

Accumulation of oleic acid contents

(Al Amin et al.,
2019)

Rapeseed

BnIND

Knockout

Enhance pod shatter resistance

(Zhai et al., 2019)

Peanut

FAD2

Knockout

Accumulation of oleic acid contents

(Yuan et al., 2019)

Tomato

PMR4

Knockout

Enhance resistance against powdery

(Martínez et al.,

mildew

2020)

Tomato

SlAGL6

Knockout

Confer parthenocarpy

(Klap et al., 2017)

Cucumber

eIF4E

Knockout

Virus resistance

(Chandrasekaran et
al., 2016)

Camelina

FAD2

Knockout

Decreased polyunsaturated fatty acids

sativa
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(Jiang et al., 2017)

1.5 The research project
Tobacco (Nicotiana tabacum L, family Solanaceae) is a model plant used for gene expression
studies (Boccardo et al., 2019; Rabara et al., 2015). It is a well-studied annual, and the
genome of some accessions are fully sequenced (Rushton et al., 2008; Sierro et al., 2014).
Plants are easy to grow and produce thousands of seeds and large biomass for analysis. It is
relatively easy to transform with transgenes.
The goal of this project was to develop a single-copy, homozygous, stably-expressing Cas9
tobacco line in which to test methods of subsequent introduction of sgRNAs to affect targeted
mutation. Establishment of such a Cas9-expressing line in an advanced generation would
remove the uncertainty of Cas9 expression in T0 and T1 generations that may contain from
one to multiple copies of the transgene with inherent differences in expression, instability,
and zygosity over generations. Methods to subsequently introduce sgRNAs would be tested
in the Cas9-expressing plants, and constructs expressing different sgRNAs targeting different
genes would be transiently or stably introduced.
The six aims of this research project will be described in the chapters below, followed by a
general discussion of results.

Aim 1. Development of Cas9-expressing tobacco plants.
Aim 2. Select homozygous plants expressing Cas9 and bar genes and assessing the stability
of transgenes expression in subsequent generations.
Aim 3. Study morphology of transgenic tobacco plants expressing Cas9 and bar.
Aim 4. Test seed imbibition as a method of transient uptake and expression of sgRNA in
Cas9-expressing plants?
Aim 5. Design and testing of single guide RNAs (sgRNAs) in vitro.
Aim 6. Test feasibility of using Cas9-expressing plants to produce mutation in an
endogenous gene, PDS, and a transgene, bar.
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Chapter 2
Development of Cas9-expressing tobacco plants
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2.1 Introduction
Delivery of the CRISPR-mediated editing components Cas9 and sgRNAs into the nuclei of
target cells have been achieved by three approaches: stable genomic transformation, transient
expression of genes in target cells, and direct introduction to cells of a nucleoprotein
molecule consisting of the Cas9 enzyme and sgRNA (Gao et al., 2015a; Liang et al., 2018;
Long et al., 2018; Svitashev et al., 2016; Zhang et al., 2016b). In plants, the former is
achieved through the introduction of an expression cassette using Rhizobium (Agrobacterium)
species, or by direct gene transfer (Fauser et al., 2014; Gao et al., 2015a; Hamada et al., 2018;
Li et al., 2017a; Ma et al., 2015). The most commonly-reported method used is via
transformation to deliver the components as a plasmid vector containing a Cas9 expression
cassette, one or more sgRNA cassettes, and a selectable marker gene together to generate
transgenic plants (Sun et al., 2017; Xie and Yang, 2013; Zhang et al., 2019a). The Cas9 and
sgRNA components can be introduced independently (Li et al., 2013; Nekrasov et al., 2013;
Upadhyay et al., 2013), and this approach was considered for this project. The first step was
to develop tobacco plants stably expressing the Cas9 component of the system.

A prerequisite for developing Cas9-expressing plants is stable integration of the Cas9 gene
into the tobacco genome. In stable transformation, transgenes integrate successfully into the
nuclear genome of the cell, replicate together, and are expressed and inherited in subsequent
generations (Gelvin, 2003; Hwang et al., 2017). The generation of whole plants from the
transformed cells requires selection of transformed cells in culture followed by plant
regeneration via organogenesis or somatic embryogenesis. Agrobacterium-mediated
transformation was used to generate transgenic tobacco plants. The procedures are well
established and have been used to generate transgenic plants of many species (Hayta et al.,
2019; Lee and Pijut, 2018; Palla and Pijut, 2015; Zong et al., 2019).

The bar gene (bialaphos resistance gene) that originated from Streptomyces hygroscopicus
has been used as a selectable marker gene in transformation experiments for decades
(Thompson et al., 1987). Glufosinate (L-phosphinothricin, PPT) is a structural analogue of
glutamate and an irreversible inhibitor of glutamine synthetase (GS), an enzyme that
produces glutamine and detoxifies ammonium in plants and bacteria (Thompson et al., 1987).
Glufosinate is used as a nonselective herbicide for weed control. As glufosinate inhibits
glutamine synthetase (GS), the ammonium metabolism is disrupted. The resultant
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accumulation of ammonia in plant cells increases to phytotoxic levels, and inhibits energy
production on mitochondria and photosynthetic reactions, leading to rapid cell death
(D'Halluin et al., 1995; Sauer et al., 1987; Tachibana, 1986; Wild et al., 1987). In addition,
the rapid increase of glyoxylate created from the loss of glutamine inhibits the enzyme
rubisco, and the cessation of photosynthesis brought about by glyoxylate accumulation kills
plants (Shaner, 2004; Wild and Wendler, 1993). Inhibition of GS affects several biosynthesis
pathways, including the inhibition of metabolism of nitrogenous compounds such as amino
acids, nucleic acids, as well as chlorophyll; thus it hampers photosynthesis and alters the
plant growth and development (Abdeen and Miki, 2009). The bar gene encodes the enzyme
phosphinothricin acetyltransferase (PAT), which acetylates the free NH2-group of
glufosinate, inactivating it and thereby preventing it from inhibiting GS (D'Halluin et al.,
1995; Thompson et al., 1987). Therefore, cells expressing the bar transgene survive exposure
to glufosinate, whereas non-transgenic cells die.

Cas9-overexpressing (Cas9-OE) N. benthamiana transgenic lines were developed through
Agrobacterium-mediated transformation by Ali et al. (2015a). These researchers generated a
35S::Cas9 construct with a nuclear localisation signal and 3x FLAG tag. They used a tobacco
rattle virus (TRV) vector to deliver sgRNA into the Cas9-OE plants via leaf agroinfection and
reported targeted mutagenesis. The same research group also reported the use of tobacco
rattle virus (TRV) and pea early browning virus (PEBV) as vectors for delivering one or
multiple sgRNAs into N. benthamiana and A. thaliana (Col-0) plants that overexpressed a
nuclear localisation signal containing Cas9 for targeted genome modification (Ali et al.,
2018). Nicotiana benthamiana plants overexpressing Cas9 were developed by Yin et al.
(2015b). They used Cas9 sourced from S. pyogenes, but modified it to be codon-optimised
for plants. It contained two nuclear localisation signals (NLS) at the N and C terminal ends to
ensure nuclear localisation of Cas9. The sgRNA delivery system they used was geminivirusbased, with the aim of inducing targeted mutation of endogenous genes in systemically
infected leaves of plants.

A goal of this project was to develop a single-copy, homozygous, Cas9-expressing tobacco
line in which to test methods of subsequently introducing sgRNAs to affect targeted
mutation. The establishment of such a line would remove the uncertainty of Cas9 expression
in T0 plants that may contain multiple copies with inherent differences in expression,
instability and hemizygosity. This would provide a system for functional genomic studies of
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many target genes using Cas9-expressing plants and editing of the target genes using specific
sgRNAs.

Specific objectives of the experimental work described in this chapter were:
(1) to use Agrobacterium to mediate transformation of the tobacco plants with the Cas9 gene
(2) to confirm presence of transgenes Cas9 and bar
(3) to confirm expression of transgenes Cas9 and bar

2.2 Materials and Methods
2.2.1 Plant materials
Tobacco (N. tabacum cv. Wisconsin 38) plants were grown from surface-sterilised seeds in
vitro. Germination medium was prepared by mixing 4.43 g/L Murashige and Skoog (MS)
basal salts (Sigma-Aldrich) (Murashige and Skoog, 1962), 30 g/L sucrose, and 8 g/L agar
(pH = 5.6-5.8). Seeds were placed in a 1.5 mL microcentrifuge tube and 800 μL of 1%
sodium hypochlorite solution was added. The tube was shaken for 2 min and the seeds
allowed to settle at the bottom of the tube. The solution was decanted, and 800 μL of 70%
ethanol was added. The tube was shaken for 1 min, and ethanol was removed. The seeds were
rinsed in sterile distilled water four times and then dried on sterile filter paper and placed on
germination medium in plastic containers (volume 250 mL), and incubated in a culture room
at 25°C under long-day conditions (16 h light / 8 h dark).

2.2.2 Plasmid constructs
A binary plasmid, pFGC-pcoCas9 expressing the plant codon-optimised S. pyogenes Cas9
(pcoCas9) gene under the constitutive 35SPPDK promoter was obtained (Li et al., 2015b; Li
et al., 2014) (Addgene plasmid # 52256; http://n2t.net/addgene:52256;
RRID:Addgene_52256) (Fig. 2.1). Hybrid promoter 35SPPDK contained the cauliflower
mosaic virus 35S enhancer fused to the maize C4PPDK basal promoter. The plant codonoptimised Cas9 gene contained the potato IV2 intron. This plasmid has multiple cloning sites
(MCSs) and was designed for Agrobacterium-mediated DNA transformation. The plasmid
contained a bar gene that confers resistance to glufosinate (phosphinothricin) under a
Mannopine Synthase (MAS) promoter. Glufosinate ammonium (Sigma-Aldrich), hereafter
referred to as glufosinate, was used as the selection agent.
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Transformation of the plasmid pFGC-pcoCas9 containing the Cas9 expression cassette was
performed on competent A. tumefaciens strain GV3101. Competent A. tumefaciens GV310
cells were prepared using the calcium chloride method (Sambrook and Russell, 2001), and
transformations were done using the heat shock method (Höfgen and Willmitzer, 1988). The
bacterial cultures were stored in 25% (v/v) glycerol at -80°C.

Figure 2.1 Expression cassette of pFGC-pcoCas9. A, linear (partial) schematic representation
of the binary plant transformation plasmid pFGC-pcoCas9; P, promoter; NOS, nopaline
synthase terminator; T, terminator; LB, T-DNA left border; RB, T-DNA right border; B,
binary plasmid pFGC-pcoCas9 used for Agrobacterium-mediated expression of pcoCas9
conferring kanamycin resistance (Kan-R) to bacteria and Basta resistance (Bar-R) to plants.

2.2.3 Preparation of A. tumefaciens cells for plant transformation
Agrobacterium tumefaciens (syn. Rhizobium radiobacter) strain GV3101 containing the
binary plasmid, pFGC-pcoCas9 was streaked on fresh Luria Broth (LB) agar plates (10 g/L
bacto-tryptone, 5 g/L yeast extract, and 10 g/L NaCl with 15 g/L agar, pH 7.5) supplemented
with kanamycin (50 mg/L) and rifampicin (25 mg/L) from glycerol stocks, and was grown at
28°C for 2 days. Kanamycin was used for plasmid selection and rifampicin for bacterial
selection.
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A single bacterial colony was cultured in 5 mL liquid LB medium supplemented with 50
mg/L kanamycin, and 25 mg/L rifampicin at 28°C on a rotary shaker at 150 rpm for 2 days in
the dark. Then, 100 μL of this culture was inoculated to 50 mL of LB with the same
antibiotics and grown overnight maintaining the same conditions.

2.2.4 Bacterial suspension preparation
Bacterial cultures were transferred to 50 mL tubes, and the bacterial cells were collected by
centrifugation at 4000 x g for 20 min. The supernatant was discarded, and the bacterial
cells/pellets were resuspended in 50 mL liquid MS medium (4.43 g/L MS salts, 30 g/L
sucrose, pH 5.6-5.8) by gentle shaking. The step was repeated, and the pellet was
resuspended in 50 mL MS liquid medium supplemented with 200 μM acetosyringone (AS).
The final OD660 of resuspended cells in MS liquid medium was 0.5-1. This A. tumefaciens
inoculum was kept on ice until ready for use.

2.2.5 Infection and co-cultivation
In vitro leaves from 4-6 week-old tobacco plants were cut and soaked in sterile MS liquid
medium to avoid dehydration. Fifty to sixty leaf discs (~ 5 to 8 mm in diameter) were
incubated with a 50 mL A. tumefaciens GV3101 cell suspension solution harbouring the
pFGC-pcoCas9 plasmid in the presence of 200 µM AS for 30 min with gentle shaking.
Inoculated leaf discs were placed on plates containing co-cultivation medium after the
removal of excess bacteria by blotting discs on sterile filter paper. The solid co-cultivation
medium was made from 4.4 g/L MS medium, 30 g/L sucrose, 8 g/L agar, 2 mg/L 6Benzylaminopurine (6-BAP), and 0.5 mg/L 1-Naphthaleneacetic acid (NAA), pH 5.6-5.8.
Co-cultivation of the leaf discs with the bacterium was done for 3 days in the culture room
(16 h / 8 h photoperiod) at 25°C.

2.2.6 Washing and transferring the explants to the selection media
The leaf discs were collected and washed with sterile distilled water containing 500 mg/L
cefotaxime three to four times, followed by washing with sterile distilled water two times.
Leaf discs were blotted on filter paper and placed with adaxial surface up on callus
regeneration medium (4.4 g/L MS salts, 30 g/L sucrose, 8 g/L agar, 2 mg/L BAP, 0.5 mg/L
NAA, pH 5.6-5.8) supplemented with 200 mg/L cefotaxime, and 2 mg/L glufosinate.
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Cefotaxime or timentin was used to control bacterial growth after transformation, and
glufosinate was added to kill cells that were not expressing the bar gene. Leaf discs on
selection medium were incubated at 25°C under a 16 h / 8 h photoperiod regime in a culture
room, and explants were transferred to fresh selection medium every two weeks. For
selection of transformants, 2 mg/L glufosinate was used.

2.2.7 Selection and regeneration
After 4 weeks, leaf discs were transferred to plates containing shoot regeneration medium
(4.4 g/L MS salt, 30 g/L sucrose, 8 g/L agar, 2 mg/L BAP, pH 5.6-5.8) supplemented with
200 mg/L cefotaxime, and 2 mg/L glufosinate.

After 4-5 weeks, shoots with a few small leaves were excised and transferred to small
autoclavable plastic containers (volume 250 mL) containing root regeneration medium (4.4
g/L MS medium, 15 g/L sucrose, 3-4 g/L agar, 0.1 mg/L NAA, pH 5.6-5.8) supplemented
with 250 mg/L timentin and 2 mg/L glufosinate. Cultures were maintained at 25°C under 16
h / 8 h photoperiod, and explants were transferred to fresh regeneration medium every two
weeks.

2.2.8 Plant acclimatisation
When the plantlets in root regeneration medium were 5-8 cm in height and had roots, they
were transferred to 9-cm round plastic pots (9 cm diameter at the top, 6.3 cm diameter at the
bottom, 8.7 cm depth, capacity 370 mL) containing potting mix. Potting mix contained twoparts composted pine bark, two-parts coarse river sand, and one-part coco peat. Each 30 L
batch of the potting mix was mixed thoroughly with 40 g of Osmocote® Pro (ICL), 40 g of
Grower’s Blue® (Forte fertilisers Pty Ltd), 20 g dolomite (CaMgCO3), and 12 g lime
(CaCO3). Additional Osmocote® was applied to growing plants in a glasshouse when
required at the rate of about 5 g per plant.

Agar medium was washed from roots of plantlets under running tap water, which was then
planted directly into the potting mix. Plants were acclimatised by initially covering them with
a transparent polythene bag to prevent desiccation, then gradually opening the bags over a
seven-day period. At day seven, the bags were removed and plants incubated in a controlled
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environment chamber for another 24 h before being transferred to a temperature regulated
Physical Containment 2 (PC2) glasshouse (23 ± 5°C).

When plants were about 12-15 cm high, they were transferred into 4-L plastic pots (21 cm
diameter at the top, 15.5 cm diameter at the bottom, 17 cm depth, capacity 4 L). Paper bags
were used to cover the inflorescences prior to anthesis. This ensured self-pollination and
prevented pollen dispersal. Dried seeds were collected after removing the paper bags, and
stored in paper envelopes at room temperature.

2.2.9 Confirmation of transgenic nature of plants
Plant DNA from wild-type (WT) tobacco and 45 putative transgenic plants was extracted
from 30-40 mg of ground young leaf tissue according to the method of Tapia-Tussell et al.
(2005). PCR analysis of genomic DNA from 45 putative transformants was carried out to
verify the presence of transgenes and vector backbone sequence. PCR was done by using
Cas9 gene-specific and bar gene-specific primers to determine the presence of transgenes
(Table 2.1). To check the integration of T-DNA backbone sequence in the genome of
transgenic tobacco plants, the aminoglycoside resistance (aminoglycoside
adenylyltransferase, aadA) gene for tolerance to streptomycin located outside the T-DNA left
border was amplified by PCR using aadA gene-specific primers (Table 2.1).
PCR analysis was performed in a 20 μL reaction mix containing 10 μL GoTaq® Green PCR
Master Mix (Promega), 1 μL of template DNA (approximately 200-300 ng), 1 μL (10 μM) of
each primer, and 7 μL H2O. Controls were used to verify the results. The positive control was
the plasmid (pFGC-pcoCas9) DNA, and the DNA from a WT plant was used as a negative
control. Cycling conditions were as follows: one cycle for 2 min at 96°C for denaturation,
followed by 35 amplification cycles using 95°C for 10 s, 55°C (Cas9, bar), or 60°C (aadA)
for 30 s annealing, and 72°C for 30 s followed by a final extension at 72°C for 7 min. The
amplified PCR products were visualised using the gel imaging system (Fisher Biotec,
Australia) after electrophoresis on 1.2% agarose gel containing SYBR® Safe DNA Gel Stain
(Invitrogen).
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Table 2.1 Primers used in PCR and RT-PCR analysis to amplify Cas9 and bar genes
Primers name

Sequence

Purpose

Expected
fragment size (bp)

Cas9-F

TCGGTGCTCTTCTTTTCGAT

Detection of transgene, Cas9

219

Cas9-R

TTCCGAAGATTGGGTGTCTC

from T-DNA

CasF-Intron

CACCAGATCCACCTTGGAGAG

Detection of the expression

681 (with intron)

CasR-Intron

GAAGCACTCGATCTTCTTGAAG

of Cas9 gene

488 (without intron)

AadA-F

TGCCTGTTCCAAAGGTCCTG

Detection of backbone

450

AadA-R

TGTCATACCACTTGTCCGCC

sequence (non-T-DNA)

Bar-F

CAGATAAAGCCACGCACATTTAGG

Detection of transgene, bar

Bar-R

CACGGTCAACTTCCGTACC

from T-DNA

600

2.2.10 Expression of bar gene
2.2.10.1 Glufosinate screening in vitro
To determine the glufosinate sensitivity of transgenic tobacco plants in vitro, chlorophyll
concentration indices (CCIs) were assessed. The CCI value is a relative chlorophyll value that
is proportional to the amount of chlorophyll in the sample. The effect of different
concentrations of glufosinate on the CCI of the plants was evaluated to test the tolerance of
transgenic events to glufosinate. WT tobacco plant was used as control. The leaf explants
were collected from WT tobacco plants and five selected transformed events: T0-5, T0-6, T07, T0-8, T0-28. The leaves were cut into small pieces (~ 5 to 8 mm in diameter), cultured on
MS medium supplemented with different concentrations of glufosinate (2, 2.5, 3, 3.5 and 4
mg/L), and maintained in the same culture conditions as described earlier. The CCIs in the
leaf tissues were recorded as averages of three measurements on day 10 using a leaf
chlorophyll meter (CCM-200 Plus, Apogee Instruments Inc. USA) from the middle part of
leaf segments.

The chlorophyll concentration index (CCI) data for leaf tissues were subjected to one-way
analysis of variance (ANOVA) using SAS university edition through the general linear model
procedure (Proc GLM). The mean values were compared using the least significant
difference (LSD) test at α = 0.05 significance level.
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2.2.10.2 Glufosinate screening assay on leaves
Leaves of four WT tobacco plants (WT-1, WT-2, WT-3, and WT-4) and seven randomlyselected transgenic events (T0-37, T0-39, T0-40, T0-41, T0-42, T0-43, and T0-45) were
treated with 2 mg/L and 5 mg/L glufosinate to determine their tolerance at the whole plant
level. Glufosinate solution (volume of 20 μL) was placed on the leaves as a drop, and the
response was recorded.

2.2.11 Expression of Cas9 gene
2.2.11.1 RNA isolation and RT-PCR
Leaf samples of WT and transgenic events T0-5, T0-6, T0-7, T0-8, and T0-28 were collected,
and RNA extracted from approximately 500 mg leaf samples using a cellulose (CF11)-based
purification method (Morris and Dodds, 1979). DNase treatment of RNA was done to remove
genomic DNA contamination from RNA. The reaction of 10 μL containing 5 μl RNA
(approximately 200-250 ng), 1 μL DNase I (RNase-free) (New England Biolabs), 1 μL 10X
DNase I Reaction Buffer (New England Biolabs), and 3 μL H2O was incubated at room
temperature for 15 min. Then the reaction was incubated at 65°C in a water bath for 10 min.
RNA was quantified on NanoDrop (ND-1000 spectrophotometer, ThermoFisher Scientific,
Australia) to assess sample purity, based on OD 260/280 ratios.
cDNA was synthesised in a 10 μL reaction mix containing 2 μL GoscriptTM 5X Reaction
Buffer, 1 μL MgCl2 (25 mM), 0.5 μL GoscriptTM Reverse Transcriptase (Promega), 0.5 μL
dNTPs (10 mM deoxynucleotide triphosphates), 1 μL of random primer (10 μM), 3 μL H2O,
and 2 μL RNA sample (approximately 200-250 ng). The reaction was incubated at 25°C for 5
min, 42°C for 60 min, and 70°C for 15 min, ending with a hold at 14°C. Subsequently, PCRs
on cDNA synthesised from the RNA of WT and transgenic events were carried out using
primers CasF-Intron and CasR-Intron (Table 2.1) to confirm transcription of the Cas9 gene.
The reaction was done as previously described (annealing temperature was 60°C).

2.2.11.2 DNA Sequencing
After gel electrophoresis, a single band was cut from the gel and placed in a 200 μL filter tip
(Aerosol Barrier, Axygen) which was then placed in a 1.5 mL centrifuge tube. The tubes
were centrifuged at 10,000 x g for 5 min, and eluents were collected for sequencing.
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Sequencing was done in 10 μL reaction volumes consisting of 4 μL PCR products
(approximately 200-300 ng), 1 μL CasF-Intron primer (3.2 μM) (Table 1), 1.5 μL 5X ABI
sequencing buffer, 1 μL BigDye® Terminator v3.1 Ready Reaction Mix (Applied
Biosystems, USA), and 2.5 μL H2O. The cycling was carried out by initial denaturation at
96°C for 2 min, following by the 25 cycles of denaturation at 96°C for 10 s, annealing at
60°C for 5 s, and an extension at 60°C for 4 min. After PCR, the reaction was purified to
remove salt or unincorporated dye terminator by ethanol precipitation. This involved the
addition of 1 μL 125 mM EDTA, 1 μL 3M sodium acetate (pH 5.2), and 25 μL 100% ethanol
to the 10 μL of sequencing reaction. The mixture was pipetted up and down, and then
incubated for 20 min at room temperature, followed by centrifuging at maximum speed
(14,680 rpm) for 30 min. The supernatant was discarded and the pellet was rinsed by adding
125 μL 70% ethanol and centrifuged for 5 min at 14,680 rpm speed. The supernatant was
removed and tubes were air-dried for 20 min in the dark. The reactions were submitted for
sequencing (Applied Biosystems 3730XL) at the WA State Agricultural Biotechnology
Centre (SABC) at Murdoch University. Raw sequence chromatograms were viewed, edited
and aligned using the Pairwise Alignment function in Geneious 10.13.

2.3 Results
2.3.1 Tobacco leaf disc transformation and regeneration of
transgenic tobacco plants
Following co-cultivation with Agrobacterium cells containing pFGC-pcoCas9 plasmid, leaf
discs were kept on callus regeneration medium supplemented with 2 mg/L glufosinate for 4
weeks. The surface of leaf discs became swollen, and callus started to form after two weeks.
Some leaf discs turned brown and died on selection plates before the emergence of calli.
Some leaf discs had a mixture of necrosis areas and newly formed callus. Then, the leaf
derived calli were transferred to shoot-regeneration medium containing 2 mg/L glufosinate
(Fig. 2.2). Glufosinate-tolerant shoots were excised from calli and subcultured on shooting
medium with glufosinate. In this medium, some previously green shoots became yellow and
died (Fig. 2.2). Only those that remained green and grew vigorously were transferred to root
regeneration medium with 2 mg/L glufosinate. Rapidly growing plantlets with wellestablished roots (45 putative transgenic tobacco plantlets) were selected for analysis and
transferred to soil in a glasshouse after hardening (Fig. 2.2).
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Figure 2.2 Tobacco leaf disc transformation. A, leaf discs on a plate during co-cultivation
after Agrobacterium co-cultivation; B, calli on selection medium; C, shoot regeneration from
calli; D, shoot selection and elongation on selection medium; E, rooting of putative
transformant shoots on selection medium; F, preparing plantlets before transferring to soil; G,
hardening of transgenic seedlings in lab; H, growth of transgenic seedlings in glasshouse; I,
brown paper bags covering tobacco inflorescences to prevent cross pollination.

2.3.2 Confirmation of transformation
Genomic DNA was extracted from leaves of putative transgenic plants and analysed by PCR
for the presence of the Cas9 gene (Fig. 2.3) and the bar gene (Fig. 2.4). Out of 45 putative
transgenic events, 44 were confirmed for the presence of Cas9 gene, and 43 were confirmed
for the bar gene (Table 2.2). The 43 events in which both genes were detected were selected
for further experiments.

The 45 independent transformation events were tested for the presence of vector backbone
sequence outside the T-DNA region by PCR. Primers were designed to amplify a region of
the spectinomycin resistance (aadA) gene located outside the T-DNA left border. Of the 45
T0 events tested, only 10 events were free of the aadA sequence of the vector backbone (Fig.
2.5, Table 2.2).
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Figure 2.3 Representative gel picture of PCR amplification of a 219 bp fragment of the Cas9
gene in transgenic and wild-type (WT) tobacco plants. Lane 1, 100 nt DNA ladder (Axygen);
Lane 2, amplified Cas9 gene fragment from plasmid pFGC-pcoCas9; Lane 3, PCR product of
wild-type (WT) tobacco DNA; Lane 4 to 15, amplified Cas9 gene fragment from genomic
DNA of 12 T0 events (T0-7 to T0-18).

Figure 2.4 Representative gel picture of PCR amplification of a 600 bp amplicon of the bar
gene in transgenic and wild-type (WT) tobacco plants. Lane 1, 100 nt DNA ladder (Axygen);
Lane 2, amplified bar gene fragment from plasmid pFGC-pcoCas9; Lane 3, PCR product of
wild-type (WT) tobacco DNA; Lane 4 to 15, amplified bar gene fragment from genomic
DNA of 12 T0 events (T0-7 to T0-18).

Figure 2.5 Representative gel picture of PCR amplification of a 450 bp amplicon of
transgenic tobacco plants containing the aadA gene in transgenic and wild-type (WT) tobacco
plants. Lane 1, 100 nt DNA ladder (Axygen); Lane 2, amplified aadA gene fragment from
plasmid pFGC-pcoCas9; Lane 3, PCR product of wild-type (WT) tobacco DNA; Lane 4 to
14, PCR products of DNA of 11 T0 events (T0-8 to T0-18).
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Table 2.2 Summary of the result of PCR for confirming the presence of transgenes (Cas9,
bar) and backbone sequence (aadA) in the transgenic tobacco events
Transgenic events
T0-1
T0-2
T0-3
T0-4
T0-5
T0-6
T0-7
T0-8
T0-9
T0-10
T0-11
T0-12
T0-13
T0-14
T0-15
T0-16
T0-17
T0-18
T0-19
T0-20
T0-21
T0-22
T0-23
T0-24
T0-25
T0-26
T0-27
T0-28
T0-29
T0-30
T0-31
T0-32
T0-33
T0-34
T0-35
T0-36
T0-37
T0-38
T0-39
T0-40
T0-41
T0-42
T0-43
T0-44
T0-45

Cas9
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
32

bar
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

aadA
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

2.3.3 Expression of the bar gene
2.3.3.1 Glufosinate screening
On day 10 on the MS plates with glufosinate, the leaf tissues from the transformants were
greener than the WT leaf tissues (Fig. 2.6). The chlorophyll concentration index in the leaf
tissues of the putative transgenic events was reduced with higher concentrations of
glufosinate at day 10. However, the response was different for the tobacco transformants. The
CCI in the leaf tissues of the tobacco transformant T0-5 was higher than in other
transformants in all where the concentrations of glufosinate was less than 3.5 mg/L.
However, leaf tissues from all transgenic events had almost similar CCIs in 3.5 and 4 mg/L of
glufosinate (Fig. 2.7).

Figure 2.6 Effect of 2 mg/L glufosinate at day 10 on the leaves of tobacco plants. A, wildtype (WT) tobacco leaf fragments; B, transgenic leaf fragment from an event, T0-5.
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Figure 2.7 Chlorophyll concentration index (CCI) of leaf tissues of transgenic events (T0-5,
T0-6, T0-7, T0-8, and T0-28) and wild-type (WT) tobacco as influenced by different
concentrations of glufosinate after 10 days treatment. The bars are the least significant
difference (LSD) at 5% probability.

2.3.3.2 Glufosinate assay on leaves
Glufosinate concentrations of 2 mg/L and 5 mg/L were toxic when applied on leaves of WT
tobacco plants, and the effect was more severe at the higher concentration. From day 4, the
treated portion of WT leaf became pale when treated with 2 mg/L glufosinate. The symptoms
of glufosinate toxicity were patches of brown at week 2 and necrosis extending across the
whole leaf by week 3 (Fig. 2.8). When treated with 5 mg/L glufosinate, necrotic patches
appeared after 7 days in WT leaves. All transgenic plants tolerated 2 mg/L glufosinate; no
damage was observed. However, when transgenic plantlets were treated with 5 mg/L
glufosinate, the treated portion of leaves of events T0-37 and T0-40 started to become pale
green by week 3 (Table 2.3), but leaves of the rest of the transgenic events remained green.
This indicated that these transformants had the tolerance to glufosinate.
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Figure 2.8 Leaves of wild-type (WT) non-transgenic tobacco plants treated with 2 mg/L
glufosinate at days 0, 4, 11, and 19, compared with T0 event (T0-42) with the same treatment
at day 19.

Table 2.3 Responses of wild-type (WT) non-transgenic tobacco plants and transgenic events
(T0) to glufosinate treatment. 0, green healthy leaf, no damage; 1, pale green treated portion
of a leaf; 2, slight chlorosis only on treated leaf part; 3, necrosis on treated part of a leaf; 4,
necrosis progressing to other parts of a leaf; 5, severe necrosis
Plants

Glufosinate (2 mg/L)

Glufosinate (5 mg/L)

Week-1

Week-2

Week-3

Week-1

Week-2

Week-3

WT-1

2

3

4

3

4

5

WT-2

2

3

4

3

4

5

WT-3

2

3

4

3

4

5

WT-4

2

3

4

3

4

5

T0-37

0

0

0

0

0

1

T0-39

0

0

0

0

0

0

T0-40

0

0

0

0

0

1

T0-41

0

0

0

0

0

0

T0-42

0

0

0

0

0

0

T0-43

0

0

0

0

0

0

T0-45

0

0

0

0

0

0

2.3.4 Expression of Cas9 gene
2.3.4.1 Transcriptional analysis of transgenic events
To confirm RNA transcription in three confirmed transgenic events (T0-5, T0-8, and T0-28),
RT-PCR was done with Cas9-specific primers. RT-PCR analysis of total RNA showed bands
of the expected size of the transcript, confirming transcription of the Cas9 gene (Fig. 2.9). No
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transcription of the Cas9 gene was detected by RT-PCR in two transgenic events: T0-6, and
T0-7.

The Cas9 gene contains an intron of 193 bp. When the gene is transcribed, the intron is
spliced out, and so the transcript becomes 193 bp shorter than the gene sequence. The size of
the cDNA bands amplified by RT-PCR of RNA extracted from leaves of transgenic tobacco
(T0-5, T0-8, and T0-28) was 488 bp, showing that the intron had been spliced out after
transcription. PCR products of plasmid DNA and transgenic tobacco DNA from events T0-5,
T0-8, and T0-28 was used as positive controls. The band size of PCR products of the Cas9
gene of transgenic tobacco (T0-5, T0-8, and T0-28) DNA and plasmid pFGC-pcoCas9 DNA
was 681 bp (unspliced Cas9 gene fragment). For a negative amplification control, sterile
water instead of template DNA and WT tobacco DNA were used. No band was detected in
the PCR product of WT tobacco DNA and RT-PCR product of WT tobacco RNA (Fig. 2.9).

Figure 2.9 Agarose gel showing bands amplified by PCR of DNA and RT-PCR of RNA
extracted from leaves of wild type (WT) and transgenic tobacco (T0-5, T0-8, and T0-28)
using CasF-Intron and CasR-Intron primers. Results of the RT-PCR assay confirmed that the
Cas9 gene was transcribed in transgenic T0 plants. Lane 1, 100 bp DNA ladder (Axygen);
Lane 2, PCR product of the Cas9 gene from plasmid pFGC-pcoCas9; Lane 3, negative
control where sterile water was used as a template in PCR; Lane 4, PCR product of wild-type
(WT) tobacco DNA; Lane 5, RT-PCR product of wild-type (WT) tobacco RNA; Lane 6 to 8,
PCR products of DNA of T0 events T0-5, T0-8, T0-28 showing 681 bp unspliced Cas9 gene
fragment; Lane 9 to 11, RT-PCR products of RNA of T0 events T0-5, T0-8, T0-28 showing
488 bp spliced Cas9 gene fragment.
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2.3.4.2 Sequencing to prove transcription of Cas9
Genomic DNA sequence obtained by PCR and the transcript sequences of Cas9 obtained by
RT-PCR from transgenic plants were aligned, and it was confirmed that the 193 bp intron had
been spliced out after gene expression in the plant (Fig. 2.10).

Figure 2.10 Nucleotide alignments comparing genomic (T0-28, and pFGC-pcoCas9) and
transcript sequences (T0-5, and T0-28) of the Cas9 transgene indicating a 193 bp intron has
been excised after expression in transgenic plants.

2.4 Discussion
The objective of the experiments described in this chapter was to generate transgenic tobacco
plants that expressed Cas9. A Cas9-expressing tobacco plant would be a useful model for
studying gene function if a method was devised for systemic introduction of sgRNA to the
plant. Unknown to us when this work has begun, other groups of researchers were exploring
the same idea. They reported Cas9-overexpressing transgenic lines of N. benthamiana and A.
thaliana in which mutagenesis was directed by subsequent delivery of sgRNA (Ali et al.,
2015a; Ali et al., 2018; Yin et al., 2015a).
Since Agrobacterium-mediated leaf disc transformation was first devised for tobacco
(Horsch, 1985) a range of selectable markers have become available, including antibiotic and
herbicide tolerance genes, used to select transformed progeny (Sundar and Sakthivel, 2008).
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In a previous study, a glufosinate concentration of 5 mg/L was used to select transgenic
tobacco plants (Salehi et al., 2005). Experiments here were started using 5 mg/L glufosinate,
but leaf explants eventually turned brown, and high cell death was observed in the explants
tested (data is not presented). Another study showed that a glufosinate concentration of 1.5
mg/L was optimum for selection of transformed tobacco (Kutty et al., 2011). Based on this, a
slightly higher concentration of 2 mg/L glufosinate was used to reduce the chance of escapes
on selection plates. In subsequent experiments, 2 mg/L glufosinate was used to select calli,
and regenerate shoots and roots.
The level of tolerance to glufosinate at the T0 generation was tested both in in vitro and in
planta by measuring chlorophyll and assessing resultant damage. To assess glufosinate
sensitivity, the chlorophyll concentration index (CCI) of leaves was tested after glufosinate
treatment. Although all transformants exhibited greater glufosinate tolerance than WT, the
response was variable among different independent transgenic events in vitro, based on the
concentration of glufosinate and time of exposure. All transgenic plants were resistant to
glufosinate at 2 mg/L. However, the visible damage to tissues of transformed events T0-37
and T0-40 when treated in planta with 5 mg/L glufosinate at week 3 indicated their tolerance
was lower than that of other transgenic events. The variability of the expression of the bar
gene may depend on the site of T-DNA integration in the plant genome or transgene copy
number (Gelvin, 2003). If integration of the transgene is far from transcriptional-activating
enhancers or active parts of the genome, the expression could be low (Sundaresan et al.,
1995). Post-transcriptional gene silencing or co-suppression may also occur in transgenic
lines with multiple copies of transgenes if both sense and antisense transcripts are generated,
often associated with DNA methylation (Tang et al., 2006).
Confirmation of 44 putative transformants among the 45 events tested was done using PCR
with Cas9-specific primers. The integration of the bar gene was confirmed in 43 putative
transformants, apparently absent in two, although all 45 events were positive in glufosinate
selection plates. The escape rate for this selection system was 4.4%, whereas 50% of the
wheat plants selected on glufosinate were not transformed in a previous study (Nehra et al.,
1994). The most probable reason for these escapes could be the presence of chimerism (Costa
et al., 2002; Domínguez et al., 2004) that may cause uneven expression of the marker gene
during early stages of the regeneration process. Chimeras could be caused by the protection
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of non-transgenic cells from selective agents by surrounding bar-expressing cells
(Domínguez et al., 2004; Park et al., 1998).
The bar gene is located near the left border (LB) of the T-DNA. The T-DNA integrates from
the right border (RB) to the LB, and so genes close to the LB have a greater chance of nonintegration. In a study of transgenic rice plants, 70-78% of lines lacked intact T-DNA. There
were fewer copies of the bar gene (located at the LB) compared to the gus gene (situated at
the RB) (Afolabi et al., 2004). This finding is supported by another study on rice that showed
T-DNA deletion was more likely to occur at the LB than the RB (Kim et al., 2003).
Approximately 44% of transgenic events with incomplete T-DNA integration were found in
wheat genomes, and most of the events lost the bar gene situated near the LB (Wu et al.,
2006).
Confirming the transgenic nature of plants is more difficult if there is Agrobacterium
contamination. For confirming transformants, PCR is usually performed to amplify a specific
marker gene or gene-of-interest. Agrobacterium can persist in leaves, stem or roots of
transgenic plants. The presence of vector DNA in untransformed cells can give false positive
PCR results (Nain et al., 2005; Stewart Jr, 2016).
To determine whether plasmid backbone sequences outside the T-DNA region had integrated,
primers targeting the aadA gene were used. The aadA gene of pFGC-pcoCas9 is located
immediately outside the left border of the T-DNA. The aadA gene was found about threequarters of T0 transformants indicating that the single LB motif present in pFGC-pcoCas9
may have been ineffective at stopping integration beyond the T-DNA region. Other
researchers showed that about 75% of transgenic tobacco lines and transgenic maize events
contained vector backbone sequences (Kononov et al., 1997; Shou et al., 2004). Similarly, TDNA integrated with vector backbone sequences was present in 53-66% of transgenic rice
lines (Afolabi et al., 2004). The T-DNA did not terminate precisely at the left border due to
an inefficient cleavage reaction but continued and terminated somewhere further along the
vector backbone (Kohli et al., 2010). Consequently, integration of the vector backbone DNA
sequence is more frequently linked to the left T-DNA border than to the right border (Wang
et al., 2016b; Wu et al., 2006). As the integration of only one gene close to the LB outside the
T-DNA border was analysed in this study, it was not confirmed whether the truncated vector
backbone sequence was integrated or the complete vector backbone linked or unlinked to the
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RB was integrated into the tobacco genome. Integration of 87 sequences could have been
confirmed by testing T1 progeny of these plants, or by doing Southern analysis.
Integration of vector backbone sequences, such as the bacterial selectable marker gene or the
origin of replication in transgenic plants is unwanted. They could possibly cause pleiotropic
effects that would not be accepted in a commercial transgenic crop. Several methods have
been implemented to overcome this problem. The standard binary vector design has been
modified and a lethal gene incorporated in the non-T-DNA portion of the binary vector. This
reduced the number of tobacco plants containing vector backbone sequences by 78% (Hanson
et al., 1999). The addition of virulence (vir) genes to the vector backbone significantly
influenced the integration of backbone sequence, both in a positive or negative manner,
shown in rice (Vain et al., 2004). The modified LB repeat of T-DNA vectors by adding inner
and outer LB border regions (Podevin et al., 2006), insertion of two or three additional copies
of the LB sequences close to the original LB of the T-DNA (Kuraya et al., 2004) enhanced
the correct recognition of the LB repeat and reduced the transfer rate of backbone sequence in
transformants. The reduction of the integration of backbone sequences in transgenic wheat
plants was found by using T-DNA vectors with double LBs (Wang et al., 2016b).
Although transgenes were detected by PCR in explant DNA, Agrobacterium contamination
could still give false positive results. Transformation was further confirmed by testing the
expression of the Cas9 gene by RT-PCR and sequencing of cDNA at the transcriptional level.
RT-PCR and sequencing confirmed integration of the Cas9 gene in the tobacco genome.
Confirmation of expression at the protein level was not done in this study as a Cas9-specific
antibody (Yin et al., 2015b) was not available.
Seedlings of most transgenic events were morphologically similar when growing on
glufosinate selective plates. With a few exceptions, growth and development of most of the
transgenic plants were identical to wild-type plants when growing in a glasshouse under nonselective conditions. In the present study, it is important that a single copy of Cas9 is present
in plants for subsequent experiments as multiple copies of T-DNA are more affected by gene
silencing than plants with a single T-DNA (Sallaud et al., 2003; Tang et al., 2006). It was also
important to study segregation analysis of Cas9 for copy number and homozygosity to ensure
stable expression of Cas9 in subsequent generations. This will be discussed further in Chapter
3.
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Chapter 3
Homozygosity and transgene expression
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3.1 Introduction
A relatively constant level of transgene expression is expected in all tissues and at all stages
of plant development when regulated by a constitutive promoter. However, the expression
variations between transformation events are associated with the site of integration (position
effects), transgene copy number (dosage effects), and the extent of methylation at the
transgenic loci (Klöti et al., 2002; Nagy et al., 1985; Ülker et al., 1999). Transgene silencing
has been reported in several species including tobacco, A. thaliana, petunia, rice, and barley
(Alexander et al., 1990; Charrier et al., 2000; Kilby et al., 1992; Klöti et al., 2002; Linn et al.,
1990; Meng et al., 2006; Peerbolte et al., 1986; Weinhold et al., 2013; Zhu et al., 1991).

Transgenes are inherited as dominant traits and usually segregate at meiosis in a Mendelian
fashion depending on insert copy number, i.e. 3:1 (one locus), 15:1 (two loci), 63:1 (three
loci), and 255:1 (four loci) (Tizaoui and Kchouk, 2012; Vain et al., 2003; Yi et al., 2020). In
some cases, the inheritance pattern of transgenes does not follow expected patterns of
segregation (non-Mendelian inheritance) (Giacomini et al., 2019; Hensel et al., 2012).
Knowledge of transgene expression, inheritance and its stability are major prerequisites for
developing new transgenic cultivars, and for this reason a series of transgenic events are
usually generated, from which those with the desired properties are selected.

Transgenes may integrate one or more times at one locus, or different loci within the genome
(De Buck et al., 1999; Kumar and Fladung, 2000b; Zhu et al., 2010). Thus, multiple copies of
T-DNA can integrate as tandem repeats (direct repeats or inverted repeats orientation) that lie
adjacent to each other in transgenic lines (De Buck et al., 1999; De Neve et al., 1997;
Krizkova and Hrouda, 1998; Kumar and Fladung, 2000b). In some cases, higher levels of
transgene expression have been found in transformants with a single-copy gene insertion than
those with multiple copies at a single locus or with multiple loci (Hobbs et al., 1990). If two
T-DNA copies are located close to each other at a single locus or within a transgene
transcript, it can trigger transcriptional gene silencing (TGS) through promoter methylation
(Kumar and Fladung, 2000a) and post-transcriptional gene silencing (PTGS) of transgenes
(Ma and Mitra, 2002; Stam et al., 1997; Stam et al., 1998). Transgenic rice plants with
multiple T-DNA copies were more prone to down-regulation of expression at the posttranscriptional level than plants with a single T-DNA insertion (Sallaud et al., 2003).
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Similarly, transgene silencing associated with multiple inserts of a transgene was observed in
transgenic cell lines of white pine (Tang et al., 2006). The combination of both TGS and
PTGS triggered by a single transgene locus suppressed transgene expression in tobacco and
was more likely to occur for multiple copies of gene inserts (Mourrain et al., 2007). With this
in mind, it is generally preferable to select transgenic plants that contain only a single copy of
a transgene.

After initial transformation by T-DNA, a plant is hemizygous for the new gene, which acts as
a dominant allele. Hemizygous refers to the condition in which only one copy of a DNA
sequence is present in a diploid cell, visualised as B/-. After self-fertilisation, T1 progeny
exhibit three possible genotypes: homozygous (B/B), hemizygous (B/-) and null (-/-) for the
transgene. Mendelian genetics predicts that a selfed population containing a single transgene
integration event segregates at a genotype ratio of 1:2:1 (B/B:B/-:-/-) at T1, thus, about 25%
plants will be homozygous (B/B) for a single transgene locus (Passricha et al., 2016).
Determination of transgene zygosity is also essential to differentiate between the hemizygous
and homozygous lines. Caligari et al. (1993) found that single-copy homozygous transformed
parent expressed a transgene, GUS at a higher level (almost twice) than hemizygous F1
progeny in tobacco. Similarly, gene dosage of the cryIA gene influenced protein production homozygous T2 cotton made 14% more insecticidal protein than hemizygotes (Sachs et al.,
1998).

Selectable marker genes that express protein products conferring tolerance to antibiotics or
herbicides can be used to determine transgene copy number if tightly linked (Bastaki and
Cullis, 2015; Darqui et al., 2018; Tizaoui and Kchouk, 2012). As the selectable marker gene
bar is located immediately adjacent to the Cas9 gene, the segregation pattern for the bar gene
is likely to be identical to that of the Cas9 gene. Phosphinothricin acetyltransferase (PAT)
encoded by the bar gene detoxifies L-phosphinothricin (PPT), the active ingredient of the
herbicide glufosinate (D'Halluin et al., 1995; Thompson et al., 1987). Accurate selection of
bar-expressing transgenic seedlings can be done by observing morphological features in
glufosinate selection medium. Although selection of hemizygous, bar-expressing T0 plant
cells is achieved by exposing them to glufosinate, both homozygous (B/B) and hemizygous
(B/-) bar gene plants exhibit the same glufosinate-tolerance phenotype. To distinguish
between homozygous and hemizygous bar plants, segregation analysis at the T2-generation is
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required. If a T1 plant is homozygous for a single integration of bar, all of its T2 progeny will
exhibit the glufosinate-tolerance phenotype. However, if the T1 plant is hemizygous,
approximately 25% of the T2 progeny will have null bar alleles and so exhibit the
glufosinate-sensitive phenotype (Fig. 3.1).

Figure 3.1 Selection of homozygous plants expressing the bar transgene. The genotypes and
phenotypes of transgenics obtained in T1 and T2 populations are shown. Green seedlings
represent those tolerant to glufosinate, yellow seedlings = sensitive to glufosinate, B/- =
hemizygous progeny; B/B = homozygous transgenic progeny; -/- = homozygous nil-bar
progeny; the blue circle indicates the hemizygous parent as 25% offsprings being glufosinate
sensitive; red circle indicates the homozygous parent as all offsprings are glufosinate tolerant.

Expression of transgenes can change from generation to generation (Hagan et al., 2003;
Mitsuhara et al., 2006; Weinhold et al., 2013). The activity of transgenes in homozygous
plants may also be reduced in further generations, possibly from epigenetic effects like
methylation (Brandle et al., 1995; Klöti et al., 2002), and so the stability of a transgene
should be analysed over a number of generations.
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In Chapter 2, production of transgenic tobacco plants expressing Cas9-bar gene was
described. In this chapter, analysis of transgenes in those plants was described. Specifically,
the aims were:
(1) to determine the mode of inheritance of the bar transgene
(2) to differentiate transformed events containing single and multiple copies of the transgenes
(3) to identify single-copy homozygous lines by segregation analysis
(4) to test expression of bar, and Cas9 in subsequent generations.

3.2 Materials and methods
3.2.1 Plant materials
Production of transgenic tobacco plants was described in Chapter 2. The presence of bar and
Cas9 transgenes in 43 T0 events were confirmed by PCR. Seeds of 21 T0 events were
selected from these 43 events and used to analyse bar gene segregation patterns. These 21 T0
events were T0-5, T0-8, T0-11, T0-12, T0-13, T0-14, T0-15, T0-20, T0-23, T0-25, T0-26,
T0-27, T0-28, T0-30, T0-33, T0-35, T0-36, T0-37, T0-38, T0-41, and T0-42.

3.2.2 Segregation analysis of glufosinate tolerance in the T1
generation
T1 seeds (250-300) from plants representing 21 T0 events were surface-sterilised with
sodium hypochlorite and ethanol, as described in Chapter 2. Seeds were rinsed in sterile
distilled water four times, then blotted dry on sterile filter paper. They were then germinated
in plates containing MS basal salts (Sigma-Aldrich) (Murashige and Skoog, 1962)
supplemented with 30 g/L sucrose and 8 g/L agar (pH = 5.6-5.8). Seeds were cultured at
25°C under long-day conditions (16 h light / 8 h dark) until germination.

After 4-5 days, plates were marked with a 5 x 5 grid pattern and 25 T1 seedlings were placed
singly in a square on an MS plate supplemented with glufosinate. The concentration of
glufosinate used to test expression and segregation of the bar gene in T1 to T3-generation
plants was 3 mg /L. For each individual transgenic event, 100 T1 seedlings (each individual
seedling was considered a distinct T1 line) were screened on selection medium. The ratio of
glufosinate-sensitive to glufosinate-tolerant seedlings was scored at day 15 by counting
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numbers of seedlings that were chlorotic, and intolerant to glufosinate. Non-transgenic
glufosinate-sensitive wild-type (WT) tobacco seedlings were used as controls.
Chi-square tests of goodness-of-fit were performed to compare and measure significant
differences between the observed segregation ratio of seeds of each transgenic event with the
expected ratio. This test was used to determine whether segregation ratios were 3:1 (1 locus),
15:1 (2 loci) or 63:1 (3 loci). The test was conducted using Statistical Analysis Software
(SAS) University Edition (SAS Institute, North Carolina, USA) through the frequency
procedure (PROC FREQ) of the SAS software. The null hypothesis states that there is no
difference between the expected and the observed ratio. The null hypothesis was rejected
when the Chi-square statistic was bigger than the critical Chi-square value (Critical ChiSquare value = 3.84, α = 0.05, n = 2, df = 1) and p value was less than α (α = 0.05).

3.2.3 Detection of transgenes in T1 plants
After segregation analysis of 21 T0 events, nine events (T0-5, T0-8, T0-11, T0-12, T0-13,
T0-25, T0-26, T0-28, and T0-33) were selected based on their segregation ratios in the T1
generation. From one individual transgenic event, glufosinate-tolerant 15 lines/ individual
plants (based on phenotype) were selected and used to test for the presence of transgenes.
Five WT plants of the same genetic background were grown as controls.
Leaf samples were collected from each plant, and DNA was extracted from 30-40 mg of
ground tissue (Tapia-Tussell et al., 2005). PCR amplification of genomic DNA was done
using Cas9- and bar-specific primers (Table 3.1). The presence of Cas9 was tested using
forward primer CasF-Intron, and reverse primer CasR-Intron to amplify a 681 bp fragment of
the Cas9 gene. The 387 bp fragment of the bar gene was amplified using primers BarA and
BarB (Table 3.1). PCR analysis was performed in a 20 μL reaction mix containing 10 μL
GoTaq® Green PCR Master Mix (Promega), 1 μL of template DNA (200-300 ng), 1 μL (10
μM) of each primer, and 7 μL water. Positive (DNA of T0-5 event) and negative (wild-type
tobacco DNA) controls were also used to verify the results. The cycling conditions were 2
min at 96°C for denaturation, followed by 35 amplification cycles at 95°C for 10 s, 55°C (for
Cas9-specific primers) or 50°C (for bar-specific primers) for 30 s annealing, and a 72°C
elongation step for 30 s, followed by strand extension at 72°C for 7 min. The amplicons were
visualised after electrophoresis in 1.2% agarose gels containing SYBR™ Safe DNA gel stain
(Thermo Fisher Scientific).
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Table 3.1 Primers used to detect transgene DNA and RNA in T1 and T2-generations
Primer
CasF-Intron

Primer sequence 5’-3’
CACCAGATCCACCTTGGAGAG

CasR-Intron

GAAGCACTCGATCTTCTTGAAG

BarA (F)

ATTACCAATACATTACACTAG

BarB (R)

GTGTAGAGCGTGGAGCCCAGT

Purpose
Detection of Cas9

Fragment size (bp)
681 (with intron)
488 (without intron)

Detection of bar

387

3.2.4 Selection of T1 homozygous lines
T1 plants/lines from six T0 events (T0-11, T0-12, T0-13, T0-25, T0-26, and T0-33) with a
3:1 bar gene segregation ratio among 21 events tested were selected, allowed to mature and
produce seeds. Fifteen T1 lines from one individual event which were positive from
phenotypic and genotypic results were selected. All 15 T1 lines of all six T0 events were
transferred from plates to soil in the glasshouse. T2-generation seeds were obtained by selfing
T1 plants. Paper bags were used to cover flowers to prevent cross pollination. T2 seeds were
harvested from all 15 T1 lines of the six T0 events individually.
T1 lines derived from a single event T0-12 among six T0 events were selected to identify the
homozygous lines based on the availability of seeds. The T2 seeds of all 15 T1 lines (T112.1, T1-12.2, T1-12.3, T1-12.4, T1-12.5, T1-12.6, T1-12.7, T1-12.8, T1-12.9, T1-12.10, T112.11, T1-12.12, T1-12.13, T1-12.14, and T1-12.15) of T0-12 event were used in marker
gene selection method.
About 200-250 T2 seeds of each individual T1 line were surface-sterilised separately and
placed on plates using the same procedure described earlier for germination. After 4-5 days,
100 T2 seedlings of each individual T1 line were placed on four MS plates containing 3 mg/L
glufosinate as describe earlier. The number of green and yellow T2 seedlings were scored
corresponding to each T1 line at day 15.

3.2.5 Detection and expression of transgenes in T2 plants
3.2.5.1 DNA extraction and PCR amplification
T2 progeny of the homozygous line T1-12.2 were used to test for the presence of transgenes.
DNA was extracted from nine T2 plants after selection on plates supplemented with 3 mg/L
glufosinate for 30 days. DNA of nine T2 plants (T2-12.2.1 to T2-12.2.9) was extracted from
leaves. PCR analysis of genomic DNA was carried out to verify the presence of transgenes
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Cas9 and bar as described previously to check for the presence of both transgenes in the T2generation plants.

3.2.5.2 RNA extraction, cDNA synthesis and amplification
RNA was extracted from T2 progeny of the homozygous line T1-12.2. Total RNA of four T2
plants (T2-12.2.10 to T2-12.2.13) of line T1-12.2 was isolated from leaves by TRIzol®
Reagent (Invitrogen) using the manufacturer’s protocol. RQ1 RNase-Free DNase (Promega)
(1 U/μg) was added to the RNA samples and incubated at 37°C for 10 min to prepare the
DNA-free RNA. The cDNA was synthesised using in a 10 μL reaction mix containing 2 μL
GoScript™ 5X Reaction Buffer, 1 μL MgCl2 (25 mM), 0.5 μL GoscriptTM Reverse
Transcriptase (Promega), 0.5 μL dNTPs (10 mM deoxynucleotide triphosphates), 1 μL of
random primer (10 μM), 3 μL H2O, and 2 μL RNA sample (approximately 200-250 ng). The
reaction was incubated at 25°C for 5 min, 42°C for 60 min, and 70°C for 15 min. RNA and
cDNA were quantified on NanoDrop (ND-1000 spectrophotometer, ThermoFisher Scientific,
Australia) for assessing the samples’ purity. Amplification of cDNA synthesised from the
RNA was carried out by using Cas9-specific and bar-specific primers (Table 3.1) to confirm
the expression of the Cas9 and bar genes in T2-generation plants. The PCR conditions were
as described previously.

3.2.6 Detection and expression of transgenes in T3 plants
T2 plants were self-pollinated to obtain T3-generation seeds. T3 seeds were harvested from
two plants (T2-12.2.15, and T2-12.2.16) derived from line T1-12.2. Approximately five
hundred T3 seeds from each plant were surface-sterilised and placed on media plates (~250
seeds per plate) containing 3 mg/L glufosinate. The responses of seed germination and
growth of seedlings on glufosinate plates were recorded. WT tobacco seeds were used as
control.
A total of 12 T3 seedlings were used to monitor the presence and expression of the Cas9
gene. Six T3 seedlings (T3-12.2.15.1 to T3-12.2.15.6) derived from T2-12.2.15, and another
six T3 seedlings (T3-12.2.16.1 to T3-12.2.16.6) from T2-12.2.16 transferred to the new
media plates, and leaf samples were collected for DNA and RNA extraction from 30-day old
seedlings. DNA and RNA were extracted from leaves as described previously. The cDNA
was synthesised from approximately 200-250 ng RNA using the procedure described above.
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PCR of genomic DNA and cDNA was done using Cas9- and bar-specific primers (Table
3.1).
A flow chart of the experimental protocol is shown below (Fig. 3.2).

Figure 3.2 Flow chart of the experimental protocol to select T1 homozygous lines and
detection and expression of transgenes in T2 and T3-generation plants.

3.3 Results
3.3.1 Transgene inheritance in T1 generation
Segregation patterns for bar gene inheritance were recorded for 21 T0 events based on
survival after exposure to glufosinate. Both T1 seeds and non-transformed WT control seeds
were germinated on MS plates with glufosinate. As expected, all WT seedlings became
chlorotic in the presence of glufosinate. Although seeds were able to germinate, growth of the
WT seedlings was impaired, and root growth was retarded (Fig. 3.3). There was an obvious
difference in root development between the T1 and WT seedling types. Roots of WT
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seedlings were short, thin, slender and lacked most root hairs. In contrast, T1 seedlings
continued to grow and remained green and healthy. The hairy roots of transgenic seedlings
were healthy and grew vigorously on selection plates.

Figure 3.3 The growth of tobacco seedlings on selective medium containing 3 mg/L
glufosinate. A, shoot and root growth of wild-type seedlings; B, shoot growth of glufosinatetolerant T1 seedlings; C, root growth of wild-type seedlings; D, root growth of glufosinatetolerant T1 seedlings.
In the glufosinate selection plates, glufosinate-sensitive T1 seedlings resembled nontransgenic WT seedlings growing on selective medium. Glufosinate-tolerant T1 seedlings
remained green, the roots grew normally, and the plants thrived (Fig. 3.4). Six T0 events (T011, T0-12, T0-13, T0-25, T0-26, and T0-33) out of the 21 T0 events tested showed a 3:1
segregation ratio (glufosinate-tolerant: sensitive), indicating that a single bar gene integration
event had occurred. Nine events (T0-8, T0-14, T0-15, T0-20, T0-23, T0-27, T0-37, T0-38,
and T0-42) showed a 15:1 glufosinate-tolerant: sensitive ratio, indicating two unlinked
transgene integration events. Four events (T0-28, T0-35, T0-36, and T0-41) had a 63:1
glufosinate-tolerant:sensitive ratio, indicating three unlinked transgene integration events.
Events T0-5, and T0-30 appeared to fit both 15:1 and 63:1 ratios, indicating two or three bar
gene integration events (Table 3.2). The details of glufosinate resistant and sensitive
seedlings and the result of Chi-square tests are presented in the Appendices (Supplementary
Table 3.1, 3.2, and 3.3).

50

Figure 3.4 Glufosinate screening of T1 seedlings for expression of bar gene on MS plates
supplemented with glufosinate (3 mg/L). A, wild-type non-transgenic seedlings were
chlorotic and failed to thrive; B, T1 seedlings were green and healthy while non-transgenic
segregants were chlorotic and stunted.
Table 3.2 Segregation ratio analysis for bar gene expression in T1 generation of tobacco
plants
Events from which T1
seeds were derived

No. of T1 seedlings
Tolerant
Sensitive

Calculated ratio

T0-5

98

2

15:1 (~2 loci), 63:1 (~3 loci)

T0-8

90

10

15:1 (2 loci)

T0-11

80

20

3:1 (1 locus)

T0-12

82

18

3:1 (1 locus)

T0-13

81

19

3:1 (1 locus)

T0-14

90

10

15:1 (2 loci)

T0-15

92

8

15:1 (2 loci)

T0-20

95

5

15:1 (2 loci)

T0-23

91

9

15:1 (2 loci)

T0-25

69

31

3:1 (1 locus)

T0-26

77

23

3:1 (1 locus)

T0-27

95

5

15:1 (2 loci)

T0-28

100

0

63:1 (3 loci)

T0-30

97

3

15:1 (~2 loci), 63:1 (~3 loci)

T0-33

77

23

3:1 (1 locus)

T0-35

99

1

63:1 (3 loci)

T0-36

99

1

63:1 (3 loci)

T0-37

92

8

15:1 (2 loci)

T0-38

95

5

15:1 (2 loci)

T0-41

100

0

63:1 (3 loci)

T0-42

95

5

15:1 (2 loci)

Critical Chi-Square value = 3.84, α = 0.05, n = 2, df = 1
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3.3.2 Confirmation of T-DNA inheritance in T1 lines by PCR
Fifteen T1 lines from each of the nine T0 events (T0-5, T0-8, T0-11, T0-12, T0-13, T0-25,
T0-26, T0-28, and T0-33) were selected at random after glufosinate screening. PCR results
confirmed the presence of 681 bp fragment of Cas9 gene in all T1 lines tested (Fig. 3.5, Table
3.3): this was absent in the WT plants. Presence of the 387 bp fragment of the bar gene was
also confirmed in all lines of the tested events (Fig. 3.6, Table 3.3).

Figure 3.5 Representative gel picture of PCR amplification of the 681 bp fragment of the
Cas9 transgene from T1-generation of tobacco plants. Lane 1, 100 bp DNA ladder (Axygen);
Lane 2, amplified Cas9 gene fragment from genomic DNA of T0-5 event (positive control);
Lane 3, PCR product of wild-type tobacco DNA; Lanes 4 to 12, amplified Cas9 gene
fragment from DNA of nine T1 lines of T0-5 event (T1-5.1 to T1-5.9).

Figure 3.6 Representative gel picture of PCR amplification of the 387 bp fragment of the bar
gene from T1-generation of tobacco plants. Lane 1, 100 bp DNA ladder (Axygen); Lane 2,
PCR product of wild-type tobacco DNA; Lane 3, amplified bar gene fragment from DNA of
T0-5 event (positive control); Lane 4 to Lane 18, amplified bar gene fragment from DNA of
the 15 T1 lines from T0-12 event (T1-12.1 to T1-12.15).
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Table 3.3 Summary of PCR detections for confirming the presence of transgenes (Cas9 and
bar) in T1 lines and wild-type (WT) tobacco plants
T0 Events

No of T1 lines tested

Cas9

bar

T0-5

15 ( T1-5.1 to T1-5.15)

+

+

T0-8

15 (T1-8.1 to T1-8.15)

+

+

T0-11

15 ( T1-11.1 to T1-11.15)

+

+

T0-12

15 ( T1-12.1 to T1-12.15)

+

+

T0-13

15 ( T1-13.1 to T1-13.15)

+

+

T0-25

15 ( T1-25.1 to T1-25.15)

+

+

T0-26

15 ( T1-26.1 to T1-26.15)

+

+

T0-28

15 ( T1-28.1 to T1-28.15)

+

+

T0-33

15 ( T1-33.1 to T1-33.15)

+

+

WT

5 (WT.1 to WT.5)

-

-

3.3.3 Selection of homozygous T1 lines
Segregation patterns for bar gene inheritance were recorded for 15 T1 lines of T0-12 event
based on glufosinate screening. The two types of phenotypes present were green and yellow
(Fig. 3.7). Among the 15 lines, six (T1-12.2, T1-12.3, T1-12.4, T1-12.6, T1-12.7, and T112.12) were homozygous, because all T2 seedlings were green and grew vigorously on MS
medium with glufosinate (Table 3.4). For the remaining nine T1 lines, ~75% of seedlings
were green, and ~25% were yellow (glufosinate sensitive) indicating the parents were
hemizygous (Table 3.4).

Figure 3.7 Glufosinate-tolerance screening of T2 tobacco seedlings to determine the
difference between homozygous and hemizygous T1 lines. A, T2 seedlings from the parent
line T1-12.2; B, T2 seedlings from the parent line T1-12.15; green seedlings = tolerant to
glufosinate; yellow seedlings = sensitive to glufosinate.
53

Table 3.4 Results of glufosinate screening of T2 seedlings from different parent T1 lines of
the event T0-12 to differentiate between homozygous and hemizygous T1 lines
Lines

Zygosity

T1-12.1

Hemizygous

T1-12.2

Homozygous

T1-12.3

Homozygous

T1-12.4

Homozygous

T1-12.5

Hemizygous

T1-12.6

Homozygous

T1-12.7

Homozygous

T1-12.8

Hemizygous

T1-12.9

Hemizygous

T1-12.10

Hemizygous

T1-12.11

Hemizygous

T1-12.12

Homozygous

T1-12.13

Hemizygous

T1-12.14

Hemizygous

T1-12.15

Hemizygous

3.3.4. Transgene inheritance and transcriptional analysis of bar
and Cas9 in T2 plants
PCR amplification was done with extracted DNA from nine T2 plants (T2-12.2.1 to T212.2.9) leaves to confirm T-DNA inheritance. Nine T2 plants were positive, as indicated by
the amplification of 681 bp fragment representing the Cas9 gene (representative gel picture,
Fig. 3.5), and 387 bp fragments of the bar gene (representative gel picture, Fig. 3.6) which
were absent in WT plants.

RT-PCR assays confirming transcription of the Cas9 (Fig. 3.8) and bar genes (Fig. 3.9) of
four plants (T2-12.2.10 to T2-12.2.13). Transcription of Cas9 gene was confirmed by RTPCR analysis where the smaller amplicon indicated that 193 bp intron was spliced out, and
transcripts were shorter than the complementary 681 bp DNA fragment. There is no intron in
the bar gene; therefore, the transcript and the size of the bar gene was the same. There was
no amplicon detected for the two primer sets in WT tobacco. Additionally, no genomic DNA
contamination was detected in any RNA sample.
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Figure 3.8 Agarose gel showing bands amplified by PCR from DNA and RT-PCR of RNA
extracted from leaves of wild-type and T2-generation tobacco plants using CasF-Intron and
CasR-Intron primers. Results of the RT-PCR assays confirm that the Cas9 gene is transcribed
in T2-generation plants. Lane 1, 100 bp ladder (Axygen); Lane 2, negative control where
sterile water was used as a template in PCR; Lane 3, PCR product of wild-type tobacco DNA
(negative control); Lane 4, PCR product of DNA of T0-12 event; Lane 5, PCR product of
DNA of line T1-12.2; Lane 6, PCR product of DNA of T2-12.2.1; Lane 7-10, RT-PCR
product of cDNA of T2-12.2.10, T2-12.2.11, T2-12.2.12, T2-12.2.13.

Figure 3.9 Agarose gel showing bands amplified by PCR of DNA and RT-PCR of RNA
extracted from leaves of wild-type and T2-generation tobacco plants using BarA (F) and
BarB (R) primers. Results of an RT-PCR assay confirms that the bar gene was expressed in
T2 plants. Lane 1, 100 bp ladder (Axygen); Lane 2, PCR product of DNA of event T0-5;
Lane 3, PCR product of DNA of wild-type tobacco; Lane 4, PCR product of DNA of T0-12
event; Lane 5, PCR product of DNA of line T1-12.2; Lane 6, PCR product of DNA of T212.2.1; Lane 7, PCR product of DNA of T2-12.2.2; Lane 8, RT-PCR product of cDNA of T212.2.10, Lane 9, RT-PCR product of cDNA of T2-12.2.11; Lane 10, RT-PCR product of
cDNA of T2-12.2.12; Lane 11, RT-PCR product of cDNA of T2-12.2.13.
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3.3.5 Transgene inheritance and transcriptional analysis of bar
and Cas9 in T3 plants
The germinated WT seedlings (controls) were chlorotic with the reduced shoot and root
growth on MS plates with glufosinate. Alternatively, all T3 seedlings from homozygous
plants, T2-12.2.15 and T2-12.2.16 were green, remained healthy and grew vigorously on
glufosinate medium. Data was recorded at day 30 after planting the seeds.

Twelve T3 seedlings derived from T2 plants (T2-12.2.15, and T2-12.2.16) of line T2-12.2
were positive for both the Cas9 and bar gene. Bands of 681 bp long fragments indicating the
presence of Cas9 gene in transgenic plants, which were absent in WT tobacco plants (Fig.
3.10). There was no genomic DNA contamination detected in the results of RT-PCR analysis.
Bands of 387 bp fragments of bar gene were amplified in PCR and RT-PCR analysis.

Figure 3.10 Gel electrophoresis of a PCR and RT-PCR assay confirming the Cas9 gene
expression in T3 plants. Lane 1, 100 bp ladder (Axygen); Lane 2, PCR product of DNA of
WT tobacco; Lane 3-4, PCR product of DNA of T3-12.2.15.1, and T3-12.2.15.2; Lane 5-10,
RT-PCR product of cDNA of T3-12.2.15.1, T3-12.2.15.2, T3-12.2.15.3, T3-12.2.15.4, T312.2.15.5, and T3-12.2.15.6; Lane 11-12, PCR product of DNA of T3-12.2.16.1, and .T312.2.16.2; Lane 13-18, RT-PCR product of cDNA of T3-12.2.16.1, T3-12.2.16.2, T312.2.16.3, T3-12.2.16.4, T3-12.2.16.5, and T3-12.2.16.6.
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3.4 Discussion
The objective of the experiments described was to select transgenic homozygous tobacco
lines with a single transgene locus. The reason for this was to avoid potential silencing of the
transgene due to multi-copy insertions. Using the transgenes as phenotypic markers revealed
Mendelian segregation patterns indicating there were events containing one, two and three
transgene loci. Although the study of segregation patterns by marker selection provides an
estimated gene copy number, it is possible that two or more transgene repeats could occur at
a locus, but it would appear as one copy because of tight linkage. Such multi-copy, single
locus plant lines would be indistinguishable by segregation analysis from plants in which a
single T-DNA was present. Further analysis is required to differentiate such events.

Southern blots (Southern, 1975) have been used for estimating transgene copy number
(Christou et al., 1989; Kuai et al., 2001), although Southern analysis may not be able to
distinguish between single copy or tandem inverted repeats (Ingham et al., 2001). PCR-based
methods that can also be used to estimate copy number are quantitive PCR (qPCR) (Yuan et
al., 2007), Thermal Asymmetric Interlaced PCR (TAIL PCR), and droplet digital PCR
(ddPCR) (Collier et al., 2017). ddPCR is a recently-developed method for determining
transgene copy numbers and estimating zygosity of transgenic lines. It is accurate and fast
and enables distinction of homozygous and hemizygous individuals (Collier et al., 2017;
Głowacka et al., 2016). Direct sequencing of the transgene locus by ‘next generation’
sequencing (NGS) can be used to determine exact copy number and insertion locations of
transgenes in plant genomes (Guttikonda et al., 2016). For example, a combination of optical
mapping and nanopore sequencing was applied in recent work on A. thaliana to determine
the size and structure of inserted T-DNA as well as identify genomic changes by T-DNA
integration at the single-base level (Jupe et al., 2019).

All the events tested in the present study carried single (29% of plants tested), double (43%),
or triple (19%) T-DNA copies/loci suggesting the segregation of T-DNA loci in Mendelian
fashion. Stable Mendelian segregation of the bar gene has been reported in other crops
including rice, soybean, and oats (Chen et al., 1998; Kuai et al., 2001; Perret et al., 2003;
Yong et al., 2006). Transgenic plants segregating in a Mendelian pattern with a single insert
for the transgene are highly desirable because gene expression pattern and transgene
behaviour are more predictable than with multi-copy events. Multiple copies of transgenes
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are sometimes linked with gene silencing (Sallaud et al., 2003; Tang et al., 2006). In the
present study, the inheritance and segregation pattern of the bar gene provided a way of
selecting transformed events containing single insertion. The segregation data also indicated
that the bar gene was transmitted sexually from parents to its progeny, and the bar gene was
expressed.

T1 lines carrying T-DNA for a single locus were selected based on their response on medium
containing glufosinate. T1 lines from one T0 event was used to identify homozygous plant
and 40% lines (six among 15 lines) tested were homozygous. The phenotypic variability was
observed in heterozygous and homozygous plants due to the transgene dosage effect (Dai et
al., 1999). The variability of transgene expression caused by transgene doses in homozygotes
and hemizygotes was also reported in previous studies (Caligari et al., 1993; Sachs et al.,
1998). T2 and T3 plants from a homozygous T1 line (T1-12.2) derived from a single T0
event (T0-12) expressing Cas9 were selected to use in further studies.

Moreover, the study of transgene expression of Cas9-expressing plants was mandatory before
using these plants in further experiments. Previous studies reported that transgene instability
of the bar gene could occur in subsequent generations (Bregitzer and Tonks, 2003). In
another study, tobacco transformed by Agrobacterium showed segregation patterns for
neomycin phosphotransferase (NptII) genes following both Mendelian and non-Mendalian
fashion, some of the loci were unstable in the T3 generation (Tizaoui and Kchouk, 2012). In
the present study, for all selected transgenic events, the tested lines and their progeny were
positive for the presence of the selectable marker gene, bar, and Cas9. The stable integration
of the Cas9 and bar gene was shown for plants of three generations. Transcriptional analysis
of bar and Cas9 confirmed the expression of both genes at the T3 generation.

In conclusion, transformation, selection, and segregation analyses enabled the identification
of single-locus, homozygous, transgenic tobacco plants expressing the Cas9 and bar gene. A
plant line (T2-12.2) was chosen to use in subsequent experiments. Of note was the
observation that a few transgenic plants had unusual morphologies. Such observations show
that it is important to monitor the morphology of transgenic plant during growth and
development. Analysis of plants with unusual morphologies is presented in Chapter 4.
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Chapter 4
Morphology of transgenic tobacco plants expressing
Cas9 and bar
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4.1 Introduction
The usual purpose of plant transformation is to develop transgenic plants and identify events
with a slightly modified genome that exhibit one or more novel or desired traits. Although
genetic modification is more precise than conventional breeding, unexpected or unintended
characteristics can rarely be observed in transgenic plants. Unexpected or unintended
characteristics can occur from positional effects of transgene integration into the genome,
pleiotropic effects of transgene expression, or by somaclonal variation associated with tissue
culture processes.

Addition of unexpected DNA can originate either from the recipient plant genome or from TDNA sequences near the borders of Ti plasmids (Kim et al., 2003; Kumar and Fladung, 2002;
Windels et al., 2003). Changes in gene expression may occur when transgene insertion occurs
near or in an endogenous plant gene, or a regulatory element that controls expression of an
endogenous gene(s). Such insertions may inhibit the function of the gene, change levels of
gene expression, or modify protein products encoded by a gene. Chromosomal
rearrangements and deletions of regions of plant chromosomes as a consequence of the
integration of T-DNA have been found (Gheysen et al., 1987; Kim et al., 2003; Kumar and
Fladung, 2002).

To put such changes in perspective, unintended effects are not unique to transgenic genetic
modification: such changes also occur during conventional breeding following intraspecific
or interspecific crosses, or chemical and radiation-induced mutagenesis (Ashikari et al., 2002;
Thomas et al., 1998). For example, potatoes synthesise secondary metabolites,
glycoalkaloids, which have both harmful and beneficial effects in the diet (Friedman, 2006).
Undesirably high levels of natural toxic steroidal glycoalkaloids from Solanum vernei were
transmitted to cultivated potato lines by conventional crossing (Van Gelder and Scheffer,
1991). In conventional breeding, thousands of new combinations of genetic material (i.e.
crosses) are screened to find progeny better than the parents.

Somaclonal variation sometimes can occur when plant cells are grown as disorganised calli in
culture and then shoots regenerated via organogenesis or somatic embryogenesis. Somaclonal
variation is usually the result of mutagenesis, rearrangements of chromosome segments,
epigenetic changes or even complete chromosome loss. Although it can be a source of useful
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novel mutation, it is also a source of unintended phenotypic variation. Changes created by
somaclonal variation can vary from minor changes to dramatic growth retardation,
morphological changes and yield loss, but occasionally useful mutants can found, such as
thornless blackberries (Norton and Skirvin, 1997). Phenotypic alterations and DNA changes
caused by somaclonal variation in plant genome tend to be more common in polyploid
species such as potato and have been reported to occur in regenerated plants species such as
rice, potato, sugarcane, barley and poplar (Arencibia et al., 1998; Arencibia et al., 1999;
Bordallo et al., 2004; Bregitzer et al., 1998; Labra et al., 2001; Wang et al., 1996).

In most biological pathways, gene regulatory networks are controlled by transcription factors
that can regulate downstream genes. Through insertional mutagenesis, T-DNA insertion
could affect the expression of downstream genes directly or indirectly, and thus contribute to
changing phenotypes (Ichikawa et al., 2003; Ko et al., 2018). For example, plant architecture
may be modified by altering gene expression related to hormone metabolism. Plant hormones
include auxin, abscisic acid, ethylene, gibberellins, cytokinins and brassinosteroids which
regulate plant shape and form by modifying the expression of genes involved in these
processes (Mawphlang and Kharshiing, 2017; Nemhauser et al., 2006).

An overall aim of this project was to generate Cas9-expressing plants as a tool to study gene
function by subsequent introduction of gene-specific sgRNAs. It is desirable that such a tool
differs from wild-type (WT) parent plants only in the traits expressed from the transgenes. In
this chapter transgenic tobacco plants expressing Cas9 and bar were studied for visible
morphological differences unrelated to either transgene. The aims of the experimental work
described here were:
(1) to assess the morphological traits of transgenic plants expressing Cas9-bar cassette under
glasshouse conditions
(2) to compare the morphological traits of transgenic plants with traits of wild-type plants.

4.2 Materials and methods
Two experiments (Expt 1 and Expt 2) were undertaken in a glasshouse. Expt 1 was carried
out from June to October 2019, and Expt 2 was done from August to December 2019.
Although Expt 2 is a repeat of Expt 1, these were not considered as direct replicates because
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the day-length differed. Prior to the glasshouse experiment, tests were carried out to
determine the germination efficiency of seeds of WT compared to transgenic seeds.

4.2.1 Germination test
There were two treatments: seeds from a single non-transgenic WT tobacco plant of cultivar
Wisconsin 38 and those from a single homozygous transgenic Wisconsin 38 tobacco line T112.2 expressing the Cas9-bar cassette derived from a single event (T0-12). T2 plants derived
from this line were also used in subsequent experiments. Five batches of 100 seeds were used
for each treatment. Each batch of 100 seeds was spread on the potting mix (as described in
chapter 2) in germination trays (22.5 x 22.5 x 4.0 cm). Trays were covered with polythene
bags to keep the moisture level constant until germination occurred under natural light. Then
they were placed in a controlled environment chamber (22 ± 5 °C and 16 hours light) in the
PC2 lab. The experiment was conducted twice.

4.2.2 Glasshouse experiment
The two treatments, WT tobacco plants and T2 transgenic plants from a homozygous line
(T1-12.2) expressing the Cas9-bar cassette were used in both experiments. Twelve plants per
treatment were used in both experiments.

Twelve seedlings germinated in the PC2 lab were selected from each treatment. The
seedlings were transplanted individually on 40 days after sowing (DAS) into 4-L pots [21 cm
diameter (D) at the top; 15.5 cm D at the bottom and 17 cm high] at one seedling per pot. The
pots were randomly arranged on benches in a temperature-regulated PC2 glasshouse (23 ±
5°C) and rearranged randomly on a weekly basis to reduce growth variability due to location.
Water and nutrient treatments were the same for all pots throughout the experiment.

4.2.3 Data collection
4.2.3.1 Percent germination
The data on germination count was collected on 10 DAS. Percent germination was calculated
as follows:
% Germination =

Number of seeds germinated
× 100%
Number of seeds sown
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4.2.3.2 Morphological parameters
Data were recorded from the 12 plants of each treatment for vegetative traits including plant
height, stem diameter and leaf traits. Leaf traits were the number of leaves and leaf area.
Floral traits selected for data collection were length of the flower, circumference of flower
tube, days to flower burst and 50% flowering. Fruit-related traits were the number of
capsules, length and width of the capsule. Data were also recorded for leaf chlorophyll
content (as below). The data related to plant vegetative traits and leaf chlorophyll content
were recorded twice: on 40 and 80 days after transplanting (DAT). The data on the flowerand fruit-related traits were collected only once.

Plant height was measured from the base of the stem to the top of the growing tip. To take
data on stem diameter, three locations were selected on each plant and measurements on
circumference recorded using a measuring tape. These measurements were taken 5 cm from
the base of the stem, 5 cm below the growing tip, and mid-way between the soil level and the
tip of the plant. The circumference was converted to diameter by dividing the circumference
by a mathematical constant, Pi (3.14).

The number of leaves on each plant was recorded, including leaves just beginning to emerge.
Leaf area was recorded non-destructively from three fully expanded leaves (6th, 7th and 8th
leaf counted from the base of the plant) on the main shoot of the plant. The leaves were
numbered, and the area of each leaf was determined as follows:

LA = k (L  W)
Where:
LA = Leaf area (cm2)
k = Empirical constant (0.653) for tobacco (N. tabacum L., cv. McN-944) (Moustakas and
Ntzanis, 1998)
L = Length (cm) of the leaf blade
W = Width (cm) of the leaf blade at the widest point

Leaf chlorophyll concentration index (CCI) was recorded between 10 am and 12 pm from the
same 6th, 7th and 8th leaf used to determine leaf area using a leaf chlorophyll meter (CCM-200
Plus, Apogee Instruments Inc. USA). Readings were taken from three locations on the leaf
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blade: at the leaf base, in the middle and near the leaf tip of each leaf at the adaxial (upper)
surface of the leaf, avoiding the midrib and major veins.

For floral traits, one flower was randomly selected from one individual plant of each
treatment (12 plants per treatment), and measurements on the circumference of flower tubes
and length of the flower were recorded using a measuring tape. The length of the flower was
measured as the distance between the base of the corolla and the top of the corolla disc. The
circumference of the flower tube was measured at the middle of the tube. The day of first
flower opening (anthesis) was recorded, and the number of flowers per plant was counted
one-day interval after first flower emergence. The number of days required to reach 50%
flowering was recorded for all plants in each treatment.

The number of capsules of plants from both treatments was recorded at 80 DAT. One
randomly-selected capsule for each plant (total of 12 plants per treatment) was used to
measure capsule length and width. The width was measured at the widest point of the
capsule.

4.2.3.3 Dry matter
Biomass production such as dry weight of leaves, stems and 1000-seed weight was measured.
Three plants per treatment were used for biomass data collection. Harvesting was done at 90
DAT. Above-ground parts of all plants were divided into stems, leaves, and capsules. Stems
were chopped, stems and leaves were placed in separate paper bags and dried in an oven at
65°C for 72 h. Weight was recorded in grams (g) after complete drying.

Three completely dried capsules were collected randomly from each three WT and three
transgenic plants (nine capsules per treatment). Seeds were removed from capsules manually,
and one thousand seeds were counted from individual capsules and separated. The 1000-seed
weight was recorded in grams (g).

4.2.3.4 Plant structure observation
During the whole growth stage, all transgenic tobacco plants were observed and compared
with WT plants to assess whether there were any visual morphological abnormalities. Data
were collected, and photographs were taken.
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The length of flower and circumference of flower tubes of five normal and fused flowers
collected from transgenic plants were measured as described earlier. Moreover, 1000-seed
weight (g) was taken from three transgenic normal and fused capsules.

4.2.4 Data analysis
Statistical analysis was done using STAR (Statistical Tool for Agricultural Research) version
2.0.1. The data were subjected to statistical analysis using a Two Independent Sample t-Test
to test whether the transgenic plants were different from the WT plants. The null hypothesis
was that WT and transgenic plants were not different. Data are presented as the mean ±
standard error (SE) and p-value. A p-value of 0.05 or less (*, p ≤ 0.05; **, p ≤ 0.01; and ***,
p ≤ 0.001) was considered as statistically significant.

4.3 Results
4.3.1 Germination test
There was no significant difference (p-value > 0.05) in seed germination between WT and
transgenic plants. Seeds from both treatments (WT and transgenic) had over 90%
germination in both experiments (Table 4.1).

Table 4.1 Seed germination percentage of transgenic plants compared to wild-type (WT)
Experiment

Expt 1

Seeds
planted in
each
treatment
500

Expt 2

500

Wild-type
Seeds
%
germinated germination

Transgenic
Seeds
%
germinated germination

p-value

474

94.80 ± 1.32

479

95.80 ± 0.66

> 0.05, NS

460

92.00 ± 1.41

464

92.80 ± 1.07

> 0.05, NS

The values indicate the mean ± standard error. NS indicates not significant.

4.3.2 Comparison of plant height and stem diameter
WT and transgenic plants did not differ in plant height and stem diameter at 40 DAT (Table
4.2). However, at 80 DAT, the transgenic plants were 27 (Expt 2) and 28 (Expt 1) cm taller
than the WT plants. In the case of stem diameter, transgenic plants had approximately 14%
reduced stem diameter than WT in both experiments at 80 DAT.
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Table 4.2 Plant height and stem diameter of transgenic plants compared to wild-type (WT)
Experiment

Parameter

DAT

Wild-type

Transgenic

p-value

Expt 1

Plant height (cm)

40

95.83 ± 2.5

88.83 ± 3.75

> 0.05, NS

80

108.33 ± 2.24

135.92 ± 3.57

< 0.001, ***

40

1.45 ± 0.04

1.44 ± 0.03

> 0.05, NS

80

1.45 ± 0.04

1.25 ± 0.02

< 0.001, ***

40

100.08 ± 5.38

92.08 ± 3.64

> 0.05, NS

80

116 ± 1.88

143.25 ± 2.79

< 0.001, ***

40

1.44 ± 0.03

1.43 ± 0.04

> 0.05, NS

80

1.43 ± 0.03

1.23 ± 0.02

< 0.001, ***

Stem diameter (cm)

Expt 2

Plant height (cm)

Stem diameter (cm)

The values indicate the mean ± standard error. DAT = days after transplanting; NS indicates
not significant; *** indicates significant at p ≤ 0.001.

4.3.3 Leaf trait comparison of WT and transgenic plants
Significant differences in leaf traits were seen in the number of leaves, leaf area and CCI
values at 80 DAT (Table 4.3). The transgenic plants had twice the number of leaves than WT,
which was 15 (Expt 1) and 17 (Expt 2) on an average per plant at 80 DAT. However, the leaf
area of selected leaves of transgenic plants was 29% less than WT. The leaves of all the
transgenic plants were green and fleshy similar to the WT plant leaves, and the CCI value of
the leaf tissue for both types of plants was similar at 40 DAT. Transgenic plants had
approximately 1.6 times less chlorophyll content than WT plants at 80 DAT.
Table 4.3 Leaf traits of transgenic plants compared to wild-type (WT)
Experiment

Parameter

DAT

Wild-type

Transgenic

p-value

Expt 1

Leaf number

40

12.5 ± 0.29

19 ± 0.49

< 0.001, ***

80

15.33 ± 0.33

35 ± 0.69

< 0.001, ***

40

493.91 ± 19.3

336.04 ± 20.24

< 0.001, ***

80

537.4 ± 19.63

380.95 ± 17.72

< 0.001, ***

40

11.69 ± 0.48

11.86 ± 0.44

> 0.05, NS

80

3.38 ± 0.15

2.11 ± 0.06

< 0.001, ***

40

14.42 ± 0.19

19 ± 0.64

< 0.001, ***

80

17 ± 0.33

34.25 ± 0.84

< 0.001, ***

40

500.16 ± 24.1

365.14 ± 15.59

< 0.001, ***

80

506.02 ± 23.92

373.31 ± 15.97

< 0.001, ***

40

10.91 ± 0.48

11.21 ± 0.26

> 0.05, NS

80

2.76 ± 0.17

1.69 ± 0.07

< 0.001, ***

Leaf area (cm2)

Leaf CCI

Expt 2

Leaf number

2

Leaf area (cm )

Leaf CCI
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The values indicate the mean ± standard error. Leaf area represents average areas of leaf 6th,
7th, and 8th on the main shoot; DAT = days after transplanting; NS indicates not significant,
*** indicates significant at p ≤ 0.001.

4.3.4 Floral traits of transgenic and WT tobacco plants
All transgenic plants displayed a delayed flowering phenotype. All plants flowered later than
the WT plants and the time to 50% flowering was delayed (Table 4.4). The first flower of
transgenic plants opened an average of 14 d (Expt 1) and 15 d (Expt 2) later than the WT
plants. In Expt 1 and Expt 2, transgenic plants took an average 56 to 57 DAT, respectively, to
reach 50% flowering which were 41 to 42 for WT plants. No differences were observed in
the length and circumference of flower tubes between transgenic and WT plants.

Table 4.4 Flower-related traits of transgenic plants compared to wild-type (WT)
Experiment

Parameter

Wild-type

Transgenic

p-value

Expt 1

Days to 1st flower opening (d)

34.17 ± 0.27

47.83 ± 0.75

< 0.001, ***

Days to 50% flowering (d)

42 ± 0.51

56.42 ± 0.78

< 0.001, ***

Flower length (cm)

5.38 ± 0.08

5.23 ± 0.07

> 0.05, NS

Circumference of flower tube (cm)

1.44 ± 0.03

1.47 ± 0.03

> 0.05, NS

Days to 1st flower (d)

33.75 ± 0.82

49.08 ± 0.85

< 0.001, ***

Days to 50% flowering (d)

40.83 ± 0.73

57.08 ±1.11

< 0.001, ***

Flower length (cm)

5.46 ± 0.12

5.40 ± 0.09

> 0.05, NS

Circumference of flower tube (cm)

1.47 ± 0.03

1.45 ± 0.03

> 0.05, NS

Expt 2

The values indicate the mean ± standard error. NS indicates not significant, *** indicates
significant at p ≤ 0.001.

4.3.5 Fruit-related traits of transgenic and WT tobacco plants
The WT and transgenic plants did not show any significant differences in the number of fruit
(capsules) per plant in both experiments (Table 4.5). On average, the number of the capsule
was approximately 57 to 68, respectively. Moreover, the WT and transgenic capsules did not
differ significantly in length and width.
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Table 4.5 Fruit-related traits of transgenic plants compared to WT plants
Experiment

Parameter

Wild-type

Transgenic

p-value

Expt 1

Capsule number

67.75 ± 3.62

59.92 ± 1.32

> 0.05, NS

Capsule length (cm)

2.43 ± 0.05

2.38 ± 0.05

> 0.05, NS

Capsule width (cm)

1.24 ± 0.03

1.25 ± 0.05

> 0.05, NS

Capsule number

65.33 ± 4.58

57 ± 4.43

> 0.05, NS

Capsule length (cm)

2.37 ± 0.07

2.41 ± 0.04

> 0.05, NS

Capsule width (cm)

1.23 ± 0.03

1.18 ± 0.05

> 0.05, NS

Expt 2

The values indicate the mean ± standard error. NS indicates not significant.

4.3.6 Biomass data
The stem dry weight of transgenic plants was approximately twice that of the WT plants in
Expt 1 (Table 4.6). In Expt 2, there were no significant differences in stem dry weight per
plant between the transgenic and WT plants. Stem dry weight of WT plants was twice that in
Expt 2 than in Expt 1. The leaf dry weight did not differ significantly between the WT and
transgenic plants in both experiments. For the mean 1000-seed weight, no significant
differences were observed in both types of plants in both experiments.
Table 4.6 Dry weight (g) of leaves, stems, and seeds of WT and transgenic plants
Experiment

Parameter

Wild-type

Transgenic

p-value

Expt 1

Leaf dry weight, g

18.77 ± 2.36

24.49 ± 1.45

> 0.05, NS

Stem dry weight, g

22.77 ± 2.98

47.56 ± 3.28

< 0.01, **

1000-seed weight, g

0.09 ± 0.00

0.08 ± 0.01

> 0.05, NS

Leaf dry weight, g

21.37 ± 2.69

24.70 ± 2.57

> 0.05, NS

Stem dry weight, g

52.71 ± 3.92

53.02 ± 6.26

> 0.05, NS

1000-seed weight, g

0.1 ± 0.01

0.09 ± 0.01

> 0.05, NS

Expt 2

The values indicate the mean ± standard error. NS indicates not significant; ** indicates
significant at p ≤ 0.01.
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4.3.7 Phenotypic abnormalities in transgenic plants
Morphological changes were observed in some leaves, flowers and capsules of a few
transgenic plants. Some transgenic plants displayed abnormal phenotypes such as fused
leaves (Fig. 4.1), abnormal flower shape such as fused flower (Fig. 4.2-C), and fused capsules
(Fig. 4.2-D).

Figure 4.1 Fused leaf of the transgenic tobacco plant (plant T2-12.2-6). One fused leaf per
plant was observed in three out of 24 plants.

Figure 4.2 Flower and capsule development in transgenic plants (plant T2-12.2-3). A, normal
flower; B, normal capsule; C, fused flower; D, fused capsule. Seven out of 24 plants had
fused flowers (1-3 flower per plant).
Of the 12 transgenic plants in each of the two experiments, two transgenic plants in Expt 1
and one transgenic plant in Expt 2 exhibited the abnormal fused-leaf phenotype (Table 4.7).
One leaf per plant had such abnormality. Abnormal floral organs were observed in transgenic
plants. Normal flowers of WT and transgenic tobacco plants had five stamens and one pistil.
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Fused flowers were characterised by two pistils and 10 stamens (Fig. 4.2-C). Four plants
among 12 transgenic plants in Expt 1 and three plants among 12 transgenic plants in Expt 2
had such unusual flowers (Table 4.7). The proportion of fused flowers was 2.2-4.3% in Expt
1 and 2.1-3.5% in Expt 2 (Supplementary Table 4.1, Table 4.7). These types of
morphological changes in leaves, flowers and capsules were not found in WT plants.

Table 4.7 Morphological abnormalities in transgenic plants
Experiment

Total no. of
transgenic
plants

No. of plants
with fused
leaves

No. of fused
leaves
per plant

No. of plants
with fused
flowers

% fused
flowers

Expt 1

12

2

1

4

2.2-4.3

Expt 2

12

1

1

3

2.1-3.5

Abnormal flowers were collected, and the flower length and circumference of tubes were
measured. The length of these unusual flowers was similar to normal flowers, but the
circumference was significantly larger (Table 4.8).

Abnormal and normal flowers were covered by paper bag separately, and capsules were
collected. The capsules from normal flowers were normal in appearance; all capsules from
abnormal flowers were fused (Fig. 4.2). No significant difference was found in 1000-seed
weight collected from transgenic normal and fused capsules (Table 4.8).

Table 4.8 Flower- and fruit-related traits of transgenic plants compared to wild-type (WT)
Parameters
Flower length (cm)

Normal flower
or capsules
5.38 ± 0.1

Fused flower
or capsules
5.24 ± 0.1

p-value
> 0.05, NS

Circumference of flower tube (cm)

1.4 ± 0.04

2.4 ± 0.07

< 0.001, ***

1000-seed weight (g)

0.09 ± 0.01

0.09 ± 0.003

> 0.05, NS

The values indicate the mean ± standard error. NS indicates not significant; *** indicates
significant at p ≤ 0.001.
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4.4 Discussion
The main aim of the work undertaken in this chapter was to determine whether the insertion
of a gene encoding for Cas9 in the transgenic tobacco plants developed in this project
materially altered the growth and development of the Cas9-expressing plants. In the time
available, the phenotypes of a limited number of T2 transgenic plants of one tobacco line
(T1-12.2) generated from one event (T0-12) expressing the Cas9-bar genes were studied and
compared to those of untransformed tobacco plants. In this study, some variabilities between
the transgenic plants expressing Cas9-bar cassette and the WT tobacco plants were found in a
few parameters.
Both experiments demonstrated that there were variation in plant height, stem diameter, leaf
number, leaf area, and leaf CCI values in all T2 plants of the transgenic line (T1-12.2) at 80
DAT. However, transgenic tobacco plants exhibited a few morphological abnormalities
which included fused leaves, fused flower, and fused capsules in a few plants. These findings
are in accordance with previous studies, in which variation of 40 to 86.7% of clones of
transgenic potato plants included an abundance of inflorescences, starch content, tuber yield,
the weight of tubers and plant vigour (Flis and Zimnoch-Guzowska, 2000). This result is
inconsistent to previous findings where only insignificant changes connected with the
physical features of curved leaves was observed in transgenic tobacco lines from control
cultivar (Czubacka and Doroszewska, 2010) or no observable phenotypic changes were found
in transgenic sweet potato lines compared with WT plants (Mbinda et al., 2019).
When the aim of generating transgenic plants is to generate events with a superior
characteristic, it is well established that a large number of transgenic events are normally
produced, and from these, a specific event with the desired properties is chosen for further
development. There are many factors which can affect different transgenic events, and these
range from the site of insertion, copy number of introduced genes and the nature of the
introduced genes, to tissue culture-induced variation (somaclonal variation) unrelated to gene
insertion (Koncz et al., 1992; Kumar and Fladung, 2002; Sato et al., 2011; Weinhold et al.,
2013).
The limitation of this study was that WT control plants were not regenerated through tissue
culture. Moreover, only plants of one line expressing Cas9 and bar gene generated from a
single transgenic event was used. Thus, it is unclear whether the changes observed in the
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transgenic plants were a result of tissue culture-induced somaclonal variation or resulted from
expression of the Cas9 or bar genes. In addition, tobacco plants expressing the Cas9 or bar
alone were not available to determine which, if any, of the transgenes was responsible for the
observed abnormalities.
The variation of morphology in transgenic plants compared to WT plants here could most
probably be attributed to somaclonal variation (Ngezahayo et al., 2007; Sato et al., 2011). A
single plant genotype can have different phenotypic responses under the same in vitro culture
conditions. Somaclonal mutations could have occurred during in vitro growth of the
transgenic plants in the tissue culture stage. Mutation in tissue culture could be the
consequence of oxidative stress associated with stress factors such as wounding, using
sterilants and high concentration of plant growth regulators and the culture conditions used.
Reactive oxygen species (ROS) such as superoxide, hydrogen peroxide, hydroxyl radicals
resulted from oxidative stress during in vitro culture may alter hyper-and hypo-methylation of
DNA, changes in chromosome number, chromosome rearrangements, base deletion of DNA
and substitutions may lead to mutation in plant cells (Cassells and Curry, 2001; Nivas and
DSouza, 2014; Tanurdzic et al., 2008). The changes which underlie somaclonal variation
include single nucleotide substitutions, changes in organelle DNA, changes in chromosome
number, chromosome breakage or rearrangement, DNA amplification, epigenetic changes,
changes in DNA methylation, insertion of transposable elements (Kaeppler et al., 2000; Leva
et al., 2012; Ngezahayo et al., 2007; Ong-Abdullah et al., 2015; Smulders and De Klerk,
2011; Stroud et al., 2013; Tiwari et al., 2013). Epigenetic changes resulting from tissue
culture, such as DNA methylation can alter gene expression without transformation, as
recorded for several plant species, for example, rice (Stroud et al., 2013) and oil palm (OngAbdullah et al., 2015).
In the present study, although changes were observed in some features, transgenic plants
remained morphologically indistinguishable from WT in most properties. Moreover, the
morphological changes such as fused leaves, flowers or capsules were only observed in a few
plants. It is not clear why only some of the plants showed these abnormalities, although they
were derived from the same transgenic event. These abnormal plants were discarded, and
normal-looking transgenic plants were selected for use in the next stage of this project.
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Chapter 5
Seed imbibition: a method of transient uptake and
expression of sgRNA in Cas9-expressing plants?
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5.1 Introduction
As the CRISPR/Cas9 system is a two-component system consisting of Cas9 endonuclease
and single guide RNA (sgRNA), introduction of both components into plant cells is a
prerequisite for successful targeted gene editing. The aim of this work was to deliver sgRNAs
into plant cells expressing Cas9. Transient expression systems may deliver plasmids carrying
sgRNAs directly into cells or indirectly, such as via A. tumefaciens (Jiang et al., 2013b).
Particle bombardment has been used to transiently deliver in vitro transcripts of sgRNAs into
immature wheat embryos (Zhang et al., 2016b). This method was also used to deliver
preassembled Cas9/sgRNA ribonucleoproteins (RNPs) into embryo cells (Svitashev et al.,
2016). Virus-mediated transfer via virus vectors such as tobacco rattle virus (TRV) or
geminiviruses was an approach for transient sgRNA delivery into Cas9-expressing plant cells
(Ali et al., 2015a; Ali et al., 2018; Yin et al., 2015a).

Other potential techniques include the direct introduction of intact DNA through cut shoots,
via root hairs and pollen, and by imbibition to dry somatic embryos or dry seed-derived
embryos (Gahan et al., 2003; Paungfoo-Lonhienne et al., 2010; Senaratna et al., 1991; Töpfer
et al., 1989). Exogenous RNA delivery through root drenching, trunk injection, petiole
absorption, or absorption by cuttings has been reported to trigger RNAi (Andrade and Hunter,
2017; Dalakouras et al., 2018; Hunter et al., 2012). The exogenous Dicer-substrate RNA
(dsiRNA) was applied on apical cuts (apical leaf was cut) of peanut plants in vitro
(Faustinelli et al., 2018). The dsiRNA (27-mer duplex RNA) was absorbed, moved from the
point of application, and was transported to new auxiliary shoots, flowers, and newly formed
pegs in peanut plants. Direct uptake of dsRNA through flower buds and roots has also been
reported (Lau et al., 2015; Li et al., 2015a).

This chapter describes experiments to test whether sgRNAs could be transiently introduced
into Cas9-expressing tobacco cells via the seed to produce targeted mutations. Could sgRNA
or a gene cassette (DNA) capable of transcribing sgRNA enter cell nuclei in seeds as they
imbibe an aqueous solution containing sgRNA or DNA? In the experiments reported here, the
aim was to target the bar transgene, with the marker of successful editing being removal of
glufosinate tolerance from the previously glufosinate-tolerant Cas9-expressing plant cell.
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The objectives of this chapter were:
(1) to test the feasibility of introducing in vitro-transcribed sgRNA into plants through seed
imbibition to knock out the bar gene;
(2) to test the feasibility of introducing a gene cassette (DNA) capable of transcribing sgRNA
to plants by seed imbibition to knock out the bar gene.

5.2 Materials and Methods
The experiments described in this chapter were performed on T2-generation seeds derived
from homozygous N. tabacum plant line T1-12.2 that contained a single insert of the Cas9
and bar gene (Chapter 3).

5.2.1 Amplification of the bar gene
DNA extracted from 30-40 mg of ground leaf tissue (Tapia-Tussell et al., 2005) from line T112.2 was used here to amplify the bar gene. 200-300 ng of this DNA was used in a 20 μL
PCR mixture, as described in Chapter 2. The bar-specific primers used were BarA-F (5′ATTACCAATACATTACACTAG-3′) and BarB-R (5′-GTGTAGAGCGTGGAGCCCAGT3′) to amplify a 387 bp fragment of the bar gene. PCR was done using the cycling conditions
of initial denaturation at 96°C for 2 min; 35 cycles of 95°C for 10 s, 55°C for 30 s and 72°C
for 30 s followed by an extension step at 72°C for 7 min. Reactions were run on a 1% agarose
gel containing SYBR® Safe DNA Gel Stain (Invitrogen) alongside a 100 bp DNA ladder
(Axygen) and the PCR products were visualised using a gel imaging system (Fisher Biotec,
Australia). DNA bands were excised from the gel and purified using a Wizard® SV Gel
Clean-Up System (Promega) according to the manufacturer’s protocol and quantified with a
Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Australia). Sequencing
was done in forward and reverse directions as described in Chapter 2 (Section 2.2.11.2) using
primers BarA-F and BarB-R. The 387 bp fragment of the bar gene was used to select target
sites for designing sgRNAs. The sequence is presented in the Appendices (Supplementary
Fig. 5.1).

5.2.2 Design of sgRNAs
Two target spacer sequences (BAR-spacer1 and BAR-spacer2) were chosen manually
following published criteria (Jiang et al., 2013b; Mali et al., 2013b). Spacer sequences
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contained 20 and 22 nucleotides (nt) followed by a PAM sequence at the 3′-end (Fig. 5.1). A
BLAST (Basic Local Alignment Search Tool-National Center for Biotechnology
Information, NCBI) search was performed with the spacer sequences against the available
tobacco genome sequence to confirm the target specificity to avoid the possibility of offtarget editing.
These two spacer sequences, after combining individually with the scaffold sequence (Li et
al., 2013), were named as sgRNAs (BAR-sgRNA1 and BAR-sgRNA2) and were used in seed
imbibition experiments. DNA cassettes transcribing the same sgRNAs were also included in
the experiments for comparison.

Figure 5.1 Schematic representation of target sites in the bar gene. Sequence of a 387 bp
fragment of bar gene between BarA-F and BarB-R primers showing two target sites, BARspacer1 and BAR-spacer2, with the length of target sites. Nucleotides in red represent the
protospacer adjacent motif (PAM).

5.2.3 Seed imbibition assay using in vitro-transcribed sgRNA
5.2.3.1 DNA template preparation
Constructs consisted of a T7 promoter, a GN-(20 or 22) nt spacer sequence (G = an extra
guanine nucleotide, N = any nucleotide) and a sgRNA scaffold (Li et al., 2013) that was
assembled from synthetic oligonucleotides. Oligo 1 contained a T7 RNA polymerase
promoter followed by a GN-(20 or 22) nt target specific region and a 14-nt constant overlapped
region. As a T7 promoter was used to produce the transcripts which require GG dinucleotide
at the start site, an extra G was included at the 5′ end of the spacer sequence to initiate
transcription (Sander and Joung, 2014). For generating the sgRNA template, a targeting oligo
(oligo 1) was annealed with an 80 nt chimeric sgRNA core sequence (oligo 2) by overlapping
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PCR using primer pairs oligo 3 and oligo 4 (Table 5.1, Fig. 5.2). To construct the sgRNA
templates, a 20 μL PCR volume reaction was prepared containing 1 µM oligo 1, 1 µM oligo
2, 100 µM oligo 3, 100 µM oligo 4, and 10 µL GoTaq® Green PCR Master Mix (Promega).
The thermocycler setting consisted of one cycle of 98°C for 2 min, followed by 30 cycles of
98°C for 30 s, 50°C for 30 s, 72°C for 30 s followed by a final extension at 72°C for 7 min.
The amplified PCR products were visualised after electrophoresis on 2% agarose gel
containing SYBR® Safe DNA Gel Stain (Invitrogen). The amplicon band size was ~100 bp
and was excised and purified using a Wizard® SV Gel Clean-Up System (Promega). The
concentration was determined using a Nanodrop spectrophotometer.
Table 5.1 Names and sequences of the oligos used in DNA template preparation of sgRNA
synthesis
Name

Sequence (5′ - 3′)

Purpose

Oligo 1

TAATACGACTCACTATAGNNNNNNNNN
NNNNNNNNNNNGTTTTAGAGCTAGA

Oligo of target-specific sequence including T7

AAAAGCACCGACTCGGTGCCACTTTTTC

Oligo of a common scaffold including the

AAGTTGATAACGGACTAGCCTTATTTTA

terminator sequence

Oligo 2

promoter and overlapping sequence

ACTTGCTATTTCTAGCTCTAAAAC
Oligo 3

GGATCCTAATACGACTCACTATAG

Amplification of annealed final product
(Forward primer)

Oligo 4

AAAAAAGCACCGACTCGG

Amplification of annealed final product
(Reverse primer)

Blue coloured sequence = T7 promoter, red coloured underlined sequence = target-specific
spacer sequence (N = any base), green nucleotide = an extra G nucleotide for proper RNA
transcription.
Sanger sequencing was carried out using primer pairs (oligo 3 and oligo 4) to make sure the
sequence was as expected. Raw sequences were viewed and edited in Geneious 10.13. When
the sequences were confirmed, the amplicons were used as linear DNA templates (1.5 µg
total) for in vitro transcription of sgRNA. The sequence of the DNA template is presented in
the Appendices (Supplementary Fig. 5.2).

5.2.3.2 sgRNA synthesis
In vitro transcription of sgRNAs (BAR-sgRNA1 and BAR-sgRNA2) from the amplicons was
performed using the RiboMAX™ Large Scale RNA Production System - T7 (Promega,
Cat.#P1300) using the manufacturer’s protocol in a 20 μL reaction volume, which was set up
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at room temperature and incubated at 37°C for 4 hr. After the completion of the transcription
reaction, RQ1 RNase-Free DNase (Promega) of 1 unit/µg of template DNA was used to
remove the DNA template. The RNA was purified through chloroform extraction followed
by ethanol precipitation. Briefly, the reaction volume was adjusted to 200 μL by adding 180
μL of nuclease-free water. Twenty microlitres of 3 M sodium acetate (pH = 5.2) was added
and mixed thoroughly. Then, 200 μL of chloroform was added. The mixture was centrifuged
at maximum speed at 4°C for 15 min after shaking vigorously and incubating at room
temperature for 3 min, followed by centrifugation at 14,680 rpm speed for 15 min. The
aqueous phase was carefully transferred to a new Eppendorf tube, and two volumes of cold
100% ethanol were added, followed by the incubation overnight at -80°C. The mixture was
centrifuged at maximum speed at 4°C for 30 min. The pellet was collected and rinsed with
500 μL of cold 70% ethanol by centrifuging at top speed at 4°C for 30 min. The supernatant
was discarded, and the pellet was dried at room temperature for 15 min. The transcription
product was resuspended in 20 μL of nuclease-free water, and the concentration was
determined using a Nanodrop ND-1000 spectrophotometer. The quality of sgRNAs was
assessed using a 2% agarose gel and then stored at -80°C. A flowchart of synthesis of sgRNA
by in vitro transcription is described in Fig. 5.2.

Figure 5.2 Diagram of the synthesis of sgRNA by in vitro transcription. The sgRNA was
synthesised from a template that was generated by annealing oligo 1 and oligo 2 followed by
template extension by oligo 3 and oligo 4. Oligo 2 was common in all reactions, while oligo 1
consisted of a T7 promoter, 20/22-nucleotide (nt) target sequence (specific for each target),
and another 14-nt overlapping the sgRNA scaffold sequence. An extra G was added at the 5′
end of all spacer sequences.
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5.2.3.3 Seed imbibition using sgRNAs
Three concentrations of sgRNAs were used to study the uptake of sgRNAs by tobacco seeds
during imbibition. Three solutions of sgRNAs were made by mixing different concentrations
of two sgRNAs (BAR-sgRNA1 + BAR-sgRNA2) generated by in vitro transcription.
Solutions used were 15 ng/μL of each sgRNA (combination 1), 50 ng/μL of each sgRNA
(combination 2), and 100 ng/μL of each sgRNA (combination 3).
Approximately 500 seeds derived from line T1-12.2 and 150 seeds of wild-type (WT, nontransgenic) tobacco were surface-sterilised as described in Chapter 2. The seeds were blotted
dry on sterile filter paper, and 100 seeds each were placed into a 1.5 mL Eppendorf tube
containing sgRNA solutions. For controls, 100 of the same transgenic seeds and 100 WT
seeds were placed into tubes containing only water. The seeds were placed in the culture
room at 25°C overnight to imbibe.
Seeds were blotted dry, then 50 seeds/plate of each treatment were placed in a grid formatmarked MS plate containing MS (Murashige and Skoog, 1962) basal salts (Sigma-Aldrich)
supplemented with 30 g/L sucrose and 8 g/L agar (pH = 5.6-5.8). For each combination, two
plates were used. Seeds were cultured at 25°C under long-day conditions (16 h light / 8 h
dark).
In order to test for the loss-of-glufosinate-tolerance phenotype, after 20 days a single leaf
from each germinated seedling was transferred to new plates containing MS medium
supplemented with 3 mg/L glufosinate (Fig. 5.3). The number of green and yellow leaves was
scored for each treatment after 20 days.

Figure 5.3 Loss-of-glufosinate-tolerance phenotype screening of T2 seedlings derived from
sgRNA-soaked T2 tobacco seeds. A, surface sterilised sgRNA-soaked seeds on 50 square
grid of MS plate; B, germinated seedlings on MS plate; C, leaves from seedlings of sgRNAsoaked seeds on an MS plate containing 3 mg/L glufosinate.
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5.2.4 Seed imbibition assay using a gene cassette (DNA)
5.2.4.1 Generation of sgRNA template DNA for transcribing sgRNA
The U6 promoter from A. thaliana was used to drive sgRNA expression in plants. The
plasmid pUC119-sgRNA (Li et al., 2013) (Addgene plasmid # 52255;
http://n2t.net/addgene:52255; RRID:Addgene_52255) served as the PCR template because it
harboured the A. thaliana U6-1 promoter (AtU6-1 promoter). The first-round PCR (reaction
1) was done using pUC119-sgRNA as a template with the primer pair oligo 7 and oligo 8. For
the construction of the sgRNA scaffold, oligo 11 encoding the sgRNA scaffold was used a
template, and second PCR (reaction 2) was done using primers oligo 9 (reverse primer) and
oligo 10 (forward primer). The resulting scaffold had a 19-nt overlap sequence with the
target-specific oligos (oligo 5 and oligo 6). The list of the oligos is given in Table 5.2. PCR
(reactions 1 and 2) were performed in a 20 μL volume, as described in Chapter 2. Amplicons
were purified from 1% agarose gel using a Wizard® SV Gel Clean-Up System (Promega).

The sgRNA transcriptional cassettes (DNA cassette1 and DNA cassette2) were prepared in a
single overlapping PCR (reaction 3) using a sgRNA spacer sequence containing 62/60-nt
long oligo (oligo 5 / oligo 6) with U6 promoter (product of reaction 1) and sgRNA scaffold
with a terminator (product from reaction 2) through primers oligo 12 and oligo 13. The
target-specific oligo (oligo 5 / oligo 6) contained a 21-nt matching U6 promoter, 22 or 20-nt
sgRNA spacer and 19-nt matching scaffold. A PCR (reaction 3) was set up containing 1 μM
of oligo 5 (for BAR-sgRNA1) or oligo 6 (for BAR-sgRNA2), 5 ng products from reaction 1
(U6 promoter), 5 ng products from reaction 2 (scaffold), 100 μM oligo 12, 100 μM oligo 13,
50 μL GoTaq® Green PCR Master Mix (Promega), and water to make a 100 μL volume. The
thermocycler setting consisted of one cycle of 96°C for 3 min, followed by 35 cycles of 96°C
for 10 s, 52°C for 30 s, 72°C for 15 s, and a final extension at 72°C for 7 min.
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Table 5.2 Name and sequences of the oligos used for the synthesis of sgRNA expression
cassettes
Oligos
name
Oligo 5

Sequences

Purposes

GTTAGAGACGAAGTAGTGATTGCCGACATCCGCCGTGCCACCGGTT

Oligo of target-1

TTAGAGCTAGAAATAG
Oligo 6

GTTAGAGACGAAGTAGTGATTGTCTGCGGGAGCGCTATCCCGTTTT

Oligo of target-2

AGAGCTAGAAATAG
Oligo 7

GTAAAACGACGGCCAGTGAGAAATCTCAAAATTCCGGCAG

Amplification of U6
promoter

Oligo 8

AATCACTACTTCGTCTCTAAC

Amplification of U6
promoter

Oligo 9

AGGAAACAGCTATGACCATGAAAAAAAGCACCGACTCGGTGCCAC

Amplification of
scaffold

Oligo 10

GTTTTAGAGCTAGAAATAGCAAG

Amplification of
scaffold

Oligo 11

Oligo 12

Oligo 13

AAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGAC

Oligo of a scaffold

TAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

with terminator

ACTGAATTCGGATCCTCGAGCGTCTCACCCTGTAAAACGACGGCCA

Amplification of the

GT

final product

CATGCGGCCGCGTCGACAGATCTCGTCTCACATGAGGAAACAGCTA

Amplification of the

TGACCATG

final product

Red underlined sequences = Target-specific spacer sequence

The amplified PCR products were visualised using a gel imaging system (Fisher Biotec,
Australia) after electrophoresis on 1% agarose gel. The amplicons were purified from the gel
using a Wizard® SV Gel Clean-Up System (Promega). The concentration was determined by
a Nanodrop spectrophotometer, and the products were used in further experiments.
Sequencing of amplicons was done using primer pairs (oligo 12 and oligo 13) and checked in
Geneious 10.13 to ascertain the correct concatenation of the DNA sequences (DNA cassettes
1 and 2) (Supplementary Fig. 5.3). The steps of the synthesis of the DNA template for
transcribing sgRNA is represented in Fig. 5.4.
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Figure 5.4 Diagram of the synthesis of the DNA template capable of transcribing sgRNA. In
the first round PCR (reaction 1), pUC119-sgRNA was used as a template to amplify U6
promoter (product 1) through PCR primers, oligo 7 and oligo 8. In reaction 2, oligo of
scaffold with terminator was amplified using PCR primers, oligo 9 and oligo 10. The sgRNA
expression cassette was generated in a single overlapping PCR (reaction 3) using one 62/60nucleotide (nt) long oligo (oligo 5/6) which contains the sgRNA spacer of interest through
primers, oligo 12 and oligo 13. In the same reaction the U6 promoter (product 1) and scaffold
with terminator (product 2) were used. The sgRNA oligo (oligo 5/6) contained 21 nt
matching the U6 promoter, 22/20 nt sgRNA spacer and 19 nt matching scaffold.

5.2.4.2 Seed imbibition with gene cassettes
The seeds used in this experiment derived from line T1-12.2 contained a single insert of the
Cas9 and bar genes. The uptake of a gene cassette (DNA) capable of transcribing sgRNA in
seeds after imbibing DNA solution was studied using the same procedure described in the
seed imbibition assay using in vitro-transcribed sgRNA (Section 5.2.3.3). Three DNA
mixtures consisted of 1 ng/μL (combination 2), 5 ng/μL (combination 3), and 10 ng/μL
(combination 4) of DNA cassette1 and DNA cassette2 were used.

Seeds were surface-sterilised (Chapter 2) and treated with DNA solution or water alone using
the procedure described (Section 5.2.3.3). One hundred seeds of transgenic or WT plant were
soaked overnight in each 1.5 mL tube containing either DNA solution or water.

The following day, seeds were placed on grid-marked MS plates and incubated at 25°C under
long-day conditions (16 h light / 8 h dark). After 20 days, a single leaf from each seedling
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was transferred to new MS plates supplemented with 3 mg/L glufosinate (Fig. 5.5). The
number of green and yellow leaves was scored at day 20. Selective leaves were transferred to
new MS plates supplemented with 3 mg/L glufosinate to confirm their phenotypes.

Figure 5.5 Loss-of-glufosinate-tolerance phenotype screening of seedlings derived from
DNA-soaked (a gene cassette capable of transcribing sgRNA) T2 seeds expressing Cas9 and
bar genes. A, surface sterilised T2 seeds on 50-grid MS plate after DNA imbibition; B,
germinated seedlings on MS plate; C, leaves from seedlings of DNA soaked T2 seeds on an
MS plate containing 3 mg/L glufosinate.

Based on the phenotype of leaves from seedlings of DNA-soaked seeds on glufosinate plates,
four seedlings (putative edited seedlings) were placed on new MS plates without glufosinate.
After two weeks, these seedlings were transferred to the soil from MS plates and hardening
was done as described earlier (Chapter 2).

5.2.4.3 Glufosinate assay on leaves
Leaves of the four selected putative edited plants derived from DNA-soaked seeds, Cas9expressing control plant (T2-12.2-18) and control WT plant were treated with 3 mg/L
glufosinate, and the response was recorded at day 15 after treatment. Approximately 20 μL of
glufosinate was applied on leaves using a pipet tip. Three leaves per plant were treated with
glufosinate.

5.2.4.4 DNA extraction, PCR, and sequencing
DNA was extracted from 30-40 mg of ground leaf tissue collected from glufosinate treated
leaf segments of four Cas9-expressing plants and WT plants according to the method
described by Tapia-Tussell et al. (2005).
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The bar gene-specific primers, BarA (5’-ATTACCAATACATTACACTAG-3’), and BarB
(5’-GTGTAGAGCGTGGAGCCCAGT-3’) were used to amplify a 387 bp fragment of the
bar gene in a 20 μL PCR mixture using the same protocol and conditions as described in
Chapter 2. The positive control was the DNA of Cas9-expressing plant (T2-12.2-18), and the
DNA from WT tobacco was used as a negative control. The amplicons were purified from
1% agarose gel using a Wizard® SV Gel Clean-Up System (Promega), and concentration
was determined by a Nanodrop spectrophotometer; sequencing was done using primer BarA
as described previously (Chapter 2).

5.3 Results
5.3.1 Seed imbibition assay using in vitro-transcribed sgRNA
All leaves of WT plants were sensitive to glufosinate, turning pale green by day 10, as
expected, and eventually became yellow. Seedlings generated from seeds treated with only
water maintained green leaves on glufosinate plates (Fig. 5.6), as expected. Leaves of all
seedlings treated with different concentrations (15, 50, and 100 ng/μL) of in vitro-transcribed
sgRNA resembled leaves of control seedlings (Table 5.3). No evidence of bar gene knock out
was found.

Figure 5.6 Phenotype of the leaves from control seedlings on MS plates containing 3 mg/L
glufosinate after 25 days. A, leaves from wild-type tobacco seedlings were glufosinate
sensitive and became yellow; B, leaves from transgenic seedlings generated from seeds
treated with only water were tolerant to glufosinate and remained green.
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Table 5.3 Results of seed imbibition assay using in vitro-transcribed sgRNA
Types of
seed used

Concentration of sgRNAs

No. of
seeds

No. of
germinated
seedlings

No. of seedlings with
distinct phenotypes
Pale green or
Green leaf
yellow leaf
100
0

Wild-type

Only water

100

100

T2 seeds

Only water

100

95

0

95

from T1

Combination 1

100

98

0

98

line

(15 ng/μL each of BAR-sgRNA1

(T1-12.2)

and BAR-sgRNA2)
100

98

0

98

100

93

0

93

seeds

Combination 2
(50 ng/μL each of BAR-sgRNA1
and BAR-sgRNA2)
Combination 3
(100 ng/μL each of BAR-sgRNA1
and BAR-sgRNA2)

The number of germinated seedlings on MS plates containing 3 mg/L glufosinate were
calculated. The phenotype of leaves on MS plates with 3 mg/mL glufosinate was observed at
day 20.

5.3.2 Seed imbibition assay using a gene cassette (DNA)
The leaves of WT control plants became pale green or yellow and eventually white, and
leaves of T2 control plants remained green, as expected. One leaf (plant no 2-27, where the
1st digit is the number of imbibition solution combination and last two digits indicate the
plant number treated with each combination) among 97 leaves of seedlings produced from
seeds treated with 1 ng/μL DNA and one leaf (plant no 3-23) among 100 leaves from seeds
treated with 5 ng/μL DNA was a mixture of pale green and yellow colour. Pale green
segments were found in two leaves (plant no 4-35, and 4-45) of seedlings germinated from 10
ng/μL of DNA treated seeds (Fig. 5.7; Table 5.4).
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Figure 5.7 Phenotype of the leaves of control and T2-seedlings on MS plate containing 3
mg/L glufosinate. 1, leaf of a wild-type seedling (control); 2, leaf of a T2-seedling treated
with water only (control); 3, leaf of a T2-seedling treated with 10 ng/μL of DNA (seedling no
4-45); 4, leaf of a T2-seedling treated with 10 ng/μL of DNA (seedling no 4-35); 5, leaf of a
T2-seedling treated with 5 ng/μL of DNA (seedling no 3-23); 6, leaf of a T2-seedling treated
with 1 ng/μL of DNA (seedling no 2-27). The picture was taken at day 40.

Table 5.4 Seed imbibition assay using a gene cassette (DNA) capable of transcribing sgRNA
Types of
seed used

Concentration of DNA

No. of
seeds

No. and name
of germinated
seedlings

No. of seedlings with
distinct phenotypes
Pale green or
Green
yellow leaf
leaf
90
0

Wild-type

Only water

100

90

T2 seeds

Only water

100

99

0

99

from T1

Combination 2

100

97

1

96

line

(1 ng/μL each of DNA cassette1

(T1-12.2)

and DNA cassette2)
1

99

2

93

seeds

(2-1 to 2-97)

Combination 3

100

(5 ng/μL each of DNA cassette1

100
(3-1 to 3-100)

and DNA cassette2)
Combination 4

100

(10 ng/μL each of DNA cassette1

95
(4-1 to 4-95)

and DNA cassette2)

The number of germinated seedlings on glufosinate MS plates was calculated. The phenotype
of leaves on MS plates with 3 mg/mL glufosinate was observed at day 20. In the case of the
name of the seedlings, the 1st digit is the number of the imbibition solution combination, and
the last two digits indicate the seedlings number treated with each combination.

5.3.3 Glufosinate assay on leaves
A glufosinate concentration of 3 mg/L was toxic to the WT plants, as evidenced by yellowing
and necrosis. From the second day after glufosinate application, the treated portion of all WT
leaves started becoming chlorotic with small white spots. Two treated leaves of plant 4-45,
and one leaf of plant 4-35 also became slightly chlorotic with small white spots but recovered
eventually. Small white spots were also observed on two treated leaves of plant 3-23. At day
15, the treated portion of WT leaves was severely damaged, and similar damage was also
visible on two out of three leaves of plant 3-23. No damage was found on any leaf of plant 227, resembling the transgenic control leaves expressing Cas9 and bar genes (Fig. 5.8).
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Figure 5.8 Leaves of putative edited plants treated with 3 mg/L glufosinate, compared with
control wild-type plant and control Cas9-expressing control T2 plant (T2-12.2-18) with the
same treatment at day 15. A, leaf of T2 control (T2-12.2-18); B, leaf of wild-type tobacco; C,
leaf of putative edited plant 4- 45; D, leaf of putative edited plant 4- 35; E, leaf of putative
edited plant 3- 23; F, leaf of putative edited plant 2-27. Black lines on leaves mark the region
where glufosinate solution was applied.

5.3.4 Molecular analysis
The presence of the 387 bp fragment of the bar gene was detected in all four putative edited
plants and the positive control (T2-12.2-18) which was absent in WT tobacco. However,
there was only one band for all the transgenic plants. No band of different sized DNA was
observed in any putative edited plants (Fig. 5.9). If an editing event had occurred, we would
expect it at the third base upstream of the PAM site. This would result in double peaks from
that point in sequence chromatograms, which was not observed. Thus, no evidence of bar
gene editing was detected in any of the four plants (Fig 5.10, Fig. 5.11).
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Figure 5.9 PCR amplification of a 387 bp amplicon from tobacco plants containing bar gene.
Lane 1, 100 bp DNA ladder (Axygen); Lane 2, PCR product of wild-type tobacco DNA;
Lane 3, bar amplicon of T2 control (T2-12.2-18); Lane 4, bar amplicon of a putative edited
plant (4- 45); Lane 5, bar amplicon of a putative edited plant (4- 35); Lane 6, bar amplicon of
a putative edited plant (3- 23), lane 7, bar amplicon of a putative edited plant (2- 27).

Figure 5.10 Nucleotide alignments comparing genomic sequences of the bar gene from
glufosinate treated plants 2-27, 3-23, 4-35, 4-45, and T2-12.2-18 (control Cas9-expressing T2
plant) with the sequence of BAR-sgRNA1 showing no evidence of edited event (AGG is the
PAM sequence).
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Figure 5.11 Nucleotide alignments comparing genomic sequences of a fragment of the bar
gene from glufosinate-treated plants 2-27, 3-23, 4-35, 4-45, and T2-12.2-18 (control Cas9expressing T2 plant) with the sequence of BAR-sgRNA2 showing no evidence of gene
editing (TGG is the PAM sequence).

5.4 Discussion
The aim of this experiment was to test if seed imbibition of sgRNA resulted in site-directed
mutation in Cas9-expressing tobacco plants. The in vitro synthesised sgRNAs and gene
cassettes (DNA) capable of transcribing sgRNA were used to examine this. The expectation
was that the sgRNA or DNA could enter the cells of seeds of Cas9-expressing plants, and
produce targeted mutation(s). However, no clear evidence of CRISPR/Cas9-mediated
genome editing was found.

The seed imbibition experiments were undertaken with three combinations of in vitrotranscribed sgRNAs (BAR-sgRNA1 + BAR-sgRNA2) targeting the bar gene. The
experiment aimed to abolish the activity of the bar gene after inducing mutations in cells of
plants from treated seedlings, thereby conferring susceptibility to glufosinate. However, the
phenotypes of leaves from T2 seedlings germinated from sgRNA-imbibed seeds remained
healthy and green, similar to control plants. The reasons were unclear. Factors such as
sgRNA delivery, sgRNA stability and concentration of sgRNA could be responsible.
Effective delivery of sgRNAs into plant cells is essential for a successful CRISPR/Cas9mediated cleavage. Studies of delivery methods such as root drench, trunk injection and
topical sprays have demonstrated that dsRNA can be absorbed and move between cells
through the plasmodesmata and between different organs via xylem and phloem cells
(Andrade and Hunter, 2017; Dunoyer et al., 2010; Faustinelli et al., 2018; Mitter et al., 2017;
Molnar et al., 2010). However, detectable fluorescence was not found in A. thaliana roots in
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experiments when naked dsRNA and DNA were delivered by alone (Jiang et al., 2014a). In
contrast, DNA and dsRNA were delivered efficiently throughout the root tissues when
nanoparticles were used as carriers. In vitro transcribed sgRNA might not be able to cross the
cell wall barrier without any carrier. Degradation of the sgRNA could have occurred.
Chemically synthesised sgRNAs demonstrated enhanced gene editing efficiency compared to
unmodified sgRNAs when co-delivered with Cas9 mRNA or delivered as ribonuclear protein
(RNP) (Finn et al., 2018; Hendel et al., 2015; Mir et al., 2018). The chemical modification as
an example by incorporating 2′-O-methyl 3′phosphorothioate (MS) or 2′-O-methyl
3′thioPACE (MSP) at both the 5′ and 3′ ends (Hendel et al., 2015) could stabilise the sgRNA
by protecting it from nuclease degradation. The concentration of sgRNA used could be
another reason. Increased concentration (100 ng/μl) of Cas9 protein and sgRNA was effective
for increasing mutation efficiency and generating biallelic mutant blastocysts than that 20
ng/μl each of Cas9 and sgRNA (Tanihara et al., 2019). As the Cas9 gene is constitutively
expressing in the whole plant tested here, the concentration of sgRNA could influence the
mutation efficiency. However, none of three concentrations (15 ng/μl, 50 ng/μl, and 100
ng/μl) of sgRNA used here produced any clear mutations.

Uptake and the transient expression of foreign DNA in dry and viable embryos of several
cereals and some grain legumes have been reported after imbibition of DNA solutions
(Töpfer et al., 1989). Although the cell wall and plasmalemma are barriers of uptake of DNA
into viable cells, damaged cell walls which may occur during the isolation procedure, and the
unique, unusual properties of the membranes of dry embryos, could allow uptake and
transient expression of foreign DNA (Töpfer et al., 1989). Plasmid DNA was able to pass
through the plant cell wall and plasmalemma during rehydration of the dry somatic embryo of
alfalfa (Medicago sativa L.) (Senaratna et al., 1991). In this study, seed imbibition was also
done using a gene cassette capable of transcribing sgRNAs driven by the A. thaliana U6-1
promoter. Leaves of four T2 seedlings germinated from DNA treated seeds among 300 were
partially pale green resembling glufosinate sensitive WT leaves indicative of an edited bar
gene. To confirm the edited event, the glufosinate in planta experiment and sequencing was
done. However, sequencing results were not consistent with the phenotypic data from in
planta experiment.

In an in planta experiment, when leaves of four plants were treated with 3 mg/L glufosinate,
the treated part of some leaves turned slightly yellow with white spots initially, and these
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recovered later. The wound created by the pipet tips during glufosinate application on leaves
might be the cause of the white spots. A damaged white leaf portion was observed on two
among three leaves of the plant 3-23 (Fig. 5.7) indicating the presence of chimeric cells
containing edited bar gene with some cells escaping the knockout. However, the sequencing
result did not find any mutation in the bar gene of glufosinate-treated leaf segments of four
plants. In the case of an editing event, screening is more challenging if the mutation is
heterozygous or chimeric. In addition, if there are mixtures of cells with or without an editing
event in the tissue, it could be impossible to find a small number of cells with a particular
mutation in the resultant sequencing data. PCR amplification may also bias the most
abundant template.

The seed imbibition experiment using in vitro transcribed sgRNA, or sgRNA expression
cassettes did not confirm that targeted mutation had occurred. A reason for the apparent
failure of these experiments could be the selection of wrong sgRNAs targeting bar gene. The
selection of sgRNAs may also play a major role in affecting dsDNA cleavage efficiency since
the effectiveness of spacer sequences may be variable. Some sgRNAs were are less efficient
or even inactive than others (Doench et al., 2014; Lin et al., 2014; Moreno-Mateos et al.,
2015; Wang et al., 2014a; Xu et al., 2015). To avoid inefficient spacer sequences, in vitro
Cas9 digestion assays or in vitro ‘Surveyor’ assays were conducted (Fu et al., 2016; Lin et al.,
2014; Liu et al., 2016; Liu et al., 2015; Xu et al., 2015). Therefore, pre-screening of the
activity of the two sgRNAs used here was done using an in vitro Cas9 assay, which will be
described in more detail in the following chapter. These two sgRNAs were ineffective to
produce any cleavage in vitro. However, it was not possible to confirm that using ineffective
gRNAs was the reason for the failure of these experiments. Other factors, such as the delivery
of sgRNAs into the plant cells, and possible failure to detect rare mutations could also be
responsible.
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Chapter 6
Design and testing of sgRNAs in vitro
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6.1 Introduction
Selection of the target sites in a gene and appropriate design of sgRNAs is one of the critical
steps for the success of the CRISPR/Cas9 system. As sgRNA molecules are solely
responsible for guiding the Cas9 nuclease to a specific genomic locus, they must be efficient
and specific. The efficiency of the sgRNA determines its on-target cleavage activity, whereas
the specificity of sgRNA determines possible off-target effects. In theory, cleavage is carried
out by Cas9 if the sgRNA sequence is complementary to the targeted spacer sequence
followed by the appropriate protospacer adjacent motif (PAM). However, some sgRNAs are
more effective at initiating cleavage than others (Doench et al., 2014; Labuhn et al., 2017;
Liu et al., 2016; Shalem et al., 2014; Wang et al., 2014a) suggesting that sgRNA-Cas9
binding and Cas9 double-stranded DNA cleavage efficacy may be influenced by several
factors such as features of spacer sequence, the secondary structure of sgRNAs and the
genomic contexts of target DNA.

Screening of a variety of target sequences has been done to identify the features regulating
effectiveness of sgRNAs in vitro and in vivo (Doench et al., 2014; Liang et al., 2016; Liu et
al., 2016; Xu et al., 2015; Zhang et al., 2016a). These features of sgRNA spacer sequence
include GC content, nucleotide preference at different positions of the spacer, length of
spacer sequence, sequence composition at both PAM-proximal or PAM-distal regions of the
spacer can all affect cleavage efficiency (Doench et al., 2014; Fu et al., 2014; Hsu et al.,
2013; Labuhn et al., 2017; Liu et al., 2016; Wang et al., 2014a; Zhang et al., 2016a). Genetic
and epigenetic features such as chromatin accessibility, location of target DNA sequence, and
energetics properties such as sgRNA secondary structures, melting temperature, free energy
are also important factors that can influence target binding and the cleavage process (Doench
et al., 2014; Horlbeck et al., 2016; Jensen et al., 2017; Liu et al., 2016; Szczelkun et al., 2014;
Uusi-Mäkelä et al., 2018; Wu et al., 2014; Xu et al., 2017; Yarrington et al., 2018).

Several tools have been developed for facilitating sgRNA design, including CRISPR-P (Lei
et al., 2014), E-CRISP (Heigwer et al., 2014), CHOPCHOP (Labun et al., 2019),
CRISPRdirect (Naito et al., 2015), WU-CRISPR (Wong et al., 2015) and Cas-Designer (Park
et al., 2015). The aim of these tools is to provide a list of target sites in a given target DNA
sequence with variable PAM, cleavage positions, GC content, out-of-frame scores and
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mismatch numbers. Thus, these tools may be used to help select sgRNAs with increased
targeting efficiency and improved specificity.

Generally, Cas9 cuts 3 bp upstream of the PAM in target DNA producing a blunt end DNA
double-stranded break. In early studies of the CRISPR/Cas9 system, one sgRNA targeting a
single gene was considered sufficient to effect mutation. More recently, two or more sgRNAs
are often employed for targeting one or multiple genes (Hashimoto et al., 2018; Hu et al.,
2019; Ma et al., 2015). This multi-guide approach is preferred as the targeting efficiency of
sgRNAs can vary. Where multiple sgRNAs are used simultaneously, editing efficiency
increases, and larger deletions are possible, spanning the region between targeted sites (Ma et
al., 2015; Wang et al., 2016a; Wang et al., 2019a; Xie et al., 2015).

Described in this chapter are experiments conducted to test the efficiency of sgRNAs in vitro
for generating Cas9-mediated DNA cleavage by targeting PCR amplified fragments of an
endogenous gene of tobacco, phytoene desaturase (PDS), and a transgene, bialaphos
resistance gene (bar).

Objectives were:
(1) to test sgRNAs for cleavage of the PDS gene in vitro
(2) to test sgRNAs for cleavage of the bar gene in vitro.

6.2 Materials and Methods
6.2.1 Amplification of bar and PDS gene
Homozygous T2 plants of the N. tabacum line T1-12.2 that contained a single Cas9 and bar
gene locus based on the results of Chapter 3 were used for amplifying the PDS and bar
fragments to select sgRNA target sites. T2 seeds were germinated in soil, and leaf samples
were collected for DNA extraction from 30-day old seedlings. DNA was extracted from 3040 mg of ground leaf tissue (Tapia-Tussell et al., 2005). PDS amplicons were generated with
a pair of specific primers, PDS1-F and PDS1-R (Table 6.1) that were designed previously by
Gao et al. (2015a) to amplify the tobacco PDS gene. The bar amplicons were generated using
bar-specific primers, BarA-F and BarB-R (Chapter 5) and a new reverse primer, Bar-R
designed for the same bar sequence using Primer3 software (Rozen and Skaletsky, 2000)
(Table 6.1) to amplify a large bar fragment for selecting multiple sgRNAs.
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PCRs were done as described previously (Chapter 2). Amplicons were excised from a 1%
agarose gel, purified and sequenced as described in Chapter 5. The sequences obtained from
PDS and bar genes were compared using the BLAST against nucleotide databases (NCBI)
and confirmed. Finally, a 537 bp fragment of the PDS gene was amplified by primers, PDS1F and PDS1-R to select target sites and design sgRNA spacers. A 638 bp fragment of the bar
gene was amplified using bar-specific forward, BarA-F and reverse primers Bar-R (Table
6.1) for designing sgRNA spacer sequences. The sequence is presented in Appendices
(Supplementary Fig. 6.1, and 6.2).

Table 6.1 Primers used to amplify fragments of PDS and bar genes
Primer
name
PDS1-F

Sequences (5' to 3')
GCTTTACTTGAGAAAAGCTCTC

PDS1-R

ACCTTTAAAGGATTAAAGTCCTT

Target
gene
PDS

Amplicon
size
537 bp

Purposes
Amplify the PDS fragments used
to select target sites/sgRNA
spacers

BarA-F

ATTACCAATACATTACACTAG

BarB-R

GTGTAGAGCGTGGAGCCCAGT

bar

387 bp

Amplify the bar fragments used
to select sgRNA target sites,
BAR-spacer1, and BAR-spacer2

BarA-F

ATTACCAATACATTACACTAG

Bar-R

ATGGGAGTCCAAGATTCTGCA

bar

638 bp

Amplify the bar fragments used
to select sgRNA target sites,
BAR-spacer3, BAR-spacer4 and
BAR-spacer5

6.2.2 Designing of sgRNAs
The target sites with NGG PAM sequence at the 3'-end were identified in the two target
genes to select sgRNA spacer sequences using the ‘Cas-Designer’ tool
(http://www.rgenome.net/cas-designer/) (Park et al., 2015). Three sgRNA spacer sequences
each for the PDS gene (PDS-spacer1, PDS-spacer2, and PDS-spacer3) and bar gene (BARspacer3, BAR- spacer4, and BAR- spacer5) were selected (Fig 6.1 and 6.2). Two other
sgRNA spacer sequences against the bar (BAR-spacer1, and BAR-spacer2) described in
Chapter 5 were also used in this study. The candidate sgRNA spacer sequences were chosen
based on the length of the spacer, their GC content and mismatch number. Each spacer
sequence chosen was between 17-22 bp with the GC content ranging between 20 - 80%
(Table 6.2). The potential off-target numbers (mismatch number) were obtained by ‘CasDesigner’ tool based on available target genome of N. tabacum (v4.5 and AYMY01). The
95

sgRNA spacer sequences were blasted (BLAST-NCBI) against the available tobacco genome
sequence to confirm the target specificity in the genome without any off-target effects in
tobacco genome.

Figure 6.1 Schematic representation of target sites in the PDS gene. Sequence of a 537 bp
fragment of the PDS gene between PDS1-F and PDS1-R primers showing three 20-nt spacer
sequences (PDS-spacer1, PDS-spacer2, and PDS-spacer3) indicated by nucleotides in blue
with black lines, along with nucleotide position in green. Nucleotides in red represent the
protospacer adjacent motif (PAM). Nucleotide positions are indicated based on the DNA
fragment of the PDS gene amplified with PDS1-F and PDS1-R primers (537 bp).

Figure 6.2 Schematic representation of target sites in the bar gene. Sequence of a 552 bp bar
gene showing five spacer sequences (BAR-spacer1, BAR-spacer2, BAR-spacer3, BAR96

spacer4, and BAR-spacer5) with the length of target sites indicated above nucleotides in blue
with black lines along with nucleotide position in green. Nucleotides in red represent the
protospacer adjacent motif (PAM). Nucleotide positions are indicated based on the coding
region of the bar gene (552 bp).

Table 6.2 The spacer sequences of sgRNAs targeting PDS and bar gene used in the present
study. The sgRNA spacer sequences (5' to 3') are shown with their lengths, respective PAM
sequences, direction and % GC content generated by ‘Cas-Designer’ tool
sgRNAs

Sequences (5' to 3')

bp, PAM

Direction

% GC content

PDS-spacer1

GCCGTTAATTTGAGAGTCCA

20, AGG

+

45

PDS-spacer2

AAAGTCCTTTGTCAATCTTC

20, TGG

-

35

PDS-spacer3

AGGAATTCTACATAGTATTT

20, AGG

+

25

BAR-spacer1

GCCGACATCCGCCGTGCCACCG

22, AGG

+

77

BAR-spacer2

GTCTGCGGGAGCGCTATCCC

20, TGG

+

70

BAR-spacer3

CTACATCGAGACAAGCA

17, CGG

+

47

BAR-spacer4

ACGCAACGCCTACGACTGGA

20, CGG

+

60

BAR-spacer5

GCGCTCGGATATGCCCCCCG

20, CGG

+

75

6.2.3 In vitro transcription of sgRNA
Amplicons consisting of a T7 promoter, a GN-17-22 nt (G = guanine, N = any nucleotide)
target spacer sequence (Table 6.2), and a sgRNA scaffold (Li et al., 2013) were assembled
from synthetic oligonucleotides by overlapping PCRs (described in Chapter 5). Amplicon
sequences were confirmed by Sanger sequencing before being used as templates for in vitro
transcription. In vitro transcription of sgRNAs from the amplicons was performed using the
RiboMAX™ Large Scale RNA Production System - T7 (Promega, Cat. #P1300) following
the manufacturer’s protocol. After the completion of transcription reaction, RQ1 RNase-Free
DNase to a concentration of 1 unit/µg of template DNA was added immediately to remove
DNA template and incubated 15 min at 37°C. The RNA was purified by chloroform
extraction followed by ethanol precipitation (described in Chapter 5). The sgRNA molecules
were stored at -80°C until use.

Three sgRNAs (PDS-sgRNA1, PDS-sgRNA2, and PDS-sgRNA3) targeting the N. tabacum
PDS gene and five sgRNAs targeting bar transgene (BAR-sgRNA1, BAR-sgRNA2, BAR-
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sgRNA3, BAR-sgRNA4, and BAR-sgRNA5) were synthesised to use in Cas9 digestion
assays in vitro.

6.2.4 Testing target DNA cleavage in vitro
The 537 bp amplicon containing the three spacer regions in the PDS gene was generated from
genomic DNA by PCR using primers PDS1-F and PDS1-R. Three sgRNAs (PDS-sgRNA1,
PDS-sgRNA2, and PDS-sgRNA3) were used with this amplicon in separate reactions to test
their cleavage efficiency.

Five sgRNAs were used targeting the bar gene. The 387 bp amplicon of the bar gene was
generated by PCR using BarA-F and BarB-R primers, which was the target sequence for two
sgRNAs (BAR-sgRNA1, and BAR-sgRNA2). Another bar gene amplicon of 638 bp
containing target sequences for BAR-sgRNA3, BAR-sgRNA4, and BAR-sgRNA5 was
generated using primers BarA-F and Bar-R. Amplicons were purified using a Wizard® SV
Gel Clean-Up System (Promega). Sequencing of amplicons was done to confirm that
template DNA contained the target sites followed by a PAM sequence. Target DNA mix for
the in vitro cleavage assay was prepared using 500 ng of purified target DNA, 1 µL of the
10X NEBufferTM 3.1 (New England BioLabs Inc.) and water to a volume of 10 µL.

Cas9-NLS (nuclear localisation signal) protein was purchased from Proteowa
(http://www.proteowa.com.au/products.php). The in vitro Cas9 cleavage assay was done
using the suggested protocol of Proteowa with modifications. For the in vitro cleavage assay,
a reaction mix was prepared using 1 µg of Cas9-NLS in solution, 1 µg of purified sgRNA in
solution, 1 µL of the 10X NEBufferTM 3.1 (New England BioLabs Inc.) in a volume of 10
µL, and incubated at room temperature for 10 min. Target DNA mix was then added to the
reaction to a final volume of 20 µL, mixed, and incubated at 37°C for 1 h. The products of
each reaction were assessed by electrophoresis on a 2% agarose gel (Chapter 2).

Negative controls were the PDS and bar amplicons without adding Cas9, sgRNA, and 10X
NEBufferTM 3.1 and these were run alongside all in vitro digestion tests on agarose gels. Both
amplicons were prepared using 500 ng of purified target DNA, and water to a volume of 20
µL.
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6.2.5 Testing the presence of nucleoprotein complexes
It was speculated that the Cas9/sgRNA complex might be tightly associated with the
amplicon resulting in slow migration through the gel during electrophoresis, and this could be
responsible for the unexpectedly large bands on gels. To test this hypothesis, an additional
incubation step at 90°C in the in vitro cleavage assay was added intended to denature any
nucleoprotein complexes present.

These tests were done with only one sgRNA (PDS-sgRNA3 and BAR-sgRNA3) targeting
each gene. Two reactions were done using each sgRNA sample following all procedures as
described above. After 1-hr digestion at 37°C, one reaction mixture was taken out and kept in
ice. The second reaction mixture was incubated at 90°C for 5 min before agarose gel
fragment analysis. Both reactions were run in parallel on an agarose gel. The PDS and bar
DNA amplicons without adding Cas9, sgRNA and the NEB buffer were considered as
negative controls.

6.3 Results
6.3.1 Cleavage of the PDS gene in vitro
Visualisation by gel electrophoresis indicated differences in efficiencies of the three sgRNAs
used (Fig 6.3). The size of the control target DNA amplicon was 537 bp, as expected. PDSsgRNA1 did not direct cleavage, while PDS-sgRNA2 and PDS-sgRNA3 facilitated cleavage
of the amplicon into fragments of expected sizes. The expected size of fragments after
treatment with Cas9 and PDS-sgRNA2 was 500 bp and 37 bp, the 500 bp fragment was
clearly visualised, but the 37 bp fragment was not visible probably owing to its small size and
lower DNA concentration. Cas9 cleavage facilitated by PDS-sgRNA3 produced fragments of
241 bp and 296 bp, as expected. Successful cleavage facilitated by PDS-sgRNA1 should
produce two fragments of 354 bp and 183 bp in length, but this was not detected.
Unexpectedly, DNA fragments in lanes 4 and 5 that were treated with PDS-sgRNA2 and
PDS-sgRNA3 appeared larger than untreated DNA in lane 2 (Fig. 6.3). It was hypothesised
that this molecule might have been a nucleoprotein complex consisting of Cas9 nuclease or
Cas9/sgRNA molecule associated with target DNA.
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Figure 6.3 In vitro DNA cleavage assay using Cas9 nuclease and sgRNAs targeting a PDS
gene fragment of 537 bp. Lane 1, 100 bp DNA ladder (Axygen); Lane 2, negative control
containing PDS amplicon untreated with Cas9 and sgRNA; Lane 3, uncut PDS amplicon after
incubated with Cas9 and PDS-sgRNA1; Lane 4, PDS amplicon incubated with Cas9 and
PDS-sgRNA2, the band on the top is the uncut PCR amplicon and the second band (same
size as control DNA) is the cleaved fragment of 500 bp; 5, PDS amplicon incubated with
Cas9 and PDS-sgRNA3, first upper band is uncut PCR amplicon, second and third bands are
the cleaved fragments. The band size of uncut PCR amplicons in lane 4 and lane 5 was larger
than the control in lane 2 indicating the possible nucleoprotein complex.

6.3.2 Targeted cleavage of the bar gene in vitro
In this assay, five different sgRNAs targeting the bar gene were tested. BAR-sgRNA1 and
BAR-sgRNA2 did not cleave the bar amplicon. Of the three other bar-targeting guides
tested, only BAR-sgRNA3 and BAR-sgRNA4 cleaved the target DNA into expected sizes
(Fig. 6.4). BAR-sgRNA3 cleaved the 638 bp amplicon into fragments of 480 bp and 158 bp,
and BAR-sgRNA4 cleaved it into fragments of 317 bp and 321 bp (shown as one band on a a
gel). BAR-sgRNA5 was ineffective, as no DNA cleavage was detected (Fig. 6.4). The
amplicon treated with BAR-sgRNA2 (lane 3) appeared larger than expected on the gel,
possibly resulting from a nucleoprotein complex consisting of Cas9 or Cas9/sgRNA molecule
and target DNA. There was an unexpectedly large band of ~ 1500 bp, (marked with an
asterisk) in lane 3 (Fig. 6.4).
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Figure 6.4 In vitro DNA cleavage assay using Cas9 nuclease and sgRNAs targeting the 638
bp bar gene fragment. Lane 1, 100 bp DNA ladder (Axygen); Lane 2, negative control (638
bp bar amplicon) untreated with Cas9 and sgRNA; Lane 3, bar amplicon incubated with
Cas9 and BAR-sgRNA3; Lane 4, bar amplicon incubated with Cas9 and BAR-sgRNA4;
Lane 5, bar amplicon incubated with Cas9 and BAR-sgRNA5. The band size of uncut bar
amplicons in lane 3 was larger than the control in lane 2 indicating the possible nucleoprotein
complex. A very faint band marked with asterisks (*) is present in lane 3.

6.3.3 Testing the presence of nucleoprotein complexes
As shown in Fig. 6.3 and Fig. 6.4, larger bands occurred on the gels (lane 3 and lane 7 in Fig.
6.5) when PDS and bar amplicons were incubated with Cas9 and sgRNAs. These may
represent nucleoprotein complexes of Cas9-sgRNA with DNA or cleavage products. To test
this hypothesis, after the cleavage assays, two samples targeting PDS (lane 4, Fig. 6.5) and
bar (lane 8, Fig. 6.5) were incubated at 90°C for 5 min before electrophoresis to dissociate
possible nucleoprotein complexes. This treatment resolved the bands to that of uncleaved
amplicons, supporting the hypothesis. Moreover, a faint band ~ 1500 bp, marked with
asterisks (*), was visible in lane 7 (also visible earlier in Fig. 6.4), this band was disappeared
in lane 8 after incubated at 90°C. The band sizes of both uncleaved PDS (lane 4) and bar
(lane 8) amplicons were the same as untreated PDS and bar amplicons in lanes 2 and 6
respectively. The size of the cleaved fragments changed in lane 4 compared to bands in lane 3
after incubation at 90 degrees also indicating the association of protein with cleaved products
before incubation.
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Figure 6.5 In vitro DNA cleavage assay using Cas9 nuclease and sgRNAs targeting PDS and
bar gene for detecting the presence of nucleoprotein complexes. Lane 1, 100 bp DNA ladder
(Axygen); Lane 2. negative control containing PDS amplicon untreated with Cas9 and
sgRNA; Lane 3, PDS amplicon incubated with Cas9 and PDS-sgRNA3; Lane 4, PDS
amplicon incubated with Cas9 and PDS-sgRNA3 after incubation at 90°C; Lane 5, 100 bp
DNA ladder (Axygen); Lane 6, negative control containing bar amplicon untreated with Cas9
and sgRNA; Lane 7, bar amplicon incubated with Cas9 and BAR-sgRNA3; Lane 8, bar
amplicon incubated with Cas9 and BAR-sgRNA3 after incubation at 90°C.

6.4 Discussion
The aim of the experiments described in this chapter was to assess the effectiveness of
sgRNAs combined with Cas9 nuclease to cleave the target DNA in vitro. In vitro testing is a
rapid means of testing effectiveness of sgRNAs before in vivo studies. Three sgRNAs
targeting sites on the PDS gene and five sgRNAs targeting sites on the bar gene were
selected to test cleavage efficiency by purified Cas9 endonuclease. Two (PDS-sgRNA2 and
PDS-sgRNA3) out of the three sgRNAs tested against the PDS gene fragment were effective
in directing Cas9-mediated cleavage in the target DNA, and one (PDS-sgRNA1) was
ineffective. Out of the five sgRNAs designed to cleave the bar gene, two (BAR-sgRNA3 and
BAR-sgRNA4) effectively initiated sgRNA-guided Cas9 cleavage in the target DNA
sequence. The reason why the remaining three sgRNAs were ineffective is uncertain.
About 97% of effective sgRNAs have GC content in the broad range of 30 - 80% (Liang et
al., 2016), and the guide RNAs used in this study were within this range, except one, PDSsgRNA3 which had a GC content of 25%. The triple H-bonds of guanine and cytosine
stabilise the attachment of Cas9-sgRNA complex to the target. The sgRNAs with higher GC
102

contents had higher efficacies in plant systems (Feng et al., 2014; Pan et al., 2016; Zhang et
al., 2014). Our results were inconsistent with these findings. The sgRNAs, PDS-sgRNA3
with only 25% GC and PDS-sgRNA2 with only 35% GC each cleaved the targets. Three
among the four ineffective sgRNAs (BAR-sgRNA1, BAR-sgRNA2, and BAR-sgRNA5) had
GC contents above 68%. Thus, it is likely that factors other than GC composition were
facilitating Cas9 cleavage efficiency here.
The sgRNA editing efficiency depends on the nucleotide preference at several positions of
sgRNAs spacer in animals (Doench et al., 2014; Wang et al., 2014a; Xu et al., 2015).
Guanines were preferable at PAM-proximal position 20 (position 20 is the base immediately
upstream of the PAM sequence) as it enhances genome editing activity (Labuhn et al., 2017).
In our study, guanine was not present at position 20 in any of the four effective sgRNAs used,
whereas guanine was present in two ineffective sgRNA sequences (BAR-sgRNA1, and BARsgRNA5) at position 20. The nucleotide preference of spacer may not be an influencing
factor here in Cas9-mediated cleavage efficiency by sgRNAs.
Length of sgRNA spacers can influence cleavage activity since knockout efficiency of 17 or
19 nt was similar to 20 nt long sgRNAs, but a sgRNA of 15 nt failed to show activity (Fu et
al., 2014). However, a 20 nt sgRNA was more effective than a 17 nt sgRNA for inducing
gene knockout (Zhang et al., 2016a). Consistent with some previous findings, in the present
study, a 17 nt sgRNA (BAR-sgRNA3) was as effective at facilitating cleavage as were three
20 nt sgRNA (PDS-sgRNA2, PDS-sgRNA3, BAR-sgRNA4). The remaining sgRNAs, which
were 20 - 22 nt long were ineffective. Length of the spacer may not have been the main issue
here.
The efficiency of a sgRNA may be related to other factors such as sgRNA stability (MorenoMateos et al., 2015), sgRNA-DNA recognition (Nishimasu et al., 2014), the secondary
structure of sgRNA (Jinek et al., 2014; Liu et al., 2016), the ratio of protein/sgRNA/DNA
concentration (Anders and Jinek, 2014). It was not possible to clearly identify the reasons
why some sgRNAs were effective while others were not. It would require screening larger
number of sgRNAs targeting different locations of the gene fragments to draw any
conclusions.
Uncleaved bands of larger size than untreated control DNA bands were generated after the
Cas9 digestion assay. This indicated that nucleoprotein complexes were formed between the
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target DNA and the Cas9/sgRNA molecule and Cas9 protein did not dissociate from DNAs
after cleavage. Cas9 does not strongly interact with DNA unless a sgRNA is intercalated
(Jinek et al., 2012). If DNA and DNA cleavage products bound with Cas9 or the Cas9sgRNA, they migrated more slowly through the gel. Evidence for this hypothesis was faster
migration of the DNA bands when samples were incubated at 90°C when template DNA
bands migrated at the same rate as untreated template DNA. Protein assays have shown that
Cas9 or Cas9-crRNA (CRISPR RNA) remained bound to the cleavage reaction products after
DNA cleavage and co-migrated in a gel (Gasiunas et al., 2012). Another biochemical gel shift
assay confirmed the strong bond of Cas9: RNA to both cleavage products after cleavage
(Sternberg et al., 2014). Cas9 strongly associates with dsDNA in the presence of sgRNA
complementary to the target, and it is released after treatment with Proteinase K to digest the
DNA bound Cas9 before running on the gel (Anders and Jinek, 2014; Clarke et al., 2018).
Larger sized uncleaved bands appeared in three out of the four assays that cleaved target
DNA, however uncleaved DNA in the fourth one using BAR-sgRNA4 was of the expected
size. The reason for the inconsistency in these assays was not so clear. In this study, the larger
sized band (~ 1500 bp) was visualised after in vitro Cas9 digestion assays using BARsgRNA3, and the band disappeared after incubation at 90°C. The reason is not understood. It
could also be concatenation; uncut DNA bound with cut fragments of DNA could visualise as
a larger band.
Results of in vitro digestion assays described here can predict the potential of different
sgRNAs in subsequent in vivo experiments to guide Cas9-mediated mutations. However, in
vitro and in vivo cleavage efficiency of sgRNAs do not always correlate well (Uusi-Mäkelä et
al., 2018). The in vitro assay is an extremely simple system compared to the cellular
environment, which contains DNA repair enzymes and other molecules that could influence
cleavage and repair activity. Moreover, the results of in vivo experiments for assessing
effectivity of sgRNAs were compared with the predictions from eight different sgRNA online
design tools; no significant correlation between the predicted and observed efficiencies of the
sgRNA was found to direct editing (Naim et al., 2020). Three sgRNAs targeting each PDS
and bar gene (where two were effective and one was ineffective targeting each gene) were
selected for further study to compare the effectivity of sgRNAs at in vitro and in vivo
experiments.
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Chapter 7
Mutagenesis of PDS and bar genes in Cas9expressing plants
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7.1 Introduction
The overall aim of this project was to develop Cas9-expressing plants that could be used as
tools to study gene function. In this chapter, the description is all about experiments to
provide proof-of-concept by introducing specific sgRNAs to Cas9-expressing plants to
knockout target genes using Agrobacterium-mediated transformation.

In Cas9-mediated genome editing, successful targeted gene modification is determined by the
expression of functional sgRNAs. The sgRNA expression efficiency can be influenced by
several factors, such as the type of promoter used, the delivery method of sgRNA, and the
efficiency of processing where multiple sgRNAs are included. Editing can be achieved by
using several individual or concatenated sgRNAs to target multiple sites of the same gene and
multiple genes in the same cell (Gao et al., 2015a; Lowder et al., 2015; Ma et al., 2015; Ntui
et al., 2020b; Wang et al., 2018a; Wang et al., 2018b; Xie et al., 2015). The most common
method is to stack multiple independent sgRNA-expressing cassettes, each having its own
promoter, in a single plasmid construct or in multiple constructs (Cong et al., 2013; Ma et al.,
2015). Generally, each sgRNA-expressing cassette consists of an RNA polymerase III (Pol
III) promoter, the sgRNA and a Pol III terminator.

There are several approaches to processing concatenated sgRNAs, such as tRNA processing
systems (Oh et al., 2020; Xie et al., 2015), ribozyme-based technology (RGR, RibozymegRNA-Ribozyme) (He et al., 2017; Zhang et al., 2019c) and the Csy4 ribonuclease system
(Kurata et al., 2018; Liu et al., 2019), all of which have been used in multiplex gRNA
expressing systems using a single promoter. In the polycistronic tRNA-gRNA (PTG) system,
tRNA-gRNA coding units were used to produce multiple sgRNAs from a single transcript,
which are then cleaved post-transcriptionally into individual gRNAs using endogenous RNAcleaving enzymes (Hashimoto et al., 2018; Hui et al., 2019; Ma et al., 2019; Wang et al.,
2018c; Xie et al., 2015).

In the work described here, the tRNA-processing based sgRNA expression system was used
to generate three sgRNAs to target three sites in the endogenous PDS gene and the bar
transgene in a Cas9-expressing plant line. PDS encodes the phytoene desaturase enzyme that
is a key component in the carotenoid biosynthesis pathway (Chamovitz et al., 1993; Fraser et
al., 1994). Disruption of the function of this gene by mutation results in inhibition of many
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genes in chlorophyll, carotenoid, and gibberellin biosynthesis, thus creating albino
phenotypes and dwarfism (Qin et al., 2007). Thus PDS knockout leads to photobleaching and
an albino phenotype (Banakar et al., 2020; Charrier et al., 2019; Chen et al., 2018a; Ntui et
al., 2020a; Odipio et al., 2017; Qin et al., 2007; Wilson et al., 2019). Similarly, a frame-shift
mutation of the bar gene should confer susceptibility to glufosinate.

Since it had proved difficult to introduce sgRNAs directly into cells, the aim of this work was
to use stable and transient expression of sgRNAs via a Agrobacterium-mediated
transformation approach to generate frame-shift mutations in the PDS and bar genes.

7.2 Materials and methods
7.2.1 Plant materials
The plants used were non-transgenic, wild-type (WT) N. tabacum cv Wisconsin 38 plants and
transgenic (T3-generation) plants (hereafter referred to as T3-12.2) derived from a
homozygous T1 line (T1-12.2) expressing Cas9 and bar genes developed from the same
tobacco cultivar.

Plants for Agrobacterium-mediated transformation were derived from four-week-old WT,
and T3 seedlings of line T1-12.2 grown in vitro. Seeds of both types of plants were surfacesterilised, seeds were germinated on MS plates and cultured at 25°C under long-day
conditions (16 h light / 8 h dark) (Chapter 2).

For agroinfiltration, WT and T3-12.2 plants of line T1-12.2 were derived from plants grown
in a growth chamber in the PC2 facility of the WA State Agriculture Biotechnology Centre
(SABC) at Murdoch University. Seeds were sown in a tray of potting mix to germinate, and
seedlings were transplanted 10 days after sowing into individual 9-cm round plastic pots
(capacity 370 mL) containing potting mix (Chapter 2). Five-week-old plants were used in
agroinfiltration experiments.
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7.2.2 Construction of sgRNA cassettes
For agroinfiltration and leaf disc transformation methods, three sgRNAs targeting PDS (PDSsgRNA1, PDS-sgRNA2 and PDS-sgRNA3) and three sgRNAs targeting bar (BAR-sgRNA3,
BAR-sgRNA4, and BAR-sgRNA5) (described in Chapter 6) were used.

A polycistronic tRNA-gRNA (PTG) gene cassette was synthesised, according to Xie et al.
(2015) to express multiple sgRNAs in a single transcript targeting multiple sites on a single
gene. Two cassettes were designed, one each for the PDS and bar genes. The sgRNA
expression cassettes consisted of a single A. thaliana-derived AtU6-1 Pol III promoter,
tandemly arrayed tRNA-sgRNA units, and a Pol III terminator sequence (Fig. 7.1). Each
sgRNA unit consisted of a target-specific spacer sequence and a conserved sgRNA scaffold
(Li et al., 2013). The sgRNA expression cassettes were synthesised and inserted at the EcoRV
site of the pUC57 vector by GENEWIZ Company (Suzhou, China). The resulting vectors
containing the sgRNA cassette for the PDS and bar genes were referred to as pUAtU6-sgPDS
and pUAtU6-sgBar, respectively.

Figure 7.1 Design of cassettes containing polycistronic tRNA-gRNA (PTG) to target the
PDS and bar genes. A, design of PTG to target PDS gene; B, design of PTG to target bar
gene. The sgRNA expression cassettes consist of an A. thaliana AtU6-1 Pol III promoter, a
PTG and the Pol III terminator. The synthetic PTG consists of tandemly arrayed tRNAsgRNA units, with each of the three sgRNA containing a target-specific spacer (indicated by
different colours, blue, orange, and purple for targeting PDS; deep blue, red, and grey for
targeting bar) and conserved sgRNA scaffold (shown as green coloured). The tRNA is shown
as round rectangles in yellow colour.
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7.2.4 Construction of binary vectors containing the sgRNA
cassettes
Binary vectors with the pART27 (Gleave, 1992) backbone containing sgRNA expression
cassettes were made for plant transformation with assistance from Dr. John Fosu-Nyarko.
Briefly, the expression cassettes of the PDS and bar gene targeting sgRNAs were sequenced
using M13 forward and reverse primers. Analyses of these sequences revealed that restriction
enzyme sites flanking the cassettes were not those expected from the multiple cloning sites of
pUC57 plasmids. Each cassette was modified by PCR to introduce SacI and ApaI sites at the
3' and 5' ends respectively to allow cohesive-end ligation to the plant transformation binary
vector pART27. The PCR mixtures comprised 100 ng of the plasmids pUAtU6-sgPDS or
pUAtU6-sgBar, 10M each of the primer pair M13-RE (5'TATTGAGCTCATTAGCGGCCGCACGTTGTAAAACGACGGCCAGT-3') (SacI site
underlined) and AtU6-RE (5'GATAGGGCCCATTACTAGTATAGAAATCTCAAAATTCCGGCAG-3') (ApaI site
underlined) and 1.0 unit of the MyTaq Red DNA polymerase and buffer system (Bioline,
Australia) in a 20 L reaction. The temperature profile for the PCRs was: an initial
denaturation at 96C for 3 min, 30 cycles at 96C for 30 s, 55C for 30 s and 72C for 1 min
followed by a hold at 72C for 10 min. The ~1000 bp amplicons were purified from 1%
agarose gels using the Wizard® SV Gel and PCR Clean-up System (Promega Corp, AUS) and
were each ligated to the pGEM®-T Easy Vector using a 3:1 vector: insert molar ratio
following the manufacturer’s protocol (Promega Corp, AUS). Following heat shock
transformation of chemically-competent E. coli cells with the ligated products, clones of the
cassettes, pGgRPDS and pGgRBAR, respectively, for the PDS and bar targeting sgRNA
cassettes, were selected using blue-white colony screening and by PCR and Sanger
sequencing using universal M13 primers, as above.

Cassettes were cut from pGEM-T Easy, and the SacI and ApaI fragments containing the
cassettes were ligated into the SacI and ApaI sites of binary vector pART27. Following heat
shock transformation of E. coli, pART27 clones with the sgRNA expression cassettes were
selected using blue-white colony screening and screened by PCR, as described above.
Successful ligation and cloning were confirmed by sequencing as previously described using
primers M13-RE and AtU6-RE. The resulting plasmids, pAAtU6sgPDS and pAAtU6sgBar
(Supplementary Fig. 7.1) were used to transform A. tumefaciens GV3101 cells using the heat
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shock method (Höfgen and Willmitzer, 1988). A. tumefaciens clones were selected in both
solid and liquid LB medium containing spectinomycin (100 mg/L) and rifampicin (25 mg/L)
and confirmed by PCR and sequencing (as above) using the primer pair M13-RE and AtU6RE.

7.2.5 Agrobacterium-mediated leaf disc transformation
7.2.5.1 Development of transgenic plants
Four leaf disc transformation experiments were done. Two transformations were with T312.2 plants (Cas9 and bar plus) using A. tumefaciens containing binary plasmid
pAAtU6sgPDS or pAAtU6sgBar. The other two were with WT tobacco plants (Cas9 and bar
minus) using A. tumefaciens containing plasmid pAAtU6sgPDS or pAAtU6sgBar. WT
tobacco plants were used as controls to verify if there was any evidence for differences
of Cas9-expressing plants in tissue culture and regeneration stages.

A clone of A. tumefaciens containing the binary plasmid pAAtU6sgPDS or pAAtU6sgBar
was grown from one colony in 5 mL liquid LB medium (described in Chapter 2)
supplemented with spectinomycin (100 mg/L) and rifampicin (25 mg/L) at 28°C on a rotary
shaker at 150 rpm for 2 days in the dark. Then, 100 uL of this culture was inoculated to 50
mL of LB with the same antibiotics and grown overnight maintaining the same conditions.
The culture was transferred to 50 mL tubes, and cells were collected by centrifugation at
4,000 x g for 20 min. Supernatant was discarded, and the pellet was resuspended in an equal
volume of liquid MS medium. The final OD660 of resuspended cells in MS liquid medium
was 0.5-1.0.

Leaves of four-week-old seedlings grown in vitro were cut into square segments 5 to 8 mm in
diameter. Thirty leaf discs each of WT and T3-12.2 plant tissue were incubated for 30 min
with gentle shaking in 20 mL A. tumefaciens cell suspension solution harbouring the
pAAtU6sgPDS or pAAtU6sgBar plasmid in the presence of 200 µM acetosyringone. Then,
explants were blotted dry on sterile filter paper and transferred to MS plates containing cocultivation medium (Chapter 2). After 3-day co-culture at 25°C with 16 h / 8 h photoperiod,
the leaf discs were rinsed five times in sterile distilled water containing 200 mg/L timentin to
remove adhering bacterial cells, followed by washing with sterile distilled water and blotted
dry on filter paper. The leaf discs were placed adaxial surface up on MS plates containing
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callus regeneration medium (Chapter 2) supplemented with 200 mg/L timentin to control
Agrobacterium and 150 mg/L kanamycin monosulfate (hereafter referred to as kanamycin) to
screen of transformants. These plates were maintained in a culture-room with 16 h / 8 h light:
dark photoperiod at 25°C. After four weeks, leaf discs were transferred to MS plates
containing shoot regeneration medium (Chapter 2) supplemented with the same
concentrations of timentin and kanamycin. Explants were sub-cultured to a new medium
every two weeks.

Fifty pAAtU6sgPDS-transformed shoots derived from T3-12.2 named PDS1 to PDS50 and
50 pAAtU6sgBar-transformed shoots derived from T3-12.2 named BAR1 to BAR50, each
representing an independent transgenic event, were selected for molecular analysis. Ten
shoots named NT1 to NT10 transformed with pAAtU6sgPDS and 10 shoots named as NT11NT20 transformed with pAAtU6sgBar using WT explants were also selected to be validated
by molecular analysis.

7.2.5.2 Molecular analysis of transgenic plants
Leaf samples were collected from putative transgenic shoots (PDS1 to PSD50, BAR1 to
BAR50, and NT1 to NT20), and DNA was extracted from them (Tapia-Tussell et al., 2005).
PCR analysis was performed using Plant DNA (200-300 ng) in a 20 μL reaction mix
(Chapter 2) following the cyclic conditions of initial denaturation at 94°C for 1 min; 30
cycles of 94°C for 30 s, 55°C for 15 s and 72°C for 30 s and an extension step at 72°C for 7
min. Primers used were NptII-F (5′-TGCTCCTGCCGAGAAAGTAT-3′) and NptII-R (5′AATATCACGGGTAGCCAACG-3′) to amplify a 364 bp fragment of the nptII gene in the
binary vector. Amplicons were visualised on 1% agarose gel.

Genomic DNA extracted from a T2 plant named T2-12.2-15 derived from the same T1-12.2
line expressing Cas9 and bar, which lacked the sgRNA cassette, was used as a negative
control while 100 ng DNA of plasmid pAAtU6sgBar was used as a positive control.

7.2.5.3 Sequence analysis to detect targeted mutations
Genomic DNA of the pAAtU6sgPDS- and pAAtU6sgBar-transformed shoots (PDS1-PDS50
and BAR1-BAR50) and control plant T2-12.2-15 was used to detect targeted mutagenesis
using Sanger sequencing. A 537 bp fragment of the PDS gene was amplified by PCR using
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the PDS-gene specific primers, PDS1-F and PDS1-R (Chapter 6) flanking three target sites of
sgRNAs. Primers BarA-F and Bar-R (Chapter 6) were used to amplify a 638 bp fragment of
the bar gene containing three target sites. PCR was done and bands analysed by
electrophoresis on a 1% agarose gel. The 537 bp and 638 bp PCR products were purified and
sequenced (Chapter 2). PDS and bar sequences of shoots PDS1 to PDS50 and BAR1 to
BAR50, respectively, were aligned with the control sequence (T2-12.2-15) using Geneious
10.13 software.

Amplicons from bar putative edited shoot BAR29 were cloned into pGEM®-T Easy Vector
(Promega Corp, AUS). Seven clones were selected using blue-white colony screening and by
PCR, and sequenced. Sequences were aligned with the control sequence (plant T2-12.2-15).

7.2.5.4 Phenotypic assessment of mutants
To assess the phenotype of edited (mutant) plants, a glufosinate leaf paint assay was done.
Mutant seedling (BAR29) were transferred from MS plates to soil in the glasshouse (Chapter
2) and a leaf painting assay was done using glufosinate solution at 3 mg/L concentration.
Glufosinate was applied to leaves of mutant, control plants expressing bar (plant T2-12.2-15)
and non-transgenic WT plants, and results were recorded after one week.

7.2.6 Agroinfiltration
7.2.6.1 Syringe agroinfiltration
Agroinfiltration was performed using the syringe method (Li, 2011). A single colony of
Agrobacterium clones pAAtU6sgPDS or pAAtU6sgBar was cultured by shaking at 150 rpm
in 5 mL LB medium containing spectinomycin (100 mg/L) and rifampicin (25 mg/L) at 28°C.
One millilitre of the overnight culture was inoculated to 25 mL LB and grown for 6-8 h. The
Agrobacterium cells were centrifuged at 5000 ×g, resuspended in infiltration buffer and
adjusted to an OD600 of 0.4. The infiltration buffer was a solution of 10 mM MgCl2 and 10
mM MES buffer (pH 5.6). The solution was kept at room temperature for 2-3 hours, and 100
μM acetosyringone (AS) was added immediately before use. The solution (approximately
200 μL) was infiltrated into the abaxial (lower) side of tobacco leaves through a 1 mL
needleless syringe. Infiltration was done by gently pressing the syringe on the underside of
the leaf and placing the fingertip on the opposite side of the leaf. The plunger was slowly
depressed. Successful infiltration was observed as a wet area in the leaf and traced with a
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marker pen. The plants were incubated in a growth cabinet (23°C with 16 h / 8 h
photoperiod) for 7 days, after which DNA was extracted from the infiltrated regions. PCR
with PDS-specific primer pairs, PDS1-F and PDS1-R and bar-specific primer pairs, BarA-F
and Bar-R (Chapter 6) flanking the designed target sites of PDS and bar gene was done. One
infiltrated leaf sample each from 25 individual plants of T3-12.2 were sampled and
sequenced for each construct. Five samples of individual WT plants infiltrated with
Agrobacterium clone each sgRNA construct were used as controls. Sanger sequencing was
used to detect targeted mutagenesis in T3-12.2 plants. Sequences of PDS and bar amplicons
were viewed, edited and pairwise aligned against sequences of untreated control sequence
(T2-12.2-15) in Geneious 10.13.

7.2.6.2 Glufosinate assay on leaves
In this experiment, leaf segments of T3-12.2 plants were infiltrated with Agrobacterium clone
pAAtU6sgBar or Agrobacterium cells without any construct and water were sprayed with 10
mg/L of Basta (active constituent glufosinate; Hoechst Horticulture, UN No. 2902) after 10
days of infiltration. Leaf segments of WT tobacco plants infiltrated with Agrobacterium clone
pAAtU6sgBar and untreated leaf segments of plant T2-12.2-15 were also sprayed with the
same concentration of Basta. Three plants of each type and three leaf segments of each plant
were sprayed. Morphological data was collected after 10 days. DNA was collected from leaf
segments of T3-12.2 plants based on the morphological data and analysed by PCR and
sequencing.

7.3 Results
7.3.1 Regeneration of transgenic plants
Leaf discs were kept on callus regeneration medium for four weeks after co-cultivation with
Agrobacterium clones pAAtU6sgPDS and pAAtU6sgBar. After two weeks, callus formation
was observed at the edges of leaf discs. Some leaf discs turned brown on kanamycin plates,
and callus formation from some leaf discs was completely inhibited. Moreover, some calli
turned brown and died. After four weeks, small shoot primordia were observed on some calli.
Calli with green shoots were transferred to shoot regeneration medium supplemented with
kanamycin. Most shoots grew vigorously, whereas some turned yellow and died. Vigorouslygrowing shoots were excised from calli and sub-cultured. Green vigorously-growing shoots

113

were considered as putative transgenic shoots, and among them, 50 shoots for each
transformation (PDS1-PDS50 and BAR1-BAR50) were chosen for further analysis.

There were no differences in callus formation and regeneration stages of transformants
obtained from line T3-12.2 compared to transformants obtained from WT tobacco plants
using either construct pAAtU6sgPDS or pAAtU6sgBar.

7.3.2 Analysis of transgenic tobacco
In transformation of T3-12.2 with pAAtU6sgBar targeting the bar gene, two shoot
phenotypes were observed on kanamycin plates: green and yellow (Fig. 7.2-A). Yellow
shoots were sensitive to kanamycin and represented the absence of the nptII transgene,
whereas green shoots were tolerant and likely to be expressing nptII. Green putative
transformants were easily distinguished from yellow non-transformants on selection plates.
Only 50 green shoots (BAR1-BAR50) were subsequently analysed, the rest were discarded.

In contrast, four shoot phenotypes were observed in transformation experiment of T3-12.2
with pAAtU6sgPDS targeting the PDS gene. There were yellow shoots, green shoots, white
(albino) shoots, and variegated shoots with a mixture of white and green (Fig. 7.3-B, C, D, E,
F). Shoots with white leaves grew slower than variegated and green shoots, and green shoots
grew faster than variegated shoots (Fig. 7.2). Some shoots with variegated phenotypes
appeared green initially but turned pale green to white, and later developed variegations (Fig.
7.2). Five shoots (PDS1-PDS5) with white leaves, 10 shoots (PDS6-PDS15) with variegated
leaves, and 35 shoots (PDS16-PDS50) with green leaves transformed with pAAtU6sgPDS
were selected for further screening. The rest of the shoots were discarded.

WT tobacco plants (Cas9 and bar minus) transformed with pAAtU6sgPDS and
pAAtU6sgBar also exhibited two phenotypes (green and yellow) on kanamycin medium
(representative fig, Fig. 7.2-A) Only green plants (NT1-NT20) were used in further analysis.
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Figure 7.2 Phenotypes of shoots on kanamycin plates. A, Yellow shoot = sensitive to
kanamycin; green shoot = resistant to kanamycin; B, white shoot = putative edited shoot;
green shoot = resistant to kanamycin; C-F, variegated shoots with a mixture of white and
green leaves indicating a chimera of edited and non-edited tissues.
PCR amplification of the DNA from leaves was performed to evaluate the presence of nptII
in the plant genome. Amplification of a 364 bp fragment of nptII confirmed the transgenic
nature of the shoots by PCR. All 50 pAAtU6sgBar shoots tested (BAR1-BAR50) were
positive for the 364 bp nptII amplicon (Table 7.1). Five pAAtU6sgPDS shoots (PDS1-PDS5)
with white leaves, 10 shoots (PDS6-PDS15) with variegated leaves, and 35 shoots (PDS16PDS50) with green leaves were also nptII positive (Table 7.1).
The 20 selected putative transgenic shoots (NT1-NT20) with the construct pAAtU6sgPDS
and pAAtU6sgBar obtained from WT plants (Cas9 and bar minus) were green on kanamycin
plates and positive for the nptII gene (Table 7.1). No false positives were observed in any
transformation experiment using WT or T3-12.2 plants either by using pAAtU6sgPDS or
pAAtU6sgBar.
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No nptII amplicon was observed for negative control plant (untransformed plant T2-12.2-15,
the Cas9-expressing T2 seedling from line T2-12.2). All 100 shoots (PDS1-PDS50, BAR1BAR50) containing the nptII gene were selected for further sequencing of target genes, PDS
and bar for mutation detection.

Table 7.1 Transgenic shoots with PDS- and bar-targeting sgRNAs, and their phenotypes
Name of
transformant
PDS1-PDS50
NT1-NT10
BAR1-BAR50
NT11-NT20

Plant and
construct
T3-12.2
pAAtU6sgPDS
Wild-type (WT)
pAAtU6sgPDS
T3-12.2
pAAtU6sgBar
Wild-type (WT)
pAAtU6sgBar

No.
shoots

No. shoots with phenotype

No.
transformants
(nptII positive)

Green

Albino

Variegated

50

35

5

10

10

10

0

0

10

50

50

0

0

50

10

10

0

0

10

50

7.3.3 Mutation of PDS
To determine the capacity of Cas9-expressing plants for inducing mutation in endogenous
genes in the presence of specific guides, three sgRNAs were designed to target three sites in
the N. tabacum PDS gene.

PDS-specific primers flanked the targeted region, yielding a 537 bp amplicon in the control
plant (T2-12.2-15), but smaller amplicons were expected if a fragment between bases had
been removed. Smaller amplicons indicative of PDS-fragment excision were not detected by
PCR. All shoots (PDS1-PDS50) showed amplicons of similar size as that of the control. All
amplicons were sequenced, and the sequences compared to the control PDS sequence. No
differences between sequences were found, indicating no detectable editing events in the
albino (PDS1-PDS5), variegated (PDS6-PDS15), and green (PDS16-PDS50) shoots.

7.3.4 Mutation of bar
Green shoots (BAR1-BAR50) positive for nptII were selected for analysis. Three regions of
bar were targeted for editing in T3-12.2 plants. PCR amplification using bar-specific primers
was done; all amplicons appeared the same size as the unedited control T2-12.2-15,
indicating no large DNA deletion or insertions. Sequences from the 49 of the 50 shoots
revealed no sequence changes in any target sites. There was an insertion mutation in one
116

shoot (BAR29) at the BAR-sgRNA5 target site, and no mutations were detected at BARsgRNA3 and BAR-sgRNA4 target sites. The sequencing chromatogram of shoot BAR29
revealed two overlapping amplicons starting at 3 bp upstream of the PAM, indicating BAR29
contained a heterozygous mutation or a mixture of cells containing both edited or unedited
bar genes, referred to as a chimera (Fig. 7.3). Sequence analysis of seven clones carrying bar
amplicons from edited shoot BAR29 revealed the presence of an indel in six of them 3 bp
upstream of the PAM (Fig. 7.4). A single T nucleotide insertion was detected at the sgRNABAR5-target site in the bar gene sequence. The sequence of one clone (clone no BAR29-6)
was the same as the control sequence suggesting heterozygous mutation. The insertion
mutation occurred three nucleotides upstream of the PAM region, conferring a frame-shift in
the coding region of the bar gene.

Figure 7.3 Chromatogram from Sanger sequencing of purified PCR products of bar edited
shoot (BAR29) and control (plant T2-12.2-15 expressing only the Cas9-bar cassette)
indicating BAR-sgRNA5 target site in the bar gene. Two overlapping nucleotides are present
starting at 3-bp upstream of the PAM. The BAR29 amplicon sequence is shown at the top,
and the control amplicon sequence is shown at the bottom. The red arrow indicates the 3-nt
upstream of the PAM.
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Figure 7.4 Chromatograms from Sanger sequencing representing the mutation identified
after cloning the PCR product into pGEM®-T Easy Vector from bar edited shoot BAR29 and
the control plant T2-12.2-15 (expressing only the Cas9-bar cassette) at the BAR-sgRNA5
target site. The sequences of seven clones were aligned with the control sequence. The T2
control sequence is shown at the bottom containing the sequence targeted by the sgRNA
(BAR-sgRNA5) is followed by the PAM. There was one T insertion 3-nt upstream of the
PAM in six clones. One sequence from clone no BAR29-6 was the same as T2 control
sequence. The red arrows show the location of mutations.

7.3.5 Phenotype of BAR29
Four leaves of plant BAR29, which contained bar-edited cells were painted with glufosinate
which resulted in yellow discolouration, observed in all leaves between days 4-7. Damage on
the painted leaves started as yellow discolouration (chlorosis), and after one-week, brown
spot (necrosis) at the edge of the leaves appeared. Necrosis later progressed inwards to the
other parts of the painted leaf (Fig. 7.5). Leaves of control Cas9-expressing plant (T2-12.215) remain green whereas patches of light brown glufosinate toxicity symptom was found in
WT tobacco leaves. The symptom was more severe on WT leaves than on mutant BAR29
leaves.
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Figure 7.5 Glufosinate leaf painting assay on leaves using 3 mg/L glufosinate solution.
Marked parts of the leaf were painted with glufosinate. A, healthy mutant BAR29 leaf
painted with glufosinate at day 0; B, chlorosis at the edge of the mutant BAR29 leaf at day 4;
C, necrosis at the edge of the mutant BAR29 leaf at day 8, D, necrosis progressing inwards in
mutant BAR29 leaf at day 12; E, healthy leaf of control Cas9-expressing plant (T2-12.2-15)
at day 12; F, symptom of glufosinate toxicity on wild-type leaf at day 12.

7.3.6 Detection of mutation in agroinfiltrated leaves
To determine mutagenesis of PDS and bar genes by infiltration of Agrobacterium clone PDS
and bar-targeting sgRNAs constructs, pAAtU6sgPDS and pAAtU6sgBar into plant tissue,
leaves of T3-12.2 plants from line T1-12.2 expressing Cas9 were used.

No white spots were visible on leaves of plants at seven days post-infiltration of
Agrobacterium clone pAAtU6sgPDS. This result indicated that there was either no cells with
mutations in the PDS gene or only a small number of cells were mutated. The phenotypes of
infiltrated leaves of T3-12.2 plants was similar to control WT plant leaves infiltrated with
pAAtU6sgPDS. No indels or other mutations were detected among 25 sequenced amplicons
from agroinfiltrated leaves with pAAtU6sgPDS.

The sequences of amplicons containing bar-target region from Agrobacterium clone
pAAtU6sgBar infiltrated leaves were aligned against sequences of untreated plant T2-12.215. No mutation was detected in any of the three target regions in the bar gene of any sample
infiltrated with pAAtU6sgBar (Table 7.2).

Table 7.2 Mutation analysis in PDS and bar genes using agroinfiltration of sgRNA
constructs, pAAtU6sgPDS and pAAtU6sgBar
Construct used
pAAtU6sgPDS

pAAtU6sgBar

Type of plants
used
T3-12.2

No. of
plants examined
25

No. of plants
with a mutation
0

Wild-type (WT)

5

0

T3-12.2

25

0

Wild-type (WT)

5

0
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7.3.7 Basta assay on leaves
In this experiment, Cas9- and bar-expressing T3-12.2 plants were sprayed with Basta. Where
editing of the bar gene occurred, we expected tolerance of glufosinate to be lost; plants would
behave like WT tobacco plants which are sensitive to glufosinate.

Leaf segments of WT plants infiltrated with Agrobacterium cells with pAAtU6sgBar
exhibited initial yellowing at day 3-4 after Basta application (Fig. 7.6-E). Damage started
from the edge of the leaf, segments were yellow initially and later brownish. Necrosis started
at the tip of the sprayed leaf.

Fresh leaf segments of Cas9- and bar-expressing plants (T2-12.2-15) sprayed with Basta
remained healthy and green (Fig. 7.6-A). Plants grew normally without visible damage. Leaf
segments of T3-12.2 plants infiltrated with Agrobacterium cells without any sgRNA
construct (Fig. 7.6-B) or water (Fig. 7.6-C) also remained healthy and green. No visible
injury (chlorosis or necrosis) from Basta treatment was observed as expected.

However, leaf segments of T3-12.2 Cas9- and bar-expressing plants agroinfiltrated
with pAAtU6sgBar showed both types of phenotypes after applying Basta. Four leaves
among nine behaved like control Cas9-expressing plant (T2-12.2-15) that were tolerant to
glufosinate treatment. The other five leaves had herbicide-type injuries like those in WT
control plants (sensitive to glufosinate) showing tiny wound at edge or chlorosis in infected
leaf segments, and later necrosis started at the tip of the leaf (Fig. 7.6-D, Table 7.3). These
responses indicated that there could be down-regulation of bar expression in agroinfiltrated
cells with bar-targeting sgRNAs. This would occur at the protein level, as expression of
mRNA is unlikely to be changed upon editing.

Three leaf segments showing chlorotic or necrotic damage underwent further mutation
analysis. PCR amplicons of the bar gene were sequenced, but no mutations were detected
from these samples.
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Figure 7.6 Effect of 10 mg/L Basta sprays after 10 days on agroinfiltrated and control leaf
segments. A, control T2-12.2-15 Cas9-expressing tobacco leaf; B, T3-12.2 Cas9-expressing
tobacco leaf infiltrated with Agrobacterium without bar-targeting construct (with only
syringe wound); C, T3-12.2 Cas9-expressing tobacco leaf infiltrated with water; D, T3-12.2
Cas9-expressing tobacco leaf infiltrated by Agrobacterium containing bar-targeting sgRNA
construct; E, wild-type tobacco leaf infiltrated with Agrobacterium containing bar-targeting
sgRNA construct.

Table 7.3 Response of T3-12.2 Cas9-expressing plants agroinfiltrated with bar-targeting
sgRNAs to the application of 10 mg/L Basta. 0, green healthy leaf; 1, small yellow spot at the
edge; 2, chlorosis progressing from edge to inwards on the sprayed leaf segment; 3, necrosis
starting at leaf tip with yellowing symptoms
Plant No

Sprayed leaf segments

Effects/Score

1

1

0

2

1

3

0

1

1

2

0

3

2

1

2

2

3

3

0

2

3
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7.4 Discussion
The most important outcome of the experiments described in this chapter was the
confirmation of the activity of the Cas9 enzyme in T3-12.2 plants derived from a tobacco
line, T1-12.2. Three sgRNAs targeting PDS gene and three sgRNAs targeting bar gene were
introduced in Cas9-expressing T3-12.2 plants to assess the feasibility of using these plants in
gene function studies. Mutation detection in the bar gene confirmed the activity of the Cas9
protein in these plants.

Only one edited event, a point mutation in bar, was detected from the stable expression of six
sgRNAs tested targeting PDS and bar gene in 100 treated plants. Although bleaching
phenotypes were present in the PDS-targeted plants, indicating editing of that gene, no DNA
editing was detected upon sequence analysis. The possible reasons for the apparent
discrepancies between phenotype and genotype in the PDS experiments are discussed here.

During the analysis of plant BAR29, sequencing analysis could not distinguish between a
heterozygous mutation (one edited and one non-edited allele) and a chimeric mutation (where
some cells contain edited genes and others do not) (Bruegmann et al., 2019; Fan et al., 2015).
Sequence analysis of the seven clones from the bar amplicons of edited plant BAR29 showed
that there was editing sequence in six clones and one was similar to the control sequence. It is
likely that this result is indicative of a heterozygous mutation, where one bar allele in the
genome is edited, and the other is not. CRISPR/Cas9-induced heterozygous mutations have
been reported in A. thaliana, N. benthamiana and rice (Feng et al., 2014; Jiang et al., 2019;
Nekrasov et al., 2013; Wang et al., 2015a; Zhang et al., 2014). However, it is not possible to
conclude whether all cells have a mutation in the T0 generation, or it is a combination of
mutated and non-mutated cell present in the same plant. To test for chimerism, analysis of
distinct parts of the plant BAR29 may reveal bar mutated and non-modified tissues/sectors. A
study reported that different mutations can be detected in samples of different tissues (Wang
et al., 2015b) that was not examined here, as the target sequence in a single leaf sample was
used to analyse.

Homozygous and biallelic gene mutation were stably inherited to the later generations in
tomato and wheat (Pan et al., 2016; Zhang et al., 2019b). Segregation patterns of the T0
plants carrying heterozygous or chimeric mutations could be unpredictable. The progenies
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could harbour the same genotypes as the progenitor. The new mutation types could observe
in T1 mutant progenies as CRISPR/Cas9 continue to edit the non-edited alleles/copies of the
target gene if parent line still contains the sgRNA-Cas9 expression cassette and non-edited
alleles/copies (Pan et al., 2016; Zhang et al., 2020a; Zhang et al., 2019b). Further study is
required to know whether the obtained bar gene mutagenesis is passed to the next generations
of tobacco. In such a case, heritability of the bar gene mutant plant would depend on the
reproductive structures containing bar mutant cells. The seed screening of mutant BAR29
could be an option to confirm heritability in T1 and later generations.

The mutated bar gene in plant BAR29 has an insertion of one thymine 3 nt upstream of the
PAM. One-bp insertions (usually an A or T) or small deletions (≤10bp) in target genes were
the predominant CRISPR-induced mutations from DSB repair in A. thaliana, potato, and
mini-citrus plants (Andersson et al., 2017; Feng et al., 2014; Zhu et al., 2019). Leaf painting
with glufosinate of plant BAR29 revealed the leaves of BAR29 were susceptible to
glufosinate as compared to control Cas9- and bar-expressing leaf (plant T2-12.2-15).
Necrosis occurred in BAR29 and WT plants but not in T2-12.2 parental line expressing bar
indicated the down-regulation or loss of expression of phosphinothricin acetyltransferase
(PAT) by the edited alleles of the bar gene in BAR29. Previous CRISPR/Cas9 genome
editing studies also showed that a one-nucleotide frame-shift mutation in the coding region of
the target gene could induce premature termination leading protein truncation or abolish
expression of this gene (Jiang et al., 2019; Tian et al., 2020).

Although six sites in the bar and PDS genes were targeted by sgRNAs, a mutation at only
one site, that targeted by guide BAR-sgRNA5 was observed. This may be a function of the
number of explants analysed (100), or properties of the sgRNAs themselves. Several studies
reported differences in mutation efficiency by different sgRNAs (Doench et al., 2014;
Labuhn et al., 2017; Shalem et al., 2014; Wang et al., 2014a), citing a number of factors that
affect editing efficiencies. Higher sgRNA spacer GC content was more effective in some
plant systems (Feng et al., 2014; Pan et al., 2016; Zhang et al., 2014). G-C pairs use triple Hbonds, whereas A-T pairs use two H-bonds, so sgRNAs with more G-C bonds are more
stable than those with more A-T bonds, thereby exhibiting higher editing efficiencies (Wang
et al., 2014a). Among the three sgRNAs targeting bar, BAR-sgRNA5 had the highest GC
content (75%). Interestingly, no cleavage by BAR-sgRNA5 of the target DNA was observed
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in previous in vitro studies (described chapter 6), indicating sgRNA efficiency in vitro may
not translate to efficiency in live cells.

The PDS gene is a popular target in gene-editing studies because successful knockout is
marked by a visible albino phenotype (Nishitani et al., 2016; Odipio et al., 2017; Wang et al.,
2015a). Among the 50 nptII-positive explants, five were albino, and 10 had a mix of albino
and green leaves. Green, albino and variegated shoots were analysed because others had
reported that mutated PDS sequences did not result in albino phenotypes in apple and cassava
plants (Nishitani et al., 2016; Odipio et al., 2017). Full or partial albino phenotypes indicated
the loss of PDS expression. Ten explants had a mixture of albino and green or yellow leaves,
suggesting there may have been edited and WT tissues in the same shoot, referred to as
chimerism.

The results obtained from the PDS editing experiment were not clear because although the
albino phenotype occurred, molecular evidence of editing was not found in the PDS genes of
any plants analysed. There are a few possible reasons for the observed disjunct between
phenotype and genotype. Although phenotypes of kanamycin sensitive (bleaching of
untransformed tissue cultured on kanamycin) and pds knockout 21mutant plants (albino and
variegated phenotypes) were quite distinct, they could produce similar-looking phenotypes,
and distinguishing them is imperative. Here, all the albino and variegated shoots used in
mutation analysis were nptII-positive confirmed by PCR and plants contained the nptII gene
should confer tolerance to kanamycin. However, plants carrying nptII gene could produce a
phenotype similar to sensitive plants in kanamycin plates when the expression of nptII gene
was silenced. Gene silencing has often been associated with multiple copy number of inserts
or increased levels of DNA methylation in the transgenes (Kumar and Fladung, 2000a;
Sallaud et al., 2003). Secondly, correct mutation detection would be important. A 537 bp
fragment of the PDS gene was targeted, and mutation analysis was done using this amplicon.
In previous studies, PDS gene mutations such as substitution, insertion and deletion events
were found upstream and downstream of the PDS target region of sgRNA in melon and
cassava (Hooghvorst et al., 2019; Odipio et al., 2017). This could be a reason for not
detecting any mutation in the target region of the gene. However, the occurrence of any
mutation upstream or downstream of the target fragment within the PDS gene was not
checked as the sequence of full PDS genome of tobacco cultivar Wisconsin 38 was not
available. If variant orthologs of the PDS gene family are present in the Wisconsin 38
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genome, mutation of one or more of them could produce the observed phenotype, yet
sequence difference in the diagnostic primer binding sites prevent their detection.

Agroinfiltration using the same Agrobacterium species and constructs was used to introduce
transiently-expressed sgRNAs targeting bar and PDS gene in Cas9-bar-expressing plants to
assess the mutation. The sequencing did not detect any mutation in both bar and PDS genes.
Although no sequence changes were detected in any leaves tested, chlorosis and necrosis on
agroinfiltrated (with sgRNAs targeting bar gene) Cas9-bar-expressing leaf segments after
Basta treatment was observed. The effects of Basta was similar to the WT sensitive tobacco
plants indicating the mutation in bar gene in Cas9-bar-expressing leaves. A possible
explanation for the response observed here could be that a small number of cells were
mutated. As glufosinate inhibits glutamine synthetase (GS), ammonium metabolism is
hampered, and eventually, ammonium toxicity kills plants (D'Halluin et al., 1995; Sauer et
al., 1987; Tachibana, 1986; Wild et al., 1987). When ammonium accumulation started in
these mutated cells, ammonium ions could diffuse to surrounding cells, killing them. Where
mutant cells were present in a background of unedited cells in a sample, biases in PCR
amplification may mask the small number of mutated sequences. Another reason could be
picking up wrong leaf segments to use in mutant analysis 10 days after Basta treatment.
Meanwhile, mutated cells could have already died with some neighbouring cells, the leaves
samples which were non-edited and alive picked and used to extract DNA. The majority of
the PCR products could be from the non-edited cells. The 25 leaves tested had no mutation at
any of the three targets in PDS gene. One reason could be the failure of the experiment to
produce mutation or the generation of a smaller number of mutated cells that could not be
detected by sanger sequencing. Failure of the experiment could be associated with the
unsuccessful delivery of sgRNA or low expression levels of the sgRNA transgenes.

Mutation in the bar gene proved functionality of Cas9 in these transgenic plants.
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Chapter 8
General Discussion
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8.1 Overview
The overall goal of this study was to develop a simplified CRISPR/Cas9 tool for
understanding gene function in a model plant, Nicotiana tabacum (tobacco). A plant line
stably expressing a homozygous, single-copy of the Cas9 gene was produced, and approaches
to introducing sgRNAs to its cells were tested. We attempted to introduce sgRNAs transiently
by seed imbibition and agroinfiltration, and stably by Agrobacterium-mediated
transformation with the aim of affecting targeted mutations in two genes, one being a wellcharacterised transgene (bar) and the other an endogenous plant gene (PDS). Neither of the
transient expression approaches we tested was apparently successful, but the stable
expression of sgRNAs targeting the bar gene did produce a point mutation at the expected
site and abolished bar expression. Thus, the feasibility of using Cas9-expressing plants to
produce targeted mutation was demonstrated.

Tobacco was chosen as the model plant because of its apparent ease of genetic manipulation,
its large biomass and leaf area that would provide multiple sites per plant for agroinfiltration
experiments and tissue analysis, and a large number of seeds it produces for testing stability
over generations. Although there are many points in favour of tobacco as a model plant for
gene editing experiments, there is no reliable floral dip transformation method for this
species. For this reason, future researchers interested in this area are also encouraged to
utilise A. thaliana lines, where the introduction of genes and possibly guide RNAs to the
developing embryo via an established floral dip method is routine (Aman et al., 2018; Feng et
al., 2013; Jiang et al., 2014b).

Transient expression of guide RNAs to leaves of whole Cas9-expressing tobacco plants by
agroinfiltration, or to embryos by soaking dry seeds in a solution containing sgRNA
molecules, was not successful. The main challenge encountered was the difficulty in
determining whether editing had occurred. If successful, plant tissue edited with sgRNAs or
plasmids/PCR amplicons encoding sgRNAs infiltrated in this way would be a chimeric
mixture of cells with edited and wild-type genomes. We found it impossible to prove that
editing had occurred in any of the plant tissues we attempted to edit by the transient
introduction of sgRNA, even when the expected phenotype of PDS gene mutation, i.e.
bleaching, was visible. Only after stable Agrobacterium-mediated integration of a tRNAsgRNA polycistronic construct against bar gene, targeted editing was definitively proven.
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Our aim to develop a simple means to introduce non-integrated sgRNAs that could induce
detectable mutation was unsuccessful, but the activity of the Cas9 expressed in these plant
was proven. The Cas9-expressing plant lines we produced are available for future
experimentation using other approaches to introducing sgRNAs. Some of the issues
encountered during this project and their implications are discussed in more detail below.

8.2 Design of sgRNA
Design of sgRNA sequences targeting specific genes is reported to be critical to the success
of the CRISPR/Cas9 system. We utilised a method to pre-screen sgRNAs in vitro using a
Cas9 nuclease with DNA amplicons as substrate. This method was only partially successful
because although it provided evidence that some sgRNAs guided the nuclease to the expected
target sites on the substrate and cut them, in later experiments this was not translated into
definitive gene editing in live cells. Previous researchers also found that some sgRNAs with
high in vitro cleavage activity exhibited little or no mutagenesis activity in vivo (Uusi-Mäkelä
et al., 2018). Unexpectedly, one of the sgRNAs that failed to cleave the target molecule in
vitro did facilitate mutation of the bar gene in the test plant. Although it is useful to assess the
effectivity of sgRNAs in vitro, the results of in vitro screening of sgRNAs are apparently not
always predictive of activity in vivo (Fu et al., 2016; Gagnon et al., 2014). We are unsure why
this is, but the simple environment of the test tube containing only the enzyme, sgRNA, a
short DNA substrate and buffer is vastly different to that of a highly complex cell containing
a complete genome, competition for access to the target site on the substrate, and cellular
DNA repair mechanisms. It is important to note that these negative results may have occurred
not because editing was unsuccessful, but because of inability to detect small numbers of the
mutated bar and PDS genes amongst large numbers of wild-type versions of these genes.

The efficiency of a sgRNA-facilitated site-specific mutation could depend on features of
sgRNA spacer sequence used, their level of expression (number of copies) in the nucleus, the
secondary structure of sgRNAs and the genomic contexts of target DNA. Although, most
web-based tools have been developed to design sgRNAs based on genomic sequences of
model organisms, especially animals, few have been developed for creating sgRNAs specific
to plant genome sequences. The ‘Cas-Designer’ tool was used here to select sgRNA target
sites. The candidate sgRNA spacer sequences were chosen here based on the length of the
spacer, their GC content. Each spacer sequence chosen was between 17-22 nt with the GC
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content ranging between 20-80%. Some studies suggested that the nucleotide preference at
several positions of the sgRNA spacer region was linked with effectiveness of sgRNAfacilitated cleavage in animal models (Doench et al., 2014; Wang et al., 2014a; Xu et al.,
2015). The measurement of the activity of 1280 sgRNAs targeting 128 genes in the zebrafish
genome showed that guanine enrichment and adenine depletion increased the stability and
activity of sgRNA (Moreno-Mateos et al., 2015). Although analysis of sgRNAs which have
been experimentally validated in plants has been undertaken, similar preferences were not
found (Liang et al., 2016).

8.3 Efficiency of sgRNA introduction to plant cells
In the system developed here, only the sgRNA was required to enter the nucleus of the plant
cells. Two methods were tested to transiently introduce sgRNAs into tobacco cells: seed
imbibition and agroinfiltration. There are clear benefits in achieving an efficient and rapid
method to transiently introduce sgRNAs to cells of these plants. In an efficient transient
expression system, researchers could rapidly target gene(s) of interest. This would save time
compared to developing stable transformants expressing sgRNAs. Of the two approaches
tested, imbibition of dry seed with sgRNA solution was seen as having the greatest potential
because mutation of stem cells in the embryo would result in significant portions of the
germinating seedling carrying the mutation. In previous studies that were not CRISPR/Cas9associated (Senaratna et al., 1991; Töpfer et al., 1989), direct uptake and transient expression
of DNA during imbibition of dry somatic and seed-derived embryos of alfalfa and wheat
were achieved. In rice, the embryo was dissected out of the seed before foreign DNA was
successfully introduced and expressed during imbibition (Yoo and Jung, 1995). This is an
approach that could be explored, although dissection of the embryo of the tobacco seed 300600 microns in diameter would be very tedious. Partial crushing of the dry seed before
imbibition with sgRNA may be a more practical approach.

Three methods were used to manufacture sgRNAs for this study. Methods 1 and 2 were used
for transient expression, and method 3 was used in stable integration and agroinfiltration.
1. In vitro transcription of sgRNAs: sgRNAs must enter the cell nucleus to interact with
Cas9, that is why a nuclear-localisation signal is required. Moreover, the stability of guide
RNA during imbibition is also questionable.
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2. PCR amplicons capable of expressing sgRNAs after transcription in the cell:
Amplicons must enter the cell nucleus and must be transcribed in the cell to interact with
Cas9.

3. Direct synthesis of tandem sgRNAs via the endogenous tRNA-processing system and
introduction by A. tumefaciens: sgRNAs must be correctly processed in the nucleus.

In approaches 1 and 2, localisation of the sgRNAs to the nucleus was not certain, and in
approach 2, transcription was also required before mutation could occur. Seed imbibition
using Agrobacterium cells harbouring T-DNA constructs, and/or use of the floral dip method
with A. thaliana plants instead of tobacco could be the possible means of transient expression
of sgRNAs in future. In planta transformation of A. thaliana plants through infiltration by A.
tumefaciens cells was reported previously (Bechtold et al., 2000; Bechtold et al., 2003).
Recently, various nanoparticle-based approaches have been demonstrated for carrying
plasmids into mature plant cells via spraying or leaf infiltration. This transient delivery
approach is fast, non-destructive, species-independent, and the particles play a role in
protecting RNA from nuclease degradation (Demirer et al., 2019; Doyle et al., 2019).

The most commonly-used strategy of introducing sgRNA is stable integration of T-DNA
based sgRNA expression constructs with one or more sgRNAs. Expression of each sgRNA is
driven by its own promoter, usually a Pol III-type promoter such as U3 or U6. Recently, the
polycistronic tRNA-sgRNA (PTG) strategy simplified the sgRNA construct design by
reducing sequential cloning steps needed putting together multiple promoter and terminator
regions for each sgRNA. One reason we utilised the tRNA approach was because the target
sequences in tRNA-gRNA units may start with any nucleotide; it is not a pre-requisite to start
with a specific nucleotide for sgRNA transcription (Gasparis et al., 2018). The tRNA-gRNA
constructs were artificially synthesised as single molecules of almost 1 kb. They were
designed to generate multiple sgRNAs from a single transcript driven by a single A. thaliana
AtU6-1 promoter. We chose this approach because the large molecules were relatively
inexpensive (AUS$450 per molecule) to synthesise, and it was time-effective. Notably, this
was the only approach (method 3 above) that generated edited genes that were detectable
using the PCR and sequencing approach we adopted. This approach has the advantage over
methods 1 and 2 in that the T-DNA of the binary plasmid is directed to the cell nucleus of the
host plant by the bacterium.
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Although the expected mutation was detected after stable integration of sgRNAs by
Agrobacterium-mediated leaf disc transformation methods, no mutation was detected after
using the agroinfiltration approach with the same tRNA-sgRNA constructs. Agroinfiltration
has also been used successfully to introduce CRISPR components into plant cells to produce
targeted mutagenesis (Li et al., 2013; Nekrasov et al., 2013; Sharma et al., 2020). Others
report the species, the organ used to generate explants, age of the plants, infiltration method,
and infiltration medium can all influence success (Vargas-Guevara et al., 2018). Research is
ongoing to improve existing agroinfiltration methods (Zhang et al., 2020b). Using a tobacco
rattle virus (TRV) vector to carry CRISPR-associated molecules could be tested in the
tobacco plant generated. Other researchers used Agrobacterium cells expressing a TRV
vector to infiltrate N. benthamiana leaves, which in turn express sgRNA and produced a
targeted modification in the PDS gene (Ali et al., 2015a). The advantage of the TRV system
is that it is self-replicating and that it can systematically infect the whole plant, spreading the
sgRNA to most cells, including meristems. This would greatly simplify the analysis.

8.4 Testing for edited genes is not straightforward
To detect mutants, a visible mutation phenotypic would appear to be a simple way to identify
editing events. Then, only those groups of cells exhibiting the desired phenotype need to be
validated. The verification of mutations using Sanger sequencing is the simplest approach,
but interpreting chromatograms can be problematic when PCR amplicons are sequenced
directly. When indels occur, overlapping peaks occur on chromatograms, and it is difficult to
determine precisely where editing has occurred and how many nucleotides are affected.
Cloning amplicons is the most effective means of separating amplicons of edited and wildtype genes. Presence of an edited sequence does not guarantee a phenotypic change in the
cell. Deletion or addition of bases in multiples of three is less likely to affect the reading
frame (unless a critical codon is affected) than those of other numbers. If protein expression
is modified, the mutation could be detected by extracting the encoded protein and measuring
its expression/activity compared to that of non-edited cells. It is advisable to assess phenotype
after editing to assess biological relevance. For example, typical barley cultivars with covered
or hulled barley have grain with adhering hulls at maturity, whereas a few barley cultivars of
naked or hulless barley produce naked seed. The trait, covered/naked seed is controlled by a
single locus (Nud) on chromosome 7HL. Knocking out of the Nud gene using CRISPR/Cas9
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showed the phenotypic changes in the form of naked caryopses with non-adhering hull
indicating the presence of successful mutations in these barley plants (Gasparis et al., 2018).

In the present study, one of the main challenges encountered was the detection of mutations
in the genome, and correlating this with phenotypic evidence of mutation. The results of the
two approaches were not consistent. For example, albino and mixed albino/wild type explants
were generated after introducing PDS-targeting sgRNAs, but sequence analysis failed to
show evidence of mutation in the PDS gene. Similarly, putative bar gene-edited cells were
sensitive to glufosinate after agroinfiltrated with sgRNA constructs, but no evidence of
editing was found by Sanger sequencing. The method used to detect mutations was
sequencing amplicons generated by primers flanking the expected mutation site. However, if
there are only rare mutations within a large group of wild type cells, it may be impossible to
detect them because they are masked by predominant, non-edited sequences.

A means of potentially overcoming this limitation would be to utilise digital drop PCR.
Amplicons spanning the target site are used as templete. Three primer probes are required to
detect rare editing events. A single downstream primer is used with two upstream probes –
one whose 3’ bases anneal to the potential editing site 3 bp upstream of the PAM, and the
other that anneals further upstream. In this way, two amplicons are expected where editing
has not occurred, but where one probe fails to generate an amplicon (because the primer does
not bind where editing has occurred), it is interpreted as detection of a rare editing event
(Peng et al., 2020).

Another method of detecting editing events is the PCR/RE (restriction enzyme) technique
(Nekrasov et al., 2013; Shan et al., 2013), where a restriction enzyme site is disrupted if an
editing event occurs, thereby preventing cleavage of a PCR product. A limitation of this
system is the requirement to design sgRNAs containing restriction sites. This method also
suffers from biased amplification of common targets over rare targets during PCR. Moreover,
if indels are produced upstream or downstream of the target restriction site, this method may
produce false negatives on gel analysis (Gasparis et al., 2018). An optimised single
nucleotide polymorphism (SNP) genotyping approach based on digital PCR could be used to
detect one mutant within a large number of wild-type genomes in a heterogeneous sample
(Jennings et al., 2014). A recent strategy has been developed termed targeted Individual DNA
Molecule sequencing (IDMseq) that can accurately detect a single mutation mixed in a group
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of 10,000 wild-type cells (Bi et al., 2020). A bioinformatics tool kit, called variant analysis
with unique molecular identifier for long-read technology (VAULT) was used to analyse the
sequence data.

8.5 Mutation rate is affected by several factors
Some papers describing gene-editing studies report high efficiency of mutation. The PTG
system has been reported to induce mutation frequencies of up to 100% in rice (Xie et al.,
2015) and maize (Qi et al., 2016). We did not observe these high rates of mutation, and the
factors influencing this are uncertain.

Mutation rate varies according to plant species/genotype, sequence and location of the target
site, the kind of vector system used, transformation method and culture conditions. Effects of
sgRNA on editing efficiency have been reported in many studies (Doench et al., 2016;
Doench et al., 2014; Gisler et al., 2019; Graf et al., 2019; Xu et al., 2015). The level of
expression of sgRNAs is a limiting factor which can influence mutagenesis in plant and
human cells (Jinek et al., 2013; Mikami et al., 2015). Mutation efficiencies are linked to the
strength of the promoter as an efficient promoter is needed to drive sgRNA transcription
(Song et al., 2018). The mutation frequency in transformed rice was positively correlated
with the expression level of Cas9 (Mikami et al., 2015). Moreover, the integrity of the Cas9sgRNA expression cassette is also a vital factor as T-DNA truncation caused the failure of
gene editing in transformed rice plants using the Agrobacterium-mediated CRISPR/Cas9
system (Gao et al., 2020). Mutation rates were higher in N. benthamiana protoplasts than in
A. thaliana protoplasts (Li et al., 2013). A prolonged tissue culture period increased the
proportion of mutated cells (Mikami et al., 2015). Moreover, temperature is also a critical
factor that directly affects Cas9 activity, A. thaliana plants exposing to 37°C showed an
increased frequency of CRISPR/cas9-mediated mutation (LeBlanc et al., 2018).

8.6 Morphological differences in Cas9-expressing plants
Morphological abnormalities were observed in some Cas9-expressing plants. These may
have been induced by somaclonal mutation during the tissue culture regeneration stage. It is
unlikely that the changes seen are the result of insertional mutagenesis caused by the Cas9
gene, but it is possible. Although the deleterious effects of Cas9 expression in plants have not
been reported, stable expression of Cas9 was toxic to the rice blast fungus Magnaporthe
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oryzae (Foster et al., 2018). Moreover, the growth rate of Saccharomyces cerevisiae was
reduced by overexpression of Cas9 (Generoso et al., 2016). A recent study reported guide
RNA-free Cas9 secreted from pathogenic Campylobacter jejuni bacteria causes severe
damage to DNA on infection of human cells (Saha et al., 2020). The genetic basis of the
morphological changes found in this study was not studied. The effects were observed in
Cas9-expressing plants derived from only one event, and further study should include
different Cas9-expressing plants from different events, to have a better idea about the
frequency of morphological abnormalities in Cas9 plants.

8.7 Making and testing the edited plant
After developing the Cas9-expressing plants, the gene copy number of different events was
estimated. The homozygous lines carrying a single gene insert were selected to avoid gene
silencing due to co-suppression, and these plants were used in targeted mutagenesis studies.
One insertion mutation (heterozygous mutation) was detected in a bar target site. However, it
was not confirmed whether mutation occurred in only somatic cells or also in germline
cells. The new mutation types also were observed in progeny when WT genomes and
CRISPR/Cas9 reagents were present (Pan et al., 2016; Zhang et al., 2020a; Zhang et al.,
2019b). The specificity of the CRISPR/Cas9 editing system did not check here, although a
very low frequency of off-target effects has been reported from plants (Zhang et al., 2014).
The loss-of-function bar plant developed by this study should be checked in future
generations to determine the patterns, stability, and heritability of the mutation.

8.8 Significance of the project
Cas9-expressing tobacco plants developed here could be used as a tool for testing sgRNA
effectivity, and for testing different sgRNA delivery methods to plants. Although definitive
parameters for designing efficient sgRNAs for plants are lacking, general criteria still apply
(Liang et al., 2016). The evaluation of criteria to distinguish efficient and inefficient sgRNAs
needs to be validated in the plant system. Thus, the Cas9-expressing tobacco plants could be
used as a tool for testing the effectivity of different sgRNAs and suggesting the criteria for
selecting effective sgRNAs in plants.

Simplified crop transformation methodology would be useful for plant breeders. The more
laborious methods of stable delivery of sgRNA into plant cells could perhaps be avoided
134

using transient delivery methods. Methods include biolistic delivery, protoplast
transformation, and virus-based delivery have generated targeted mutations successfully in
previous studies (Ali et al., 2015a; Lin et al., 2018; Svitashev et al., 2016; Yin et al., 2015a).
Cas9-expressing tobacco plants could be used as tools for testing the applicability of different
alternative sgRNA delivery methods to plant cells. For example, in attempting similar
outcomes using RNAi, studies on external dsRNA delivery have been done using petioles,
roots, cuttings or by spraying (Andrade and Hunter, 2017; Dalakouras et al., 2018; Hunter et
al., 2012; Mitter et al., 2017; San Miguel and Scott, 2016; Wang and Jin, 2017). A
nanoparticle-mediated sgRNA delivery method could be used (Cunningham et al., 2018).

Transient delivery of sgRNA via reproductive organs such as inflorescence, pollen, ovules
could provide a direct and efficient way of recovering seeds with the desired modification.
There are few examples of transient expression analysis of the delivered genes in literature,
including particle bombardment of intact anthers of commercial barley (Hordeum vulgare)
(Obert et al., 2008), particle bombardment into mature pollen of cotton (Gounaris et al.,
2005), pollen transformation through Agrobacterium in cotton (Li et al., 2004), and particle
bombardment to inflorescence and flower meristems in wheat (Leduc et al., 1994).

More work is needed to determine the best methods for delivery of external sgRNAs to plant
cells, addressing issues such as the stability of sgRNAs, the concentration of sgRNAs, and
employment of other components that could increase sgRNA stability and penetration into
cell nuclei. Cas9-expressing tobacco plants could be used for preliminary experiments to test
the potential of different transient methods for genome editing. These plants also could be
used to optimise other parameters such as the concentration of sgRNA, the form of sgRNA
used (such as in vitro transcribed sgRNA, plasmid-expressed sgRNA, synthetic sgRNA), cell
types used and the time of incubation with transfection agents. Optimising these factors
would enable more effective sgRNA delivery and ensure the best results in future
experiments. The advantages, success rates, and drawbacks of different methods could also
be validated using these plants. Thus, a significant role for the Cas9-expressing plant line
developed here could be in improving existing sgRNA delivery methods and testing new
transient expression methods.
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8.9 Significance to our understanding of gene function
Understanding gene function will inform plant variety development for food and other
agricultural and industrial products. The provision by agriculture of food, fibre and raw
materials to a burgeoning human population is critical to maintaining civilisation.
Biotechnological tools have already played a significant role in improving crop production
globally. CRISPR/Cas9 (and related technologies) are recent and rapidly developing
approaches that will bring revolutionary changes to existing agricultural practices by
facilitating rapid and precise crop improvement. The CRISPR/Cas9 system is not only useful
to improve crops genetically but also to manipulate and add understanding to biological
processes in plants at a fundamental level. The Cas9-expressing plant line developed here
could be used as a useful tool to help unlock information on different biosynthetic or
metabolic pathways that could be applied to improve economically important crops in terms
of enhancing shelf life, quality, yield, and pest and disease resistance.

Moreover, gene-edited crops now have an advantage over genetic modified (GM) crops from
a regulatory point of view. Products developed by site-directed nucleases-1 (SDN-1), or
contain single bp substitutions (SDN-2) are exempt from regulation in the USA (USDA,
2017), and this is now also the case for products developed by SDN-1 in Australia (OGTR,
2017; Thygesen, 2019). Harmonisation of regulatory guidelines worldwide needs to be
established to remove different sets of national regulations so that the benefits of CRISPR
technology can be applied more widely in agriculture.
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Appendices
Supplementary Table 3.1 Chi-square test results for bar gene segregation in T1 generation
of tobacco plants to validate the data for 3:1 ratio
Events

Observed result
Resistant
Sensitive

Chi-square Statistics

p-value

Putative phenotypic
ratio of T1 seedlings

5 T1

98

2

28.213

0.0001

Rejected

8 T1

90

10

12.000

0.0005

Rejected

11 T1

80

20

1.333

0.248

Accepted

12 T1

82

18

2.613

0.106

Accepted

13 T1

81

19

1.920

0.165

Accepted

14 T1

90

10

12.000

0.0005

Rejected

15 T1

92

8

15.413

0.0001

Rejected

20 T1

95

5

21.333

0.0001

Rejected

23 T1

91

9

13.653

0.0002

Rejected

25 T1

69

31

1.920

0.166

Accepted

26 T1

77

23

0.213

0.644

Accepted

27 T1

95

5

21.333

0.0001

Rejected

28 T1

100

0

33.333

0.0001

Rejected

30 T1

97

3

25.813

0.0001

Rejected

33 T1

77

23

0.213

0.644

Accepted

35 T1

99

1

30.720

0.0001

Rejected

36 T1

99

1

30.720

0.0001

Rejected

37 T1

92

8

15.413

0.0001

Rejected

38 T1

95

5

21.333

0.0001

Rejected

41 T1

100

0

33.333

0.0001

Rejected

42 T1

95

5

21.333

0.0001

Rejected

The null hypothesis stated that there is no difference between the expected and the observed
ratio. The null hypothesis was rejected when the Chi-square statistic was bigger than the
critical Chi-square value (Critical Chi-square value = 3.84, α = 0.05, n = 2, df = 1) and pvalue is less than α (α = 0.05).
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Supplementary Table 3.2 Chi-square test results for bar gene segregation in T1 generation
of tobacco plants to validate the data for 15:1 ratio
Events

Observed result

Chi-square Statistics

p-value

Putative phenotypic
ratio of T1 seedlings

5 T1

Resistant
98

Sensitive
2

3.0827

0.0791

Accepted

8 T1

90

10

2.400

0.121

Accepted

11 T1

80

20

32.266

0.0001

Rejected

12 T1

82

18

23.562

0.0001

Rejected

13 T1

81

19

27.744

0.0001

Rejected

14 T1

90

10

2.4

0.121

Accepted

15 T1

92

8

0.523

0.4697

Accepted

20 T1

95

5

0.267

0.606

Accepted

23 T1

91

9

1.291

0.256

Accepted

25 T1

69

31

104.544

0.0001

Rejected

26 T1

77

23

47.882

0.0001

Rejected

27 T1

95

5

0.267

0.606

Accepted

28 T1

100

0

6.666

0.0098

Rejected

30 T1

97

3

1.803

0.1794

Accepted

33 T1

77

23

47.882

0.0001

Rejected

35 T1

99

1

4.704

0.0301

Rejected

36 T1

99

1

4.704

0.0301

Rejected

37 T1

92

8

0.523

0.4697

Accepted

38 T1

95

5

0.267

0.606

Accepted

41 T1

100

0

6.666

0.0098

Rejected

42 T1

95

5

0.267

0.606

Accepted

The null hypothesis stated that there is no difference between the expected and the observed
ratio. The null hypothesis was rejected when the Chi-square statistic was bigger than the
critical Chi-square value (Critical Chi-square value = 3.84, α = 0.05, n = 2, df = 1) and pvalue is less than α (α = 0.05).
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Supplementary Table 3.3 Chi-square test results for bar gene segregation in T1 generation
of tobacco plants to validate the data for 63:1 ratio
Events
5 T1

Observed result
Resistant
Sensitive
98
2

Chi-square
statistic
0.126

p-value
0.723

Putative phenotypic
ratio of T1 seedlings
Accepted

8 T1

90

10

46.386

0.0001

Rejected

11 T1

80

20

221.424

0.0001

Rejected

12 T1

82

18

175.998

0.0001

Rejected

13 T1

81

19

198.06

0.0001

Rejected

14 T1

90

10

46.386

0.0001

Rejected

15 T1

92

8

27.007

0.0001

Rejected

20 T1

95

5

7.706

0.005

Rejected

23 T1

91

9

36.045

0.0001

Rejected

25 T1

69

31

564.390

0.0001

Rejected

26 T1

77

23

299.332

0.0001

Rejected

27 T1

95

5

7.706

0.005

Rejected

28 T1

100

0

1.5847

0.2081

Accepted

30 T1

97

3

1.350

0.2452

Accepted

33 T1

77

23

299.332

0.0001

Rejected

35 T1

99

1

0.2042

0.651

Accepted

36 T1

99

1

0.2042

0.651

Accepted

37 T1

92

8

27.001

0.0001

Rejected

38 T1

95

5

7.706

0.005

Rejected

41 T1

100

0

1.5847

0.2081

Accepted

42 T1

95

5

7.706

0.0055

Rejected

The null hypothesis stated that there is no difference between the expected and the observed
ratio. The null hypothesis was rejected when the Chi-square statistic was bigger than the
critical Chi-square value (Critical Chi-Square value = 3.84, α = 0.05, n = 2, df = 1) and pvalue is less than α (α = 0.05).
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Supplementary Table 4.1 Abnormal fused flower in transgenic plants
Experiment

Plant no.

Expt 1

Expt 2

T2-12.2-3

Total no. of
flowers
46

No. of fused
flowers
1

% fused
flowers
2.17

T2-12.2-7

48

2

4.17

T2-12.2-10

53

2

3.77

T2-12.2-11

70

3

4.29

T2-12.2-15

48

1

2.08

T2-12.2-17

65

2

3.08

T2-12.2-21

57

2

3.51

Number of flowers was counted at 60 days after transplanting (DAT).
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ATTACCAATACATTACACTAGCATCTGAATTTCATAACCAATCTCGATACACCAA
ATCGAATCGATGAGCCCAGAACGACGCCCGGCCGACATCCGCCGTGCCACCG
AGGCGGACATGCCGGCGGTCTGCACCATCGTCAACCACTACATCGAGACAAGCA
CGGTCAACTTCCGTACCGAGCCGCAGGAACCGCAGGAGTGGACGGACGACCTCG
TCCGTCTGCGGGAGCGCTATCCCTGGCTCGTCGCCGAGGTGGACGGCGAGGTC
GCCGGCATCGCCTACGCGGGCCCCTGGAAGGCACGCAACGCCTACGACTGGACG
GCCGAGTCGACCGTGTACGTCTCCCCCCGCCACCAGCGGACGGGACTGGGCTCC
ACGCTCTACAC
Supplementary Figure 5.1 Sequence of bar gene amplified by BarA-F (yellow highlighted
sequence) and BarB-R (green highlighted sequence) primers. Sequence of a 387 bp fragment
of bar gene indicating two spacer sequences, BAR-spacer1 (orange coloured sequence), and
BAR-spacer2 (blue coloured sequence). Nucleotides in red represent the protospacer adjacent
motif (PAM).
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GGATCCTAATACGACTCACTATAGNNNNNNNNNNNNNNNNNNNNGTTTTAGAGC
TAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCA
CCGAGTCGGTGCTTTTTT
Supplementary Figure 5.2 Sequence of final DNA template used for in vitro T7
transcription of sgRNAs. Blue coloured sequence = T7 promoter, green nucleotide = an extra
G nucleotide, red coloured underlined sequence = target specific spacer sequence (N = any 20
or 22 nucleotide).
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ACTGAATTCGGATCCTCGAGCGTCTCACCCTGTAAAACGACGGCCAGTGAGAAA
TCTCAAAATTCCGGCAGAACAATTTTGAATCTCGATCCGTAGAAACGAGACGGTC
ATTGTTTTAGTTCCACCACGATTATATTTGAAATTTACGTGAGTGTGAGTGAGACT
TGCATAAGAAAATAAAATCTTTAGTTGGGAAAAAATTCAATAATATAAATGGGC
TTGAGAAGGAAGCGAGGGATAGGCCTTTTTCTAAAATAGGCCCATTTAAGCTATT
AACAATCTTCAAAAGTACCACAGCGCTTAGGTAAAGAAAGCAGCTGAGTTTATA
TATGGTTAGAGACGAAGTAGTGATTNNNNNNNNNNNNNNNNNNNNGTTTTAGAG
CTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGC
ACCGAGTCGGTGCTTTTTTTCATGGTCATAGCTGTTTCCTCATGTGAGACGAGATC
TGTCGACGCGGCCGCATG
Supplementary Figure 5.3 Sequence of final DNA cassette capable of transcribing sgRNA.
Red coloured underlined sequence = target specific spacer sequence, N = any nucleotide.
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GCTTTACTTGAGAAAAGCTCTCTCTTTTTCCCGTTTAGGATCTTGTTTATTTTCTTT
CGTTTTTCTACTCGTTAAAATTTTAACTTGATTTTGTGGGTGAAGGATAACTTTAC
TCATAGTGCGAGAACAAGTTTTATATGGACCGTAAAAGCTAGAATCTTTTTTACT
TTTGCATATAAATTTGTGTAATAAATGCTTAAGAACCAGAATATTTGAAAAAGAA
AAGGAATTCTACATAGTATTTAGGTTCACAAGTGGGACAATCTTCTTACACTGA
AATCAGGCTTAATTTACTGCTATTTTGTTCAGTAAAATGCCCCAAATTGGACTTGT
TTCTGCCGTTAATTTGAGAGTCCAAGGTAATTCAGCTTATCTTTGGAGCTCGAG
GTCTTCTTTGGGAACTGAAAGTCAAGATGGTCACTTGCAAAGGAATTTGTTATGT
TTTGGTAGTAGCGACTCCATGGGGCATAAGTTAAGGATTCGTACTCCCAGTGCCA
TGACCAGAAGATTGACAAAGGACTTTAATCCTTTAAAGGT
Supplementary Figure 6.1 Sequence of PDS amplicon. Sequence of a 537 bp fragment of
PDS gene between PDS1-F (orange coloured sequence) and PDS1-R (underlined sequence)
primers indicating three 20-bp spacer sequences, PDS-spacer1 (blue coloured sequence),
PDS-spacer2 (green coloured sequence), and PDS-spacer3 (purple coloured sequence).
Nucleotides in red represent the protospacer adjacent motif (PAM).
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ATTACCAATACATTACACTAGCATCTGAATTTCATAACCAATCTCGATACACCAA
ATCGAATCGATGAGCCCAGAACGACGCCCGGCCGACATCCGCCGTGCCACCGAG
GCGGACATGCCGGCGGTCTGCACCATCGTCAACCACTACATCGAGACAAGCAC
GGTCAACTTCCGTACCGAGCCGCAGGAACCGCAGGAGTGGACGGACGACCTCGT
CCGTCTGCGGGAGCGCTATCCCTGGCTCGTCGCCGAGGTGGACGGCGAGGTCGC
CGGCATCGCCTACGCGGGCCCCTGGAAGGCACGCAACGCCTACGACTGGACGG
CCGAGTCGACCGTGTACGTCTCCCCCCGCCACCAGCGGACGGGACTGGGCTCCA
CGCTCTACACCCACCTGCTGAAGTCCCTGGAGGCACAGGGCTTCAAGAGCGTGG
TCGCTGTCATCGGGCTGCCCAACGACCCGAGCGTGCGCATGCACGAGGCGCTCG
GATATGCCCCCCGCGGCATGCTGCGGGCGGCCGGCTTCAAGCACGGGAACTGG
CATGACGTGGGTTTCTGGCAGCTGGACTTCAGCCTGCCGGTACCGCCCCGTCCGG
TCCTGCCCGTCACCGAGATTTGACTGCAGAATCTTGGACTCCCAT
Supplementary Figure 6.2 Sequence of bar gene amplified by BarA-F (yellow marked
sequence) and Bar-R (grey marked sequence) primers. Sequence of a 638 bp bar gene
indicating three spacer sequences, BAR-spacer3 (blue coloured sequence), BAR-spacer4
(green coloured sequence), and BAR-spacer5 (purple coloured sequence). Nucleotides in red
represent the protospacer adjacent motif (PAM).
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1

2

Supplementary Figure 7.1 Binary plasmids pAAtU6sgPDS (A) and pAAtU6sgBar (B)
containing the sgRNA cassettes (targeting PDS and bar gene respectively) conferring
kanamycin resistance (Kan-R) to plants.
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