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Abstract 
Since its first introduction in 2013, CRISPR-Cas9 has become the preferred gene 

targeting tool to produce loss-of-function mutants in plants. In spite of the high 
specificity and ease of use, the identification of CRISPR-edited plants has remained a 
time consuming and onerous process. I have developed and tested an easy-to-use and 
inexpensive strategy to select for multiplex CRISPR mutagenized Arabidopsis plants. 
This strategy is based on targeting the gene/s of interest simultaneously with a proxy 
for CRISPR-Cas9 activity: an endogenous gene that produces an easy-to-detect visible 
phenotype. To test this strategy, I have chosen Arabidopsis gene JAR1, GL1, EIN2 as 
the candidate proxies. I have tested the T2 progeny of independent T1 plants harboring 
CRISPR/Cas9 and successfully identified plants where the visible marker and the genes 
of interest were simultaneously edited at a high frequency. The co-editing frequency 
ranged from 55.6% to 93.75% for two genes, and 14.3% to 50% for three genes, 
depending on the T1 progeny tested and the proxy gene of choice. The visual phenotype 
selection provides a narrow pool of plants to analyze, hence increasing the recovery 
frequency while decreasing the cost of identifying mutants. This selection strategy also 
offers a framework to similarly facilitate the identification of CRISPR-edited plants in 
other plant species with more complex polyploid genomes where multiplex mutants are 
essential for studying gene function.  
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Introduction 
 
Targeted mutagenesis technologies 
 

Prior to the development of CRISPR-Cas9 as a gene targeting tool in plants, most 
gene function studies relied on mutants generated via random mutagenesis. The main 
sources of mutants for Arabidopsis thaliana were created through EMS mutagenesis or 
T-DNA insertion. Both methods use random mutagenesis and require subsequent 
mapping of the mutations/insertions. By 2012, only two gene-targeting methods, the 
Zinc Finger Nuclease (ZFN) and the Transcription Activator-Like Effector Nuclease 
(TALEN), were developed and applied successfully in Arabidopsis and other plants 
(Miller et al., 2007&2011; Christian et al., 2010). The specificity of ZFN is based on 
protein binding to the target DNA, which introduces serious limitations to the design 
and customization. (Ramirez et al., 2008). Sub-optimal protein design of ZFN can result 
in poor binding activity or low specificity that causes high toxicity (Cornu et al., 2008). 
In 2009, a distinctive set of naturally occurring Type-3 Secretion Effectors proteins 
from the bacterium Xanthomonas sp. were found to have specific DNA binding activity 
towards DNA promoter sequences of plant genes (Moscou and Bogdanove, 2009). The 
various amino acid repeats found in these Transcription Activator-Like effectors (TAL 
effectors) can be modified to change the domain’s DNA binding specificity. When the 
binding domain of TAL effectors is fused to a nuclease, the chimeric protein binds to 
the target DNA and produces double strand breaks (DSBs) that lead to loss-of-function 
mutations in the targeted gene (Christian et al., 2010; Bogdanove et al., 2011). However, 
the binding specificity of TALEN requires several repeating sequences that together 
encode the modular DNA-binding domain, making the cloning of such repeats hard to 
attain. In addition, the binding activity of TALEN is highly sensitive to epigenetic 
modifications in the target DNA (Malzahn et al., 2017).  

In 2012, a new DNA editing tool was developed based on the Clustered Regularly 
Interspaced Short Palindromic Repeats (CRISPR) and the CRISPR-Associated System 
protein-9 (Cas9) of the bacterium Streptococcus pyogenes. In CRISPR/Cas9 system, a 
small guide RNA (sgRNA) directs the Cas9 nuclease to a specific gene locus. The 
sgRNA is comprised of a crRNA (CRISPR RNA) sequence and a tracrRNA sequence 
(trans-activating crRNA). The crRNA is a 20nt RNA sequence complementary to the 
targeted DNA sequence. In this case, Watson-Crick base pairing rules make 
CRISPR/Cas9 highly predictable and easy to implement. The tracrRNA of the sgRNA 
has a unique secondary structure that activates Cas9 upon binding (Karvelis et al., 2013). 
Once activated, Cas9 will introduce a DSB next to the PAM sequence. The designing 
of the sgRNA only requires the identification of a 20nt gene-specific sequence upstream 
of a Protospacer Adjacent Motif (PAM) site, typically a 5'-NGG-3' sequence in the gene 
of interest (Osakabe et al., 2016; Peterson et al., 2016). Once the specific 20nt DNA 
region upstream of the PAM site is identified, changing the 20nt in the crRNA region 
of the sgRNA only involves introducing the 20mer specific primer into the new 
construct via PCR. Both the Cas9 enzyme and the tracrRNA region of the sgRNA 
remain the same across different targeted genes. This makes the customization of 
sgRNAs to target specific genes significantly less expensive and easier than designing 
and cloning gene-specific DNA-binding proteins as in the case of ZFN and TALEN 
(Mahfouz et al., 2014). The endogenous DNA repair proteins of the plant will 
unfaithfully repair the DSB via Non-Homologous End Joining (NHEJ) recombination, 
and the function of the targeted gene will be lost.  
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Hindrances at identifying CRISPR-mutated plants 
 
Forward genetic screens in Arabidopsis have been very successful in isolating 

mutants that are impaired for specific gene functions (Koornneef and Meinke, 2010). 
However, gene redundancy often hinders the efforts to link gene function to phenotypes 
in reverse genetics screenings of single loss-of-function mutants (Bowers et al., 2003). 
Like most plant’s genomes, Arabidopsis’s contains a large number of gene duplications, 
which often translates into completely or partially overlapping gene functions that mask 
the effect of loss-of-function mutations in individual genes (Arabidopsis Genome 
Initiative, 2000; Vision et al., 2000). Therefore, several months of crossing and 
selection are needed to produce multiplex mutant backgrounds before any conclusion 
can be drawn about the function of the gene/s under study. Owed to its in-trans activity, 
CRISPR-Cas9 can be used to simultaneously target several genes with potential 
redundant functions. (Barrangou et al., 2016).  

However, the mutagenesis frequency and inheritability of each mutation is 
typically low. This is thought to be in part due to the method used for delivering 
CRISPR-Cas9 constructs into the plant’s genome, which involves the production of 
transgenic plants harboring CRISPR-Cas9. In Arabidopsis, DNA fragment encoding 
sgRNAs and Cas9 is randomly transferred to the plant’s genome via Agrobacterium-
mediated transformation of immature flowers cells. This transformation method is easy 
to use and does not require tissue culture and plant regeneration as it would in other 
plant species; the method only involves dipping the immature flowers in a suspension 
of Agrobacterium tumefaciens harboring the CRISPR-Cas9 construct in a binary 
plasmid (Hood et al., 1993; Clough and Bent 1998). The random insertion happens only 
in a few cells, most of which are somatic cells that do not give origin to ovules or pollen. 
Therefore, the inserted foreign DNA will not pass to the progeny. Because few germline 
cells will be transformed with a T-DNA and pass the transgene to the next generation 
(Clough and Bent, 1998), the capacity of delivering sgRNA and Cas9 enzyme to the 
germline is limited by the low frequency at which the T-DNA passes to the next 
generation (Belhaj et al., 2015).  

To select for transgenic plants in the next generation, antibiotic/herbicide 
resistance is commonly used. Thus, an antibiotic/herbicide resistance gene is 
intergraded into this binary plasmid and the expression of the resistance gene is 
controlled by a constitutively active promoter. But such a selection method can only 
inform of the successful insertion of the T-DNA rather than the functionality of 
CRISPR-Cas9. Each randomly generated transgenic plant expresses diverse levels of 
Cas9 and sgRNAs depending on the chromosomal location and the chromatin 
landscape where the construct was randomly inserted (Cong et al., 2013; Nekrasov et 
al., 2013). Another complication is that, in those T1 generation transgenic plants where 
Cas9 and the sgRNAs are expressed, most of the editing of the targeted genes happens 
throughout the lifetime of the plant in somatic cells (Feng et al., 2014). Nevertheless, 
some editing will occur in the germline and the CRISPR induced mutations will pass 
on to the next generation. Most often, homozygous plants are identified in the T2 
generation, where mendelian genetics and self-fertilization plays out to combine 
mutated gametes into one single embryo.  

Lastly, if the gene under study is not known to produce a phenotype, DNA 
genotyping techniques will have to be used to identify plants bearing the CRISPR-
induced mutation. PCR followed by regular sanger sequencing/restriction enzyme 
digestion are often used to genotype the mutation (Kim et al. 2014). Other methods 
applying high resolution melting curve or qRT-PCR are newly developed for high-
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throughput genotyping, but they are still onerous and time consuming. (Thomas et al., 
2014; Peng et al., 2018). These hindrances make the identification of mutants a slow 
and expensive process. 
 
The use of trackable markers 
 

A potential solution to overcome the complications described in the previous 
section would be the use of visible markers to aid in the process of identifying and 
tracking plants bearing CRISPR targeted genes. For example, in animal cells, which 
typically repair CRISPR induced DSB of DNA via homologous recombination (HR), 
CRISPR-Cas9 can be used to splice-in a marker gene (i.e. GFP) thereby knocking out 
an endogenous gene. This allows for the identification of cells, or eventually entire 
organisms, where GFP is expressed, and hence, the endogenous gene of interest was 
successfully knocked out (Mashiko et al. 2013; Tálas et al. 2017). In plants, HR is rarely 
used to repair DSB of DNA making it hard to replace endogenous genes with easily 
trackable markers that would facilitate the selection of CRISPR mutants (Li et al., 2013; 
Schiml and Puchta, 2016).  Therefore, the identification of mutants mostly relies on a 
repetitive process of trial and error. A few alternatives have been pursued to alleviate 
the cost and to reduce the time invested in the identification of CRISPR-edited plants. 
Cas9-GFP fusions can be used to identify T1 plants that express CRISPR/Cas9 
(Osakabe et al. 2016). This strategy yields information about Cas9 expression but does 
not address the problem of identifying CRISPR-edited plants. Some improvements in 
the frequency of mutation and inheritability of CRISPR induced mutations have 
recently been made by using egg- or meristem-specific promoters to drive Cas9 
expression. This approach has allowed for the editing of single nucleotides in an 
endogenous Arabidopsis gene via gene replacement (Wolter et al., 2018). In addition, 
a similar approach allowed for the in-frame GFP splice-in at specific Arabidopsis locus 
using donor sequences that provided DNA homology to drive HR-mediated DNA 
repair (Miki et al., 2018). Yet, the frequency at which these events occur, and entire 
plants harboring the markers are recovered, is still low and in most cases impractical.  

A couple of studies in Arabidopsis and rice have demonstrated that co-editing, the 
editing of several CRISPR targeted genes simultaneously in the same plant, happens at 
a high frequency in the somatic tissues of T1 plants (Ma et al. 2015; Minkenberg et al. 
2017; Zhang et al. 2016; Yan et al. 2016). Hence, I hypothesized that I could make use 
of this co-editing phenomenon to aid in the identification of plants bearing CRISPR 
mutated genes: if I target a gene that produces a visible and easy to identify phenotype, 
I could use this gene as a proxy for identifying T2 plants where several genes of interest 
might have been simultaneously mutated. Here, I present an inexpensive strategy to 
identify multiplex CRISPR-Cas9 mutagenized Arabidopsis plants.  

This strategy is based on targeting gene/s of interest simultaneously with a proxy 
for CRISPR-Cas9 activity, an endogenous gene that produces an easy-to-detect visible 
phenotype when its function is eliminated by CRISPR-Cas9. For this study, I choose 
three genes with independent functions and located in different chromosomes. In 
Arabidopsis, the formation of leaf trichomes is contingent on the function of the 
GLABRA-1 (GL1) gene. Loss-of-function mutants of GL1 do not produce trichomes, a 
phenotype that is easily observable as these plants produce smooth leaves (Herman and 
Marks 1989; Marksa and Feldmann 1989; Hahn et. al, 2017). This well documented 
phenotype mitigates the concern that the strategy could interfere with the basal 
physiology of the studied plant. For the second and third targeted gene, I have chosen 
Jasmonic Acid Resistant-1 (JAR1) and Ethylene Insensitive-2 (EIN2). Loss-of-function 
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mutations in JAR1 and EIN2 produce insensitivity to Methy-Jasmonate (JA) and 
Ethylene (ET), respectively. The responses to both JA and ET can be monitored in 
seedlings exposed to JA or ET in tissue culture plants within a few days upon 
germination (Costigan et. al, 2011; Alonso et al, 1999). Exposure to JA causes root 
growth inhibition in plants harboring a wild type allele of JAR1(Costigan et. al, 2011). 
ET exposure under etiolation conditions causes the hypocotyl to bend downwards in 
seedling harboring a wild type allele of EIN2(Alonso et al, 1999). Targeting GL1, JAR1 
or EIN2 with CRIPR-Cas9 will produce plants that have no trichomes or that are no 
longer sensitive to JA or ET. I have tested the feasibility of using these genes as proxies 
via assessing the frequency of co-editing at these loci. The co-editing frequency ranged 
from 55.6% to 93.75% for two genes, and 14.3% to 50% for three genes, depending on 
the T1 progeny tested and the proxy gene of choice. More importantly, among plants 
that lacked trichomes (gl1 mutants) up to 30.8% were homozygous for either JAR1 or 
EIN2 mutant alleles and 3.85% were double homozygous mutants. The selection 
strategy laid out in this study will facilitate the identification of CRISPR-edited plants 
not only in Arabidopsis but also in other plant species where CRISPR-edited individual 
cells cannot be selected for the regeneration of entire plants in in-vitro culture. 
Importantly, the selection strategy laid out here will accelerate the identification of 
multiplex mutants where several genes with potentially overlapping functions need to 
be mutated simultaneously.  
 
Material and Methods 
 
Design and synthesis of sgRNA expression cassettes.  

The sgRNA were designed with the online web tool at the Zhang lab at MIT 
(crispr.mit.edu). The retrieved sequences were verified by PCR on genomic DNA from 
wild-type (Col-0) plants and Sanger sequencing of the PCR amplicon. Each candidate 
target site was evaluated based on the calculated specificity score and the number of 
off-target sites. The chosen target site was inserted into an in-silico cloning construct 
template between the AtU6P promoter sequence and the tracrRNA sequence. The AtU6 
promoter, crRNA, tracrRNA and a poly-T (“TTTT”) tail together forms a complete 
sgRNA expression cassette (Peterson et al., 2016). Each individual cassette was 
assembled into stackable arrays. Upstream the 5’ sequence of the first AtU6 promoter 
region, there was a 32bp sequence inserted for the convenience of future cloning. Also, 
a 17bp sequence was inserted downstream the 3’ sequence of the last poly-T tail for the 
same purpose (Supp Fig. 4). The in-silico construct is stored in an Ape format file. The 
final DNA sequence was synthesized through GenscriptTM Custom Gene Synthesis 
services (Cat#SC1010).  
 
T-DNA construct and bacteria preparation 

The DNA fragment of the synthesized sgRNA expression cassettes was amplified 
through PCR reaction (NEB Phusion® Cat#M0530S, Forward Primer : 
5’aggctcccgggtgcgtcgacggtctcaggtcagagcttg3’, Reverse Primer 2: 
5’gaaagctgggtgattcaagcttggtctcatcagggatccaaaag3’). The PCR amplified DNA 
fragment was then assembled with a pDONR vector which was flanked by  restriction 
enzyme SalI (NEB, SalI-HF® Cat#R3138S) and HindIII (NEB, HindIII-HF® 
Cat#R3104S) through In-Fusion reaction (Takara® In-Fusion® HD Eco-DryTM Cloning 
Plus Cat#638915) to form a donor vector (pDONR-CE). The pDONR-CE vector 
contains the Gateway (GW) cloning sites AttL1 and AttL2. The sgRNA expression 
cassettes stacking was inserted between the two GW cloning sites after the In- Fusion 
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assembling. Further through GW LR cloning reaction (ThermoFisher Scientific ®, 
GatewayTM LR ClonaseTM Enzyme mix Cat#11791019), the entire sgRNA expression 
cassettes fragment was transferred into a binary vector (pCUT3) which also encodes 
Cas9 enzyme conjugated with nuclear localization signal (NLS) and an epitope tag (HA) 
under the control of a UBQ10 promoter.  

E. coli cell Top10 and DH5Alpha were used for propagate vectors pDONR-CE 
and pCUT3-CE respectively. The finalized pCUT3-CE vector was also transformed 
into Agrobacterium (GV3101) for plant transformation. E. coli cells and Agrobacterium 
cells were grown in Lysogeny broth (LB) and YEP medium respectively. Bacteria 
selection was based on the resistance gene carried on the vector and using 50 µg/mL 
Zeocin (Thermo Fisher Scientific®, Cat#R25001) and 100µg/mL Spectinomycin 
(Millpore Sigma®, SKU#S4014).  

 
Plant transformation, selection and handling 

All the plants used in this study were Columbia-0 (Col-0) background. All 
transgenic plants were transformed with the finalized binary vector (pCUT3-CE) 
through standard Agrobacterium-mediated flora dipping process. To select transgenic 
seeds, T1 seeds were sown on sterilized plate made from the mixture of Murashige and 
Skoog (MS) medium (Murashige and Skoog, 1962), 0.7% phyto agar (w/v, Plant Media 
Cat#40100072-2) and 50µg/mL Kanamycin (fisher scientific® CAS#25389-94-0). 
Seeds were surface sterilized by 10%(v/v) bleach and 0.1% Tween 20 (v/v). After 14 
days of growth on the sterilized agar plate, resistant seedlings were count and moved 
into soil for further growing. Green leaf tissue was collected from each independent 
transgenic plant after 4 weeks growing and preserved in liquid Nitrogen and stored 
under -80ºC.  

To visual select the glabrous plants, T2 seeds were stratified in 0.1% phyto agar 
mixture at 4ºC for 3 days. Then, each individual seed was sown 1cm apart from each 
other to facilitate visual inspection. After 3 weeks of 16hr light photoperiod growth, 
glabrous plants were visually identified by the lack of trichomes. The visual 
identification of jar1 and ein2 homozygous mutants was carried out in MS plates 
supplemented with Methyl-Jasmonate (Millipore Sigma® SKU#W341002) or ACC 
(Millipore Sigma®, SKU#A3903) as previous described (Alonso et al, 1999, Costigan 
et. al, 2011) in tissue culture plates. All the identified seedlings were transferred out 
carefully from the selection plates into an independent box with soil for further growth, 
sampling and seeds propagation.  
 
Protein and Western Blot assay 

To probe the expression of Cas9 enzyme using leaf tissue, total denatured protein 
content was extracted from 4-weeks old green leaf tissue. Green leaf tissue was ground 
in liquid nitrogen mixed with protein loading buffer (Tris-HCl, pH:8.8 ) and heat to 
100°C and boil for 5min. The extracts were then centrifuged at 17,000x g for 5min at 
25°C and the supernatant was used for gel blot analysis. Protein separation was done 
by poly-acrylamide gel (0.375M Tris-HCl pH=8.8, 8% Acrylamide, 0.05% APS, 0.1% 
SDS). After gel separation, proteins were transferred into PVDF membrane (Thermo 
ScientificTM, Cat#88520) with 70V under 4ºC for 90min. Monoclonal rabbit anti-HA 
antibody (Cell Signaling TechnologyTM, mAb#3724, 1:4000 dilution) and Monoclonal 
mouse anti-β-Actin antibody (Millipore SigmaTM, Cat#MAB1501) were used as 
primary antibody. Secondary HRP conjugated anti-rabbit IgG antibody (Jackson 
Immuno Research Laboratories, Inc. Code#111-0350144) and fluorescent (LiCorTM 
IRDye® 800CW Goat anti-rabbit IgG P/N#925-32210) conjugated anti-mouse antibody 
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were used for probing the primary antibody and blot visualization respectively. 
Chemiluminescence was activated by ECL substrate (Bio-Rad®, Cat#1705060). Whole 
blot was detected by Bio-Rad® ChemiDoc MP® system and image result was analyzed 
by Bio-Rad Image LabTM software. 
 
Gene sequencing and mutation detection 

To detect the mutation created via CRISPR/Cas9, primers that are ~300bp 
upstream the target site and ~200bp downstream the target site were used to amplify 
such DNA fragment from identified plant genomic DNA material as template with PCR 
(New England BioLab® Inc., Phusion®, Cat#M0530S) reaction. After removing the 
excessive PCR primers (Fisher Scientific® ExoSap-ITTM Cat#78-201-1ML), the PCR 
product was sent to sanger sequencing (Eurofin Genomic). The sequencing result in 
FASTA format was analyzed using BLASTA web tool from NCBI website, aligned 
against wild-type (Col-0) genomic sequence to identify wild-type (no change) gene. 
and homozygous edited gene. In order to further discriminate heterozygous, raw 
chromatograph reading result in ab1 format was input into an online web tool 
(Synthego®, ICE® Analysis; https://ice.synthego.com). This process was repeated with 
all the three targeted genes in this study.  

 
Analysis of sgRNA nucleotide composition and secondary structure 

The calculation of G/C content of all sgRNAs that were used in the experiment 
were done by a Python script. The secondary structure was predicted by input the 
sgRNA FASTA sequence into the Mfold web server (Zuker et al., 2003)  
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Results 
 
Identification of mutant plants using visually identifiable phenotypes to report 
CRISPR activity 
 

To deliver each component of the multiplex gene targeting CRISPR/Cas9 system 
(sgRNAs and Cas9 nuclease), I used an all-in-one vector (pCUT3-CE) that contains the 
sgRNA expression cassette stacking, and the Cas9 protein with HA fusion downstream 
of the UBQ10 promoter (Supp Fig. 1A). Arabidopsis U6 promoter (AtU6) and poly-T 
(“TTTT”) tail were used to control the expression of each sgRNA (Supp Fig. 1A; Supp 
Fig. 4). To provide similar expression level across the sgRNAs, each sgRNA is 
transcribed from an independent AtU6 promoter and each one has its own 
transcriptional termination. The RNA polymerase III transcription start site “G” was 
incorporated between the last nucleotide of the AtU6 promoter sequence and the first 
nucleotide of the sgRNA. The AtU6 promoter, the sgRNAs and the transcriptional 
termination sequences together constitute one expression cassette. (Supp Fig. 1A; Supp 
Fig. 4).  

To visually identify CRISPR induced mutants I chose to target JASOMNIC ACID 
RESISTANCE-1 (JAR1), GLABROUS-1(GL1) and ETHLYENE INSENSITIVE-2 
(EIN2).  These genes are well characterized and their loss-of-function mutants are easily 
identifiable. The 20nt sgRNA sequence (target site) of each gene was designed to 
anneal the DNA sequence of either 1st or 2nd exon (Supp Fig. 1, B-C-D) to provide the 
highest likelihood that the DNA repair will destroy the translational frame of all 
predicted isoforms encoded by JAR1, GL1 and EIN2. Three individual expression 
cassettes with its own 20nt crRNA sequence corresponding to each targeted gene were 
assembled as a stack (Supp Fig. 1A).  

After agrobacteria-mediated transformation of immature flowers, I recovered a 
total of 26 independent T1 transgenic plants. After self-fertilization, I randomly choose 
the progeny of 4 independent T1 lines (#1, #3, #4 and # 25) for visual phenotype 
screening. For each independent T1 line, ~1000 T2 seeds were used and screened for 
each one of the 3 visual phenotypes linked to loss-of-function mutations in either JAR1, 
GL1 or ENI2. I identified T2 plants in the progeny of T1 line #1, #3 and #25 that showed 
either jasmonate insensitivity (jar1), loss of trichome (gl1) or ethylene insensitivity 
(ein2) (Fig 1; Supp Fig. 2 A-F). As the screening of visual phenotypical mutants are 
sampled from and grouped by different independent transgenic plants, each screening 
dataset represents an independent experiment. 

Cas9 expression for all four T1 lines analyzed was monitored via western blotting. 
The results showed Cas9 expression in lines #1, #3 and #25, but no in T1 line #4, which 
explains the lack of observable phenotypes in its T2 progeny (Supp Fig. 3). The 
percentage of visually detected T2 plants varied across independent T1 lines and did 
not correlate Cas9 expression (Fig 1; Supp Fig. 3). To increase the probability of 
selecting for CRISPR/Cas9 germline mutagenized plants, I only selected plants that had 
no trichomes anywhere in the leaves, or showed long roots or long hypocotyl (Supp Fig 
2 D-E-F); I removed from the screening pipeline those plants that showed mosaic 
phenotypes, where, for instance, only patches of somatic cells showed the expected 
phenotype. In addition, the visually identified T2 mutants were allowed to self-pollinate 
and produce seeds for progeny tests. All the T2 plants that show jar1, gl1 or ein2 
phenotypes produced 100% mutant T3 progenies, which confirmed T2 plants were loss-
of-function mutants, as indicated by their phenotypes.  
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Assessment of co-editing  
 

To weigh the power of each proxy to predict co-editing, that is, to predict the 
occurrence of CRISPR-induced mutations in other targeted genes of the same plant, I 
PCR amplified and Sanger sequenced 600bp of DNA surrounding the sgRNA 
annealing site of each targeted gene. The Sanger sequencing results were analyzed 
using two software tools, NCBI BLAST and ICE online software 
(https://ice.synthego.com), and yielded three different indicative results: (1) elucidation 
of mutation types; (2) general co-editing frequency; (3) detailed mutant gene allelic 
state. 

Among T2 visually selected plants, NCBI BLAST detected five different alleles 
of jar1, three different alleles for gl1 and four alleles for eni2 (Fig 2). The mutations 
detected were consistent with previous studies reporting insertions of 1 or 2 nucleotides 
(+1 or +2) and deletions of 1, 2 or 3 nucleotides (-1, -2 and -3) within the six nucleotides 
upstream (5’-) of the PAM sites, which are the hallmarks of Non-Homologous End-
Joining DNA repair in Arabidopsis (Jinek et al., 2012; van der Oost et al., 2013; 
Peterson et al., 2016 & Hahn et al., 2017).  

To assess co-editing frequency in visually selected plants, and to determine 
whether the mutations in the second and third gene tested would also produce loss-of-
function mutants, I analyzed the DNA sequences with NCBI BLAST alignment tools. 
Here, frequencies were determined by counting the number of double and triple co-
edited plants and then dividing by the total number of T2 plants identified with each 
proxy (either smooth leaves, JA insensitivity or ET insensitivity). Among plants 
without trichomes (smooth leaves), the co-editing frequency varied from 61.1% to 
93.75% for double co-edited plants where either JAR1 or EIN2 were targeted 
simultaneously with GL1, and 18.5% to 50% for triple co-edited plants, where both 
JAR1 and EIN2 were co-targeted with GL1 (Fig. 3). Among ethylene insensitive plants, 
double gene co-editing frequency varied from 55.6% to 81.25%, while triple gene co-
editing frequency ranged from 0% to 56.25% depending on the T2 progeny (Fig. 3). 
Although JA insensitive plants (jar1) were also observed in in plate selection, the 
numbers were too low to run co-editing analysis (these data were not included in Fig. 
3). The low recovery of JA-insensitive mutants in the T2 progenies of independent T1 
plants was not entirely unexpected. Again, as the assessment of co-edited mutants are 
sampled from and grouped by different independent transgenic plants, each assessment 
dataset is an independent experiment 

ICE software from Synthego® (https://ice.synthego.com) was used to weigh the 
DNA sequence quality of the Sanger sequencing data, as well as to determine the 
relative contribution of each nucleotide to each given position in the DNA sequence of 
each PCR product (Hsiau et al., 2018). This detailed analysis of each T2 mutant plant’s 
second and third CRISPR-targeted genes’ allelic state, recovered from the visual 
selection screening, revealed the frequency at which double or triple mutants would be 
indirectly selected for based on the phenotype produced by each proxy. It will be 
expected that the PCR products obtained from somatic tissues (leaf) of each T2 mutant 
plant will contain a mix of alleles that do not align with the reference wild type allele, 
particularly within the 6 nucleotides 5’ of the PAM site. This mix of alleles stems from 
two factors: (1) CRISPR/Cas9 in T1 plants could produce mutated ovules that may be 
fertilized by wild type or mutated pollen; in turn, the pollen may bear a similar or a 
different allele compared to the ovule’s allele;(2) the in-trans activity of CRISPR-Cas9 
will continue to target each gene in the germline of T1 plants as well as in the somatic 
cells of each T2 plant for as long as Cas9 and the target genes remain in the same 
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background. Because of these two factors, the PCR products obtained from each T2 
selected mutant will reveal each plant’s genetic constituency (allelism) in the form of 
DNA sequencing fluorescence chromatograms where a given fluorescence peak 
(nucleotide) in the wild type reference allele will be occupied by one or more 
nucleotides. These alternative nucleotides would be revealed as overlapping smaller 
peaks that correspond to mutant allele present in the PCR mix. Thus, addressing the 
allelic composition in the DNA sequence of each target site will reveal if the plant under 
study is either wild type, homozygote mutant, heterozygote or Bi-allelic (or higher 
order allelism) for each gene under study (Feng et al., 2014).  

Among plants that lacked trichomes (gl1 mutants) up to 30.8% were also 
homozygous for either JAR1 or EIN2 mutant alleles. Although most plants tested had a 
least one wild type allele for one of the three genes tested, double homozygous mutants 
were found in the T2 progeny of T1 line #25, where no wild type alleles for JAR1 and 
EIN2 were detected in 3.85% of plants analyzed. Importantly, up to 30.8% of the T2 
plants were homozygous mutants for a second gene and heterozygous for a third 
targeted gene (Table I). Among ET insensitive plants, I found up to 46.2 % of plants 
(in T2 progeny of T1 #25) that were also homozygous for either JAR1 or GL1 mutant 
alleles. Most plants in all of the three T2 progenies analyzed were heterozygous for 
either JAR or EIN2 mutant alleles (Table I).  Interestingly, neither the percentage of 
visually selected plants (Fig. 1) nor the percentage of mutant alleles in the second or a 
third gene within the visually selected T2 plants seem to correlate with Cas9 expression 
(Fig. 3; Supp Fig. 3).  
 
Discussion 
 
Differential efficiency of CRISPR/Cas9 mediated mutagenesis across GL1, EIN2 
and JAR1 
 

Although the abundance of a 20nt site (crRNA) with NGG adjacent downstream 
is usually not a limiting factor within the topology of a gene, the efficiency among these 
crRNA target sites are always different. I posited three causes of the low editing 
efficiency in JAR1. These included: (1) a potentially higher number of off-targets which 
could have led to low specificity and therefore competition between the target sites; (2) 
a lower G/C content which might have resulted in a low target site binding efficiency; 
(3) the 20nt crRNA sequence could contain specific nucleotides that interfere with the 
sgRNA secondary structure folding, which would have inhibited Cas9-sgRN complex 
activity.  

The first factor under consideration, the specificity score, which is reported as a 
whole number out of 100, among the three 20nt crRNA sequences were similar (crJAR1: 
98/100, crGL1: 98/100, crEIN2: 99/100). Yet, the number of potential off-targets, 
which are reported as a whole number, for JAR1 crRNA was higher than for GL1 and 
EIN2 crRNAs (crJAR1: 9, crGL1: 5, crEIN2: 3). Assuming that there is competition for 
sgRNAs across potential off-targets, I will expect to see that targeting efficiency of 
EIN2 is the highest. However, the off-targets numbers do not seem to explain the high 
mutagenesis of GL1 and low mutagenesis of JAR1 (Doench et al., 2014&2016). 
Therefore, I should consider other explanations.   

The second factor under consideration is the lower annealing stability of the 
sgRNA to the target due to a low G/C content. The G/C content of crJAR1 is 35%, 
while the G/C content of crGL1 and crEIN2 is much higher (crGL1: 50%, crEIN2: 
55%). In plant cells, G/C content between 30% and 80% is thought to be a key factor 
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affecting CRISPR/Cas9 mutagenesis efficiency because appropriate G/C content can 
improve the binding stability between the crRNA sequence and the target site sequence 
on the genome (Liang et al, 2016). Hence, albeit still within normal values, the low G/C 
content of crJAR1 could explain its low mutagenesis efficiency.  

A third factor to consider is secondary structure of the entire sgRNA. A study of 
the secondary structure of sgRNAs revealed that 3 stem loops (hairpins) are necessary 
for effectively forming a sgRNA-Cas9 complex (Liang et al., 2016). Among these, stem 
loop #1 is crucial for the formation of a functional Cas9-sgRNA-DNA complex, while 
stem loop #2 is critical to improve complex stability and in vivo activity. I performed 
in-silicon analysis of the JAR1, GL1 and EIN2 sgRNAs sequences using the online tool 
Mfold (Zuker et al., 2003). The secondary structure predictions of JAR1 sgRNA showed 
that stem loop #1 and #2 are missing in all three predicted results (Supp Fig. 5, A-B-C). 
A single in-silicon prediction of GL1 sgRNA reveled that all 3 stem loops are intact 
(Supp Fig. 5, D). The EIN2 sgRNA received two predictions (Supp Fig. 5, E-F). One 
of the EIN2 sgRNA predictions showed all 3 stem loops are intact (Supp Fig. E), while 
the 2nd predicted structure missed stem loop #1(Supp Fig. F). The design of EIN2 
sgRNA may not be optimal and this could explain the result of the recovery percentage 
of ET insensitive plants, which is lower than trichome less plants and higher than JA 
insensitive plants.  

The missing loops result from undesired base pairings between crRNA and 
tracrRNA nucleotides within each sgRNA. The crRNA sequences should have no more 
than 12 nucleotides that can pair within the sgRNA sequence. Within these 12 
nucleotides, the number of consecutive base pairs (CBPs) should be less than 7 and no 
more than 6 internal base pairs (IBPs) (Liang et al., 2016). Unfortunately, there were 
16 CBPs between the JAR1 crRNA and the rest of the sgRNA in all JAR1 sgRNA 
predicted structures (Supp Fig. 5, A-B-C). While predictions of GL1 sgRNA showed 7 
CBPs on the crRNA region and no IBPs (Supp Fig. 5, D), one EIN2 sgRNA prediction 
showed 5 IBPs (less than 6) and a second prediction rendered 10 IBPs on its crRNA 
region (Supp Fig. 5, E-F).  

In summary, the differential efficiency of mutagenesis should be explained by one 
of the three issues delineated above—although I hypothesize that suboptimal RNA 
secondary structure is the likely cause. Yet, there still remains the possibility of 
competition for limiting transcription proteins or physical exclusion at neighboring 
promoters. This possibility has been ruled out. As each sgRNA was clustered in the 
same insert and expressed from individual U6 promoters, I did not find compelling 
reasons to think that dissimilar sgRNA expression across the three sgRNAs could 
contribute to differences in mutagenesis frequencies across the three targets (Zhang et 
al., 2016). In addition, the position of each sgRNA in the cluster does not correlate with 
the observed co-targeting frequencies. Considering all the above, I can conclude that 
CG content and secondary structure of the sgRNA is critical for mutagenesis efficiency. 
These factors, together with target specificity and the existence of PAM cite near a 
unique gene specific target sequence, are major factors that limit CRISPR-mediated 
mutagenesis efficiency. 
 
The use of proxies to aid in the identification of CRISPR mutagenized plants. 
 

There are no precedents in the literature of attempts to deal with improvements in 
the identification of CRISPR-Cas9 mutagenized plants. Previous studies focused on 
identifying T1 plants where Cas9 is expressed. Most of these studies use Cas9 fusions 
to fluorescent proteins or an epitope tag (eg. HA/FLAG), and require taking samples 
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leaves and observing them under a fluorescence microscope or performing western 
blots to assess Cas9 expression (Osakabe et al. 2016; Cody et al. 2017); after that initial 
identification, brute force is need to collect samples of T2 progenies of those T1 plants 
and proceed with the molecular DNA fingerprinting needed to identify plants bearing 
mutated genes of interest. My approach of targeting a proxy to identify plants where 
other genes of interest were mutated, allowed the identification of gl1 T2 plants where 
more than 3/100 plants were homozygous for mutations in a second gene and a third 
gene, while as much as 30/100 gl1 plants were homozygous for a second and 
heterozygous for a third gene of interest. The results showed that GL1 mutagenesis is 
very efficient and that the identification of gl1 mutant plants is inexpensive and easy to 
implement without the need of any sophisticated piece of equipment: it only involves 
growing T2 plants in soil and visually identifying plants with smooth leaves that are 
easily observable among the majority of hairy plants. As GL1 is conserved in many 
plant species and its expression dictates the development of trichomes, I hypothesize 
that a similar strategy could be efficiently applied to the identification of CRISPR 
mutagenized plants in crops with complex, often polyploid, genomes, where the search 
for individual plants bearing multiplex mutations in genes of interest could be 
substantially more onerous and time consuming than it is in Arabidopsis. The selection 
of the appropriate proxy gene to target will depend on the expected phenotype produced 
by the genes of interest. Whenever possible, GL1 targeting will serve as a good proxy. 
In other cases, and other species, perhaps other proxies will be more suitable.  

Ethical concerns about the use of CRISPR  

Most of the ethical concerns about the use of CRISPR-mediated genome editing 
relate to the use of this technology to genetically modify human germline cells. For the 
first time in human history, it is relatively easy and affordable to make changes to the 
genome of a human cell in vitro. Coupled to cell cloning techniques, CRISPR could 
open the door to regenerate genetically modified human embryos that will stably inherit 
the desired genetic modification. Also, new technologies have opened the possibility to 
manipulate sperm or ovules in vivo, which would allow germline inheritable 
modification without the need for expensive in vitro culture of cells and embryo 
regeneration. Although the potential for these technologies to cure diseases is evident, 
there are ethical concerns based on two potential drawbacks: (1) the changes are 
inheritable and potentially irreversible; (2) the technology is not safe enough yet to use 
without the risk of editing non-targeted genes (i.e. tumor suppressor genes or 
oncogenes), which could derive in unintended health consequences. There is an even 
stronger concern: the use of virus-delivered CRISPR to create biological weapons 
(Clapper, National Intelligence, 2016).  

As CRISPR/Cas9 mediated mutagenesis and editing techniques developed, 
several research groups in academic and industry settings started to use CRISPR/Cas9 
to produce GM crops (Wang et al., 2014; Khatodia et al., 2016). The use of CRISPR in 
plants have raised the old concerns about genetically modified food and environmental 
pollution. GM crops were introduced in the field for the first time 1996. The debate on 
human health risk posed by GM crops is still ongoing, but it seems clear by now that 
all the major threats feared by environmental activists did not materialized. From an 
environmental pollution perspective, not having had made use of more genetically 
modified crops has actually played against the environment, as the use of polluting 
chemicals (pesticides, fertilizer, herbicides, etc.) could have been cut to a greater extent 
over the past 25 years if more genetically modified crops would have been developed 
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and commercialized. A major concern about GM crops has always been the presence 
of foreign DNA encoding antibiotic or herbicide resistance that could spread to other 
species in the environment. There have been documented cases of GM plants of canola 
and turfgrass (among others) growing in the wild near farms and roads, but the extent 
to which these plants can harm the environment via displacing or outcompeting non-
GM species is unknown, and presumably very low. Indeed, the genetic modification 
that they bear (i.e. herbicide resistance) will not provide these plants with any advantage 
out of the farm where the herbicides are not applied. For insect resistant GM crops (like 
corn, cotton and soybeans) the consequences for the environment are higher if 
crosspollination with wild relatives happens, as the spreading of insect resistant genes 
could potentially shift an entire ecosystem balance in unpredictable ways. Two factors 
alleviate this risk: (1) cross-pollination in these species is very unlikely; (2) insect 
resistant genes typically have a very narrow range of target species. Cross-pollination 
is major concern, particularly for canola, as these plants can interchange genes with 
several related weeds in the US and Canada. It is hard to predict how evolution will 
play, but assuming that the genetic modifications will only give an advantage over any 
non-GM plants under selective condition, the problem relates more to a practical issue 
than an ethical issue: how to control herbicide resistant weeds. There are several 
alternatives that the biotech industries can use to mitigate scape of GM genes into the 
ecosystem: (1) limit the use of transgene to only self-fertilizing species; (2) turn out-
crossing species into self-fertilizing species; (3) use positive selection to maintain crops 
alive (plants will die in the absence of the selection out of the farm), etc. But all these 
alternatives to make GM crops safer require genetic manipulation. Hence, the stronger 
the opposition to the use of GM crops, the longer it will take to see the benefits. 

As CRISPR/Cas9 targets DNA sequences in-trans, the transgenic piece of DNA 
where CRISPR-Cas9 and the selection markers (antibiotic/herbicide resistance genes) 
reside, could be segregated apart from the CRISPR-targeted genes once the in-trans 
editing event/s has happened. By crossing mutants created by CRISPR/Cas9 with 
wildtype crops and actively selecting plants that do not contain the transformed DNA 
fragment but do contain the mutated alleles, gene drive can be avoided. As these crops 
would not harbor foreign DNA in its genetic makeup, the genetic modifications 
introduced with CRISPR would be no different from any other DNA polymorphism 
that naturally exists across different cultivars of the crop. However, one important 
caveat that hinders the use of CRISPR to produce GM crops is that the technology is 
still inadequate to make precise single base editing and gene replacement, or splicing 
in foreign DNA sequences (Komor et al., 2016). These limitations stem from the low 
frequency at which plants repair DNA via HR. Recently, two new studies reported the 
use of meristematic cell and embryo/germline specific promoters to drive Cas9 
expression for gene replacement in Arabidopsis (Wang et al., 2015; Wolter et al., 2018; 
Miki et al., 2018). The authors reported a significant increase in the recovery of 
successfully replaced genes and successfully spliced-in foreign DNA sequences (GFP) 
attributed to the use of egg or meristem-specific promoters to drive the activity of Cas9. 
Importantly, Miki et al., in a 2018 Nature Communication article, reported the use of 
CRISPR to splice in a GFP marker in frame with the DNA coding sequence of two 
endogenous Arabidopsis genes without the use of a selection marker. The selection 
strategy presented in this study shows a second option of convenient tracking/selection 
of CRISPR modified plants: targeting GL1 as the selection marker allows for the growth 
of plant in a stress-free environment during the selection pipeline. In addition, the labor 
work for selecting trichome-less plants is minimum. These discoveries have set the 
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stage for the easy and relatively inexpensive use of CRISPR technology to produce GM 
crops. 

Figures and Legends  
 
Figure 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Frequency analysis of edited genes in T2 
plants. Percentage of plants that showed the 
corresponding mutant phenotypes calculated as 
mutant/total number of T2 plants obtained from four 
independent T1 plants (CE-1, CE-3, CE-4 and CE-25). N 
= 130 gl1 plants; 5 jar1 plants; 32 ein2 
plants 
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Figure 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 2. Sequence analysis of CRISPR/Cas9 edited 
mutants. A-C) CRISPR/Cas9 induced mutations detected 
via PCR and sanger sequencing for JAR1 (A), GL1 (B) and 
EIN2 (C) in T2 plants. In green, blue and red are depicted 
the sgRNA target/spacer site, the PAM site and insertions 
and deletions detected in the DNA sequence, respectively. 
WT: wild type reference DNA sequence. M1-M5: 
mutation types.  
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Figure 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Scoring of T2 plants that bearing two or 
three genes edited simultaneously. A: selection 
based on lack of trichomes (gl1). B: selection based 
on ethylene insensitivity (ein2). Black bars indicate 
that mutations were detected in one gene in addition 
to the selectable visual marker. Grey bars indicate 
that mutations were detected in two gene in addition 
to the selectable visual marker. 
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Table I 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Genetic constituency of co-edited genes. Numbers indicate the percentage of co-
edited genes and their allelism in T2 plants organized by alleles detected within each group. 
HM: homozygous. HET: heterozygous. BI: bi-allelic. Double-HM: similar or different 
mutant alleles for both genes under study. HM/HET: similar or different mutant alleles for 
one gene and at least one wild type allele for the second gene under study. Double-HET: at 
least one wild type allele for each gene under study. Bi-HET: multiple alleles in one gene 
and at least one wild type allele for the second gene under study. 
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Supplementary Figures 
 
Supplementary Figure 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 1. Schematic illustration of the CRISPR/Cas9 
construct and the sgRNA target. A) Schematic illustration of the 
CRISPR/Cas9 construct. The construct contains 3 individual cassettes 
that can generate single-strand guide RNA targeting JAR1, GL1 and 
EIN2. The expression of each sgRNA is controlled by individual AtU6 
promoters (U6P) and Individual poly-T terminator (TTTT). B-D) 
JAR1, GL1 and EIN2 target sites. Sequence highlighted in red denote 
the 20nt crRNA target site. The blue rectangular highlights the PAM 
site. Scale bar=0.1kb 
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Supplementary Figure 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 2. Identification of visual phenotypes. A-
C) Mutant phenotypes identified through visual observation for 
jar1 (A), gl1 (B) and ein2 (C). The red box highlights the edited 
loss-of-function mutant plants side-by-side with wild type non-
edited plants. D-F) Enlarged picture area in red box in A (jar1), B 
(gl1) and C (ein2). The red arrow points out the mutant phenotype. 
The black arrow points out the wild type (WT) phenotype. Each 
mutant plant was selected as described in Material and Methods. 
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Supplementary Figure 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 3. Cas9 expression. A) Cas9 
expression in 4 independent transgenic lines were 
tested via western blot. B) Quantification of Cas9 
expression normalize by Beta-Actin. WT; wile-type 
Arabidopsis. CE; CRISPR-editing.  
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Supplementary Figure 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 4. In-silico designed and in vitro synthesized sgRNA 
expression cassettes stacks. Each AtU6 promoter sequence is depicted in 
lowercase. Each sgRNA sequence is depicted in uppercase brown (JAR1), 
blue(GL1) and green(EIN2). Each crRNA sequence is depicted in bold font. 
The RNA polymerase III transcription start site “g” is depicted in lower case 
red, and the stop site (poly T tail) as upper case red. The 32 and 17 extra 
nucleotides at 5’ and 3’ of the synthetic DNA fragment are shown in back 
uppercase font. 
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Supplementary Figure 5 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 5. sgRNA secondary structure prediction. 
Illustration of in-silicon prediction of JAR1(A-C), GL1(D) and EIN2(E-F) 
sgRNA secondary structure by Mfold (Zuker et al. 2003). Nucleotides are 
colored coded as red and black for the 5’ and 3’ ends, respectively 
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