
CHAPTER 3: CRISPR-Cas9 editing gene over expression of genes involved in 

resistance to Fusarium verticilloides in maize

Introduction

Developing more pathogen-tolerant crops in a sustainable manner is one means to meet the demand 

of an increasing human population that will require more food, feed and fuel. In addition to a 

transgenic approach, natural genetic variation for traits that impact drought tolerance has also been 

used in maize breeding programs to improve grain yield. By applying precision phenotyping and 

molecular markers as well as understanding the genetic architecture of quantitative traits, maize 

breeders developed hybrids with increased grain yield under drought stress conditions (Cooper et 

al., 2014; Gaffney et al., 2015). The drought tolerance in these hybrids is governed by multiple 

genes which individually have small effects. Potentially, some of these key genes could be 

identified and altered to generate new alleles to produce a larger effect, thus enhancing the breeding 

process. However, until recently, generating such allelic variation with physically or chemically 

induced mutagenesis was a random process, which made it difficult to produce intended DNA 

sequence changes at a target locus. In the past few years, efficient genome editing technologies have 

emerged, enabling rapid and precise manipulation of DNA sequences, and setting the stage for 

developing pathogen-tolerant germoplasm by editing major genes in their natural chromosomal 

context.  

Four genome editing tools, meganucleases, zinc-finger nucleases (ZFN), transcription activator-like 

effector nucleases (TALEN) and the clustered regularly interspaced short palindromic repeat 

(CRISPR)/CRISPR-associated nuclease protein (Cas) system, have provided targeted gene 

modification in plants ( Gao et al., 2010; Li et al., 2012, 2013; Shukla et al., 2009). However, 

CRISPR/Cas9 has largely overtaken other gene- editing techniques. The CRISPR-Cas9 system is 

easiest to implement and is highly efficient. The system consists of a Cas9 endonuclease derived 

from Streptococcus pyogenes and a chimeric single guide RNA that directs Cas9 to a target DNA 

sequence in the genome (Figure 1). CRISPR-Cas9 genome editing is accomplished by introducing a 

DNA double-strand break in the target locus via Cas9, followed by DNA repair through either the 

endogenous imprecise non homologous end-joining (NHEJ) or the high-fidelity homology-directed 

repair (HDR) pathways. NHEJ can induce small insertions or deletions at the repair junction while 

HDR stimulates precise sequence alterations, including programmed sequence correction as well as 

DNA fragment insertion and swap, when a DNA repair template is exogenously supplied (Figure 2). 
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The system has been successfully tested in staple crops, such as maize, wheat, rice and soybean 

( Du et al., 2016; Jacobs et al., 2015; Jiang et al., 2013; Li et al., 2015; Shan et al., 2015; Sun et al., 

2016; Svitashev et al., 2015; Wang et al., 2014; Zhang et al., 2014; Zhou et al., 2014, 2015).  

 

Figure 1. RNA-guided DNA cleavage by Cas9. (a) In the native system, the Cas9 protein (light 
blue) is guided by a structure formed by a CRISPR RNA ( crRNA , in black), which contains a 20 -  
nt segment determining target specificity, and a trans-activating CRISPR RNA (tracrRNA, in red), 
which stabilizes the structure and activates Cas9 to cleave the target DNA ( protospacer ). The 
presence of a protospacer-adjacent motif (PAM, in yellow), i.e., an NGG (or less frequently NAG) 
sequence directly downstream from the target DNA, is a prerequisite for DNA cleavage by Cas9. 
Among the 20 RNA nucleotides determining tar- get specificity, the so-called seed sequence of 
approximately 12 nt (in orange) upstream of the PAM is thought to be particularly important for the 
pairing between RNA and target DNA. (b) Cas9 can be reprogrammed to cleave DNA by a single 
guide RNA molecule (gRNA, in green), a chimera generated by fusing the 3′ end of the crRNA to 
the 5′ end of the tracrRNA.  
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Figure 2. Genome editing with site-specific nucleases. Double-strand breaks induced by a nuclease 
at a specific site can be repaired either by non-homologous end joining (NHEJ) or homologous 
recombination (HR). (a) Repair by NHEJ usually results in the insertion (green) or deletion (red) of 
random base pairs, causing gene knockout by disruption. (b) If a donor DNA is available, which is 
simultaneously cut by the same nuclease leaving compatible overhangs, gene insertion by NHEJ 
can also be achieved. (c) HR with a donor DNA template can be exploited to modify a gene by 
introducing precise nucleotide substitutions or (d) to achieve gene insertion.  

In maize, the unique example of CRISPR-Cas9 edited plant belong to stress tolerance and is based 

on endogenous ARGOS8 mRNA expression which is relatively low and spatially nonuniform. 

Previous field testing showed that constitutive over-expression of ARGOS8 in transgenic plants 

increases grain yield under drought stress conditions without yield penalty in non-stress 

environments ( Shi et al., 2015). Aiming at creating novel ARGOS8 variants which would confer 

beneficial traits for maize breeding, the genomic sequence of ARGOS8 was edited using CRISPR-

Cas9-enabled advanced breeding technology to produce ubiquitous and elevated expression across 

multiple tissues and at different developmental stages.  Replacement of the ARGOS8 promoter with 

a maize GOS2 promoter (GOS2 PRO), or insertion of a GOS2 PRO into the 50-UTR of the 

ARGOS8 gene, led to a change in the ARGOS8 expression pattern from tissue preferred to 

ubiquitous, and from relatively low mRNA expression levels to significantly increased ARGOS8 

expression levels. A field study showed that compared to the wild-type, the ARGOS8 variants 

increased grain yield by five bushels per acre under stress conditions at flowering and had no yield 

loss under well-watered conditions.  ARGOS8 genome editing led to multiple possibilities in maize 

resistance improvement, sustaining CRISPR-Cas9 approach in biotic and abiotic stress tolerance. 
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Stoking disease resistance

Plant pathogens, which deliver disease-causing molecules known as effectors to their hosts, can 

devastate a farmer’s crop, often causing financial ruin or food insecurity within a region. While the 

plant’s immune system works to clear these effector molecules (TAL effectors are are one example 

of these plant pathogen effectors), conserved sequences within species plant genes can prove to be 

weak points, and the pathogen’s effectors can exploit them to cause disease. Once established 

within the plant’s genome, such sequences are known as susceptibility genes.  

Removing the targets of effectors, then the pathogen would struggle in causing disease and 

modifying the plant to make it susceptible. CRISPR offers a convenient tool for both identifying 

such genes and producing plants resistant to the disease. Kamoun et al. (2017) removed a portion of 

a susceptibility factor in a tomato plant using CRISPR. The resulting non-transgenic plants, which 

were fully resistant to the fungal disease powdery mildew, were developed quickly, within 10 

months. Xie and Yang (2013) who have been a key in the development of CRISPR technology in 

plants, are focused on bacterial blight in rice. This severe disease in South Asia and Africa takes 

advantage of binding to the promoter of sucrose trans- porter genes, SWEET genes, to induce 

susceptibility. Using CRISPR, Yang was able to make multiple changes to these promoters to 

produce the equivalent of a plant vaccine. Jia et al. (2017) at the University of Florida Citrus 

Research and Education Center have successfully modi ed yet another known susceptibility gene, 

for a bacterial disease citrus canker, in a species of grapefruit. They are currently looking for 

susceptibility genes in another destructive citrus disease, citrus greening, also known as 

Huanglongbing.  

Cassava is hearty tuberous root vegetable that serves as a food security crop in sub-Saharan Africa, 

South American, and Asia, Bart et al. (2017) screened Cassava for bacterial disease and looked at 

various mutations that would protect these plants from a bacterial disease and two viral diseases. To 

date, they’ve successfully screened for mutations that abolish susceptibility genes for two of the 

diseases, and they’ve regenerated plants with mutations that they’ll soon be testing for disease 

tolerance (Bart et al. 2017). As with diseases in other organisms, pathogens are constantly adapting 

and changing. CRISPR could provide a way to outpace those mutations or to generate plants with 

broad-spectrum resistance. 
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Targeted mutagenesis strategy: CRISPR-Cas9 double cloning

A schematic of the ISU Maize CRISPR plasmids currently used for Agrobacterium-mediated Cas9/

gRNA introduction into maize is shown in Figure 3. The gRNA vectors are based on pENTR-

gRNA1 and pENTR-gRNA2 described previously (Zhou et al., 2014). In each intermediate vector, 

two different rice U6 small nuclear RNA gene promoters (PU6.1 and PU6.2) are used to express the 

gRNA genes. The first gRNA scaffold (85 nucleotides) is preceded by a cloning site containing two 

BtgZI sites in a tail-to-tail orientation downstream of PU6.1. The second gRNA scaffold follows a 

pair of tail-to-tail-oriented BsaI sequences downstream of PU6.2. Two sequential rounds of cloning 

permit the insertion of custom double-stranded gRNA spacer DNA sequences into these double 

BtgZ1 and double BsaI restriction enzyme sites in the vectors to generate intermediate constructs 

pgRNA-IM1 or pgRNA-IM2 (Figure 3).  

As described in an earlier publication (Zhou et al., 2014), these two vectors differ by one feature: 

pENTR-gRNA1 possesses two HindIII sites near the Gateway recombination sites attL1 and attL2, 

while pENTR-gRNA2 has only one HindIII site near the attL1 site (Figure 3).  

This feature allows pgRNA-IM2 to receive the gRNA cassettes from pgRNA-IM1 via HindIII 

digestion and subcloning. Therefore, this strategy can be used to construct up to four gRNAs, 

simultaneously targeting up to four DNA sequences in the maize genome.  

The guide RNA spacer sequences were designed based on the maize B73 reference genome 

sequence ( Schnable et al., 2009) using the CRISPR Genome Analysis Tool ( Brazelton et al., 2015; 

http://cbc.gdcb.iastate.edu/cgat/). The relevant target regions in Hi-II and B104 genotypes were 

PCR-amplified and confirmed by sequencing. All pgRNA-IM constructs were confirmed for 

sequence accuracy at the insertion sites and flanking regions by Sanger sequencing. The confirmed 

gRNA cassette can be mobilized through Gateway recombination to the destination vector pGW-

Cas9. The vector is built on the backbone of pMCG1005 this vector contains a rice codon-

optimized Cas9 with the maize ubiquitin 1 gene promoter and the bar gene with a 49 CaMV 35S 

promoter used as transformation selectable marker (Figure 3). The binary plasmid is mobilized into 

Agrobacterium strain EHA101 for the transformation of maize immature embryos.  
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Figure 3. Schematic diagram of Cas9/gRNA construction. The final RDP plasmids contain two 
small guide RNAs (sgRNA1  and sgRNA2) and are generated by assembly of the two initial 
plasmids L1609 and L1611. First the 20 nt corresponding to the recognition sequences are 
synthesized as oligonucleotides with SapI compatible ends and inserted between the U3 or U6 
promoter and the scaffold RNA (shRNA) after SapI digestion in both plasmids, forming sgRNA1 
and sgRNA2. Then the TaU6::sgRNA2  cassette is transferred by EcoRV/CeuI digestion into the 
plasmid already containing the OsU3::sgRNA1  cassette. BAR  = Basta® resistance gene, Cas9  = 
rice codon optimized Cas9  gene, LB = T-DNA left border, OsU3  = rice U3 promoter, pActUbi  = 
maize ubiquitin promoter, pOsAct = rice actin promoter, RB = T-DNA right border, shRNA = short 
hairpin RNA, sgRNA = small guide RNA, TaU6 = wheat (Triticum aestivum) U6 promoter, 20 nt = 
recognition sequence of 20 nucleotides inserted before the shRNA. 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Zea mays transformation

Transgenic maize plants were first obtained from protoplasts by an electroporation method (Rhodes 

et al. 1988) but fertile plants have never been produced by this method. Other direct gene transfer 

methods, which did not require the prior culture of protoplasts, were then tried (Gordon- Kamm et 

al. 1990) and microprojectile bombardment ( Koziel et al. 1993) of cells in suspension cultures or 

immature embryos became quite popular in basic and applied studies. Efficiency of transformation 

by microprojectile bombardment has been higher than other direct methods, and quite a few fertile 

plants have been generated (Armstrong et al. 1999). Microprojectile bombardment is also useful for 

the analysis of the transient expression of foreign genes in intact, fully developed tissues. However, 

high copy numbers and extensive rearrangement of the foreign DNA have frequently been found in 

plants transformed with direct gene transfer methods ( Shou et al 2004).  

For the last two decades, dicotyledonous plants have been transformed using the soil phytopathogen 

A. tumefaciens. A. tumefaciens is first transformed with the DNA construct of interest (T-DNA); this 

modified bacterial strain is then used to introduce the T-DNA into plants. A major advantage of 

Agrobacterium- mediated transformation is that a small number of copies (often one or two) of 

relatively large segments (can be larger than 10 kb) of T-DNA with defined ends are integrated into 

the plant genome with minimal rearrangement, resulting in transgenic plants of high quality. 

Initially, it was not clear if this technology could be extended to monocotyledonous plants, as they 

are not natural hosts of A. tumefaciens. However, highly efficient method of transformation have 

been reported of important cereals such as maize (Ishida et al. 1996), wheat (Cheng et al. 1996), and 

sorghum (Zhao et al. 2000) by A. tumefaciens. Key factors in these achievements include the 

optimization of types of plant material for infection with A. tumefaciens, choice of vectors, choice 

of strains of A. tumefaciens and optimization of tissue culture techniques. Transformation mediated 

by A. tumefaciens is now highly recommended for maize varieties with good tissue culture 

responses.  

For the successful production of transgenic plants in any species, foreign genes must be delivered to 

undifferentiated, dedifferentiated or dedifferentiating cells that are actively dividing or about to 

divide and that are capable of regenerating plants. In maize, the material of choice is immature 

embryos (Figure 4), and all protocols mediated by particle bombardment or A. tumefaciens for 

efficient production of transgenic maize have solely employed immature embryos. Thus, the 

primary determinants of a successful transformation are the response of immature embryos in tissue 

culture, the types of cells that grow from immature embryos and subsequent characteristics in 
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growth and regeneration. Unfortunately, many genotypes of maize, especially so-called elite 

varieties, are poor in these aspects, and thus only a limited number of genotypes have been 

efficiently transformed so far.  

Figure 4. Schematic summary of A.tumefaciens transformation by mobilization protocol and 
immature embryos isolation used in this thesis. Details are described in Methods. 

In the original protocol of Ishida et al. (1996),  transgenic plants were obtained from between 5% 

and 30% of A. tumefaciens-infected immature inbred A188 embryos. The protocol was successfully 

employed in a number of studies in molecular biology and biotechnology. Since then, the methods 

have been greatly improved, and a highly optimized protocol routinely used is presented in this 

thesis. The modifications made to the protocol include pretreatment by heat and centrifugation 

addition of silver and copper ions to the co-cultivation medium and extension of the co-cultivation 

period from 3 to 7 days. The effects of heat, centrifugation and ions are evident (Hiei et al. 2006) 

but the mechanisms are not understood. In protocols described by other authors, a resting culture, 

which is a non- selective incubation of embryos on a medium that contains an antibiotic to kill 

bacteria, is performed after co-cultivation (Zhao et al. 2001). In practice, the growth of transformed 

cells was better in the selection culture if the resting culture was performed; however, the same 

effect was produced by an extended period of co-cultivation. Thus, if the co-cultivation is extended, 

no resting culture is necessary. In general, the bar gene (De Block et al 1987), which confers 
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resistance to the herbicide phosphinothricin, is a more effective selection agent than the hpt gene 

(van den Elzen et al. 1985) which confers resistance to the antibiotic hygromycin. Further, use of 

vectors that carry additional virB and virG genes from pTiBo542 (Hood et al. 1984; Komari et al. 

1986) gives much higher transformation frequencies. The function of virB is related to formation of 

a transmembrane channel between the bacterium and the plant cell and the function of virG is 

related to the activation of the other vir genes (Sheng et al. 1996).  

Transgenic plants may be routinely obtained from more than 50% of the immature embryos from 

the A188 genotype, and the range of transformable genotypes has been extended to inbreds A634, 

H99 and W117 and hybrids between pairs of these varieties.  

Zea mays calli cultivation and plant growth

Figure 5 shows the procedure used for transformation and regeneration. It should be noted that two 

types of embryogenic callus, type I and type II, may proliferate from the scutellum of immature 

embryos, depending on the genotypes of maize (Bajaj 1994). The type I callus is a relatively hard 

and compact embryogenic callus, whereas the type II callus is relatively soft and friable. 

 

 Figure 5. Scheme of Zea mays calli cultivation from A.tumefaciens transformation to plant rooting. 
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A type I callus is usually obtained from inbreds A188, A634, H99 and W117 on the media described 

in this work and  based on LS medium. Hi-II and some other genotypes have been adopted  by other 

groups (De Block et al. 1987) using media based mostly on the N6 medium. In addition, Frame et 

al. (2002) used media that contained cysteine for co-cultivation.  

Elimination of selection marker genes from transgenic plants for commercialization is an important 

task because the presence of selection marker genes, which are unnecessary once transgenic plants 

are established, is of high public concern. A simple approach to remove selection markers is to 

perform A. tumefaciens-mediated co-transformation of plants with two T-DNA segments, one with a 

selection marker and the other with genes of interest, followed by segregation of marker-free 

progeny (Komari et al. 1986). Because the frequency of co-transformants among initial 

transformants is never 100% and about a half of the co-transformants do not segregate marker-free 

progeny, this approach requires a high frequency of transformation, desirably more than 20% 

(independent transgenics/immature embryo). With the highly optimized protocol presented here, 

production of marker-free transgenics has become a realistic option in maize; selection-marker-free 

transformants may be obtained from about 50% of co-transformed plants when co-transformation 

vectors are employed. 

Candidate genes for CRISPR-Cas9 genome editing

Genes belonging to LOX pathway resulted strongly induced after Fv inoculation in a resistant (R) 

inbred at 3 and 7 dpi, whilst in susceptible (S) inbred the induction was reduced or delayed at 14 dpi 

(Maschietto et al. 2015). In addition, all LOX genes were induced in resistant (R) kernels already at 

3 dpi in control condition (water inoculation), suggesting that this line activated earlier and more 

efficiently the transcription of defence responses. Moreover among 9-LOX genes, ZmLOX6 and 

ZmLOX4 resulted strongly up-regulated after pathogen inoculation at 7 dpi in the R line and their 

expression values were not significantly different among genotypes in mock kernels, suggesting 

that these two genes are related to resistance and exclusively responsive to pathogen inoculation. 

These results collectively suggest that resistance in maize may depend on an over-expression of 

LOX pathway genes and highlighted the central role of JA in Fv resistance. Because Zmlox4  

mutant has already been obtained as transposon insertion, as shown in chapter 2, we move the 

attention to ZmLOX6 editing approach while ZmLOX4 will be over-express in the susceptible  

A188 background. 
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In addition, three genes were found associated with the difference in infection between control and 

inoculated inbred lines in a GWAS experiment performed by Stagnati et al. (2018) SNPs associated 

with this trait are reported in Manhattan plot  (Figure 6).  

 

 

The SNP on chromosome 2 (number 6 in Tables  2  and 4) was closed to the gene 

GRMZM2G113257. This gene encodes for bHLH-transcription factor 169. In this protein is present 

the ACT domain that characterize ACR proteins. In Arabidopsis  and rice  these ACR proteins are 

proposed to function as novel regulatory or sensor proteins in plants ( Marchler-Bauer et al., 2015). 

On chromosome 6 the SNP (number 7 in Tables  2  and 4) was located inside GRMZM2G163054 

(number 7 in Tables  2  and 4), which encodes for a putative WRKY125 DNA-binding domain 

superfamily protein (number 6 in Tables  2  and 4). These transcription factors are involved in the 

regulation of various physiological programs that are unique to plants, including pathogen defense, 

senescence and trichome development (Marchler-Bauer et al., 2015). WRKY proteins have a 

regulatory function in plant response against pathogens. It is reported that levels of WRKY mRNA 

increase after viral, bacterial or fungal infection (Marchler-Bauer et al., 2015). Targets of WRKY 

proteins are W-boxes, WRKY genes, and defense related genes of the PR type. WRKY proteins are 

also involved in gibberellin and JA response (Eulgem et al., 2000). Regarding biotic stresses, 

WRKY genes are involved in transcriptional reprogramming associated with plant immune 

response. They are key components of the innate plant-immune system comprising microbe- 

triggered immunity, PTI, ETI, basal defense and SAR. WRKY transcription factors are involved 

also in abiotic stress response (Rushton et al., 2010). In developing maize kernels of the resistant 

genotype CO441 WRKY transcription factors were observed highly expressed 72 hours after F. 

verticillioides  infection (Lanubile et al., 2014b). Moreover, WRKY125 was found up-regulated in 
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associated with Fv 
r e s i s t a n c e 
(Fv_ADD).  



maize kernels infected with A. flavus or F. verticillioides 72 hours after infection ( Shu et al., 2014).  

As ZmWRKY125 was found associated with Fv resistance it was decided to  edit   ZmWRKY125 to 

further investigate its role in Fv defense. 

Aim of the work 

To date, LOX and WRKY genes have been implicated in playing important roles in a variety of 

developmental processes and defense responses to insects and pathogens. While the role of these 

and other LOXs have been studied in dicotyledonous species, their role in maize pathogen resistance 

and other monocotyledonous species remains unclear. Therefore, the major goal of this PhD study 

was to broaden this knowledge base and probe CRISPR-Cas9 and transformation in maize. The 

information gleaned from this research is expected to improve our understanding of plant 

transformation and defense mechanisms and may help design novel strategies to enhance resistance 

to harmful pathogens as Fv.

The line A188 was transformed to pursue two specific objectives: 

 

1). LOX6 and ZmWRKY125 editing to determinate their role in Fv resistance 

2). LOX4 over expression to test the increased resistance to Fv 

All of the work performed in this chapter have been done in collaboration with Peter Rogowsky 

group of École Normale Supérieure (ENS), Lyon. The data obtained have been part of the paper by 

Doll et al. Single and multiple gene knockout by CRISPR-Cas9 in maize, submitted to Plant Cell 

Reports,  and reported at the end of this chapter.
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Experimental design and results

sgRNA Design for CRISPR-Genome editing

Identification of target sequences: 

In a first instance, the target sites in the genomic DNA sequence of the genes of interest were 

identified. For knockout the presence of 5'-A-N(20)-GG-3' or 5'-G-N(20)-GG-3' were verified as 

suitable for U3 or U6 promoters, respectively. Other criteria were sequences without AG 

termination and successions of more than 3 T in the sequence. All recent web sites such as http://

cbi.hzau.edu.cn/cgi-bin/CRISPR or http://cropbioengineering.iastate.edu/cgat take into account 

these criteria. 

The strategy was to target the same gene with two sgRNAs sequences that are approximately 40 bp 

to 100 bp from each other. If both sgRNA work, this leads to a deletion that can easily be detected 

by PCR. Moreover, because the reference genome is from genotype B73 whereas the genotype used 

for transformation is A188, the absence of SNP in the target site was verified in order to minimize 

the risk to come across a SNP in the target sequence. 

CRISPR design prior to cloning: how the cloning works  

The system described hereafter uses the basic elements (rice optimized Cas9 gene, OsU3 promoter) 

of the rice system published by Miao et al (2013). It allows the direct cloning of an oligonucleotide 

representing the target in the genome into the SapI site of the transformation vector L1609 

(described in example 1) to obtain a first sgRNA under the control of the rice OsU3 promoter. It 

allows also the addition of a second sgRNA under the control of the wheat TaU6 promoter after 

cloning of an oligonucleotide representing the second target in the genome in the SapI site (see 

example 2) of the small plasmid L1611 and transfer of this second sgRNA into the transformation 

vector by cloning with EcoRV et I-CeuI (described in example 3). U3 and U6 promoters are 

transcribed by RNA polymerase III, consequently, these transcripts do not carry a polyA tail. 

The size of the oligonucleotide cloned into the sgRNA was of 20 nt, even if in plants sizes between 

19 and 22 nt seem to work. 
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Example 1: vector L1609 
>L1609_OsU3_sgRNA 
AAGGGATCTTTAAACATACGAACAGATCACTTAAAGTTCTTCTGAAGCAACTTAAAGTTATCAGGCATGCATGGATCTTG

GAGGAATCAGATGTGCAGTCAGGGACCATAGCACAGGACAGGCGTCTTCTACTGGTGCTACCAGCAAATGCTGGAAGCCG

GGAACACTGGGTACGTTGGAAACCACGTGATGTGGAGTAAGATAAACTGTAGGAGAAAAGCATTTCGTAGTGGGCCATGA

AGCCTTTCAGGACATGTATTGCAGTATGGGCCGGCCCATTACGCAATTGGACGACAACAAAGACTAGTATTAGTACCACC

TCGGCTATCCACATAGATCAAAGCTGGTTTAAAAGAGTTGTGCAGATGATCCGTGGCAAGAAGAGCACTGCAGAGCTCTT

CAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTT

TTTTTT 

rice U3 promoter  SapI recognition site  PstI  sgRNA scaffold  terminator 

Example 2: vector L1609 after SapI digestion 

In example 2 and 3 SapI produces sticky ends and the GC nucleotides need to be present in the 

primer design: 

GCAGATGATCCGTG      GCA-N19-      GTTTTAGAGCTATGC 

CGTCTACTAGGCACCGT      -N19-CAA      AATCTCGATACG 

Example 3: vector L1611 

The following is the DNA sequence around the cloning site for the U6 promoter pENTR-gRNA1 

published in Char et al. 2017: 
>L1611_TaU6_sgRNA 

GACCAAGCCCGTTATTCTGACAGTTCTGGTGCTCAACACATTTATATTTATCAAGGAGCACATTGTTACTCACTGCTAGG

AGGGAATCGAACTAGGAATATTGATCAGAGGAACTACGAGAGAGCTGAAGATAACTGCCCTCTAGCTCTCACTGATCTGG

GTCGCATAGTGAGATGCAGCCCACGTGAGTTCAGCAACGGTCTAGCGCTGGGCTTTTAGGCCCGCATGATCGGGCTTTTG

TCGGGTGGTCGACGTGTTCACGATTGGGGAGAGCAACGCAGCAGTTCCTCTTAGTTTAGTCCCACCTCGCCTGTCCAGCA

GAGTTCTGACCGGTTTATAAACTCGCTTGCTGCATCAGACTTGGGAAGAGCAGATATCAGCTCTTCAGTTTTAGAGCTAG

AAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT 

wheat U6 promoter  SapI recognition site  EcoRV  sgRNA scaffold  terminator 

GCAGATGATCCGTG      GCA-N19-      GTTTTAGAGCTATGC 

CGTCTACTAGGCACCGT      -N19-CAA      AATCTCGATACG 
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To summarize the cloning of two sgRNA in a transformation vector according to Char et al. (2017),  

includes to the following  steps: 

1) Cloning of the sgRNA A in plasmid L1609 (rice OsU3 promoter, unique SapI cloning site), 

which an integrative transformation vector carrying a SpcR marker. It has to be used with 

Agrobacterium strain LBA4404pSB1 to allow integration of L1609 into pSB1. 

2) Cloning of the sgRNA B in plasmid L1611 (wheat TaU6 promoter, unique SapI cloning site), 

which is a small plasmid with a KanR marker. 

3) Transfer of the cassette "sgRNA B" from step 2 into the plasmid obtained in step 1 by digestion 

with EcoRV et I-CeuI. 

sgRNA Design for ZmLOX6 (GRMZM2G040095)

1. Choice of the mRNA between the different splicing sequences for ZmLOX6; the mRNA 

corresponds to Zm00001d002000_T02. 

!  

2. SNPs study to avoid differences in sequence between the inbred used for the transformation and 

the template used for sgRNA. The SNPs in ZmLOX6 are highlighted in yellow and green. 

 Zm00001d002000_T02 
........................................agcagcgtggtggacatattattgtttcctctccgtccatcacccacccc 

GGTCGGTCTCAACTCAAGCTCTCAGCCACACACGCCGCCATCAGGCACGTATGCGACCTGACCTCGTGTTACATGCTACTACGGCCGTGT 
ATATAACAGCGATCAATCTACCGTGACCACCCCCATCCTCTCTAACCCACGGAAGCAAGACAAAAGCTCGTGCTGGACGACATCTCCCCT 
GTCGATCCACGACCATGATGCAGCAGCTCCGTCACAGCCAGCCGAGCCCGTGCCTCTGCGGCCTGCGGGCGGCACGGCCTATGCTCGCCC 
TCGGCGCAGCAGCATCCCGTTCGCGGCCCGCCGGAAAACTGCAACCGAGCGTCTGCCTCGGCCTCGGCCATGTAGCCCCAGCCGCGGCGA 
GAGGACAGCCCCGTCCCCGTGCCGTTGCCGACTCGGCGCTGGGAGCATCGCCTACGAGCGTGCATGTCGGAGGCAAGCTGCTGCTGCAGA 
ACTTCGCCGCCGACAGCCAGCAGCGGCTCAAGCTCTCCATCCAGCTTGTCAGCGCCACCGTGGCCG                         

gtacgcgcgcgaactcggccatatg........................................cattttttcttacgtacgcgtgcag 

ATCCCGACGGGCGCGGGGTGAAGGCGGAGGCGTCGGTGCTGGACGCCGTCGTGGGCAGCGGGGACAGCGAGCTCGACGTGGACCTGATCT 
GGGACGAGGCGCTGGGCGCGCCCGGCGCGGTGGTGGTGAAGAACCACTCCGACTTCCCCGTGTACCTGAGGCTGCTGAGCGTGCCGGCCG 
GCGTCGGCGGCGCCGACGACGAGGCCGCCGCCGTCCACTTCGCCTGCAACGGATGGGTGTACCCCGTCGACAAGCACCCGTACCGCCTCT 
TCTTCACCAACGAC 

gtgcgtgcgtgcgcagctagctaac........................................cgtacgctgttcccttcctctgcag 
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GCGTGTGTCAAGGAAGAAACGCCGAGCGCCCTGCTCAAGTACCGGGAGGACGAGCTCGGCGCGCTCCGGGGAGACGGCGAGACGACGGAG 
CGACCGTTCCAGCCGTGGGACCGCGTGTACGACTACGCGCTGTACAACGACCTGGGGAACCCAGACCTGCGCCAGGACCTGGCGCGCCCC 
GTGCTGGGAGGATCCCAGGAGTACCCGTACCCTCGGCGTACCAAGACCGGCCGACCAGCCGCCAAAACAG                     

gcccgtgcccgttcacgatctccgt........................................ttgctgcctcgtcgtgcgtcatcag 

ATCCTCGGTCGGAGAGCAGAGCGCCGCTGGACGAAGAGATCTACGTCCCCTGCGACGAGCGCGTCGGCTTCGCCAGCATCCCCGCGCCGA 
CGCTTCCGCCGCTGGGCGGGCACTTCAGGTCCCTCGCCGATGTCTACCGCCTCTTCGGCCTCGACGACCTCGGCCGGCTCCCGGAGGCCA 
AGGCGGTCATCAACAGCGGCGCGCCGTTCCCCGTCGTGCCTCAGGTCATTTCAG                                     

gtgcgacagcaataatgcatggtgt........................................ctatctttctgtctgtctggtgcag 

TGAACCCGACACATTGGCGGAAGGACGAAGAGTTCGCGCGGCAGATGATCGCCGGGGCGAACCCGGTGTGCATCAAGCGCGTCACCAAGT 
TCCCGCTGGCGAGCGAGCTTGACCGCGGGGTGTTCGGCGACCAGGACAGCAAGATAACCAAGGACCATGTCGAGAAGAACATGGGCGGCA 
TGACGGTGCAGCAG                                                                             

gtgtgccgtacgacgggcacttttt........................................ctcgaccatggatcgatgcacgcag 

GCCGTAGAGGAGGGGAGGCTGTACGTCGTGGACCACCACGACTGGGTGATGCCATACCTGAAGCGCATCAACGAGCTCCCTGCGAGCGAG 
GAGAAGGCGGAGGTGTCGCAGAGGAAGGTGTACGCCGCCAGAACGCTCCTGTTCCTGGACGGCGAGGACTCGTCGATGCTCAGACCGCTG 
GCGATCGAGCTCAGCTCGCCGCACCCGGAGAAGGAGCAGCTCGGCGCGGTCAGCACGGTGTACACTCCACCGGACAGCGGGGACGACGGC 
ATCACGGCCGGGAGGTTCTCAACCTGGGAACTGGCAAAGGTTTACGCCTCTGCCAACGACGCAGCCGAGAACAACTTCGTCACTCACTG  

gtatgtacgtacactcgttcgtacg........................................tcaatgtgtgtctctgtgtgtgtag 

GCTCAACACGCACGCATCCATGGAGCCGATCGTGATCGCGGCGAACCGGCAGCTGAGCGTGCTGCACCCAATCCACAGGCTCCTCAAGCC 
GCACTTCCGGAAGACGCTCCACATCAACGCCGTCGCACGCCAGATCATCGTCGGCTCGGGTGACCAGAGGAAGGACGGCAGCGTCTTCCG 
TGGCATAGACGAGGTCACGTACTTCCCCAGCAAGTACAACATGGAGATGTCCTCCAAGGCGTACAAAGCCTGGAACTTCACGGACCTTGC 
TCTTCCCAACGATCTCATCAAGAG                                                                   

gtaataccagtactagatacgaaac........................................acagcatgctatacatgacgaacag 

AGGTCTGGCAAAAGGAGATCCAAAGAAGCCAGAGACGGTGGAGCTGGCGATAAAGGACTACCCGTACGCGGTGGACGGGCTCGACATGTG 
GGCGGCGATCAAGAAGTGGGTGGCTGACTACTGCGCCATCTACTACGCCGACGACGGCGCGGTGGCGAGGGACAGCGAGCTGCAGGGGTG 
GTGGAGCGAGGTCAGGAACGTGGGGCACGGCGACCTGGCGGACGCGCCGTGGTGGCCGGCGATGGACTGCGTCGCCGACCTCGTGGAGAC 
CTGCGCCACCGTCGTCTGGCTGAGCTCGGCGTACCACGCGTCCATCAGCTTCGGGCAGTACGACTACCTGGGCTTCGTCCCGAACGGGCC 
CTCCATCACCACGCGGCCGGTGCCGGGCCCGGACGCCGGGGCGGAGGTCACGGAGTCGGACTTCCTGGCGAGCGTCACGCCGGTCACCGA 
GGCGCTCGGCTTCATGTCCATCGCCTCGGGGCCGATGGGGCTCAAGGGCACGGAGGTGTACCTGGGGCAGCGCCCGGACACGGAGCAGTG 
GACGCGCGAGCGGAGGGCGGCCGAGGCGCTGGCGGAGTTCCGGGCGAGGTTGGAGGAGGTCGCGGGCAACATCGACAGGCGGAACGCGGA 
CCCTGCGCTGAAGAACCGGACGGGGCAGGTGGAGGTGCCCTATACGCTGCTCAAGCCGACGGCACAGCCCGGACTGGTGCTCCGTGGCAT 
ACCCAACAGCATCACCGTTTGAGCAGCAGAGCGCCGTCGGCAGCTGTCAGCTGTGTACAGTACAGAATAATAAGGTGGTCGTGTTTGGCG 
CTATCTCCACCACATAAACGTGAAAATGTTTTTTTTTGAATTATATGGACATGCAGGGCCGCAGCCCGTAAGCCTGGCCCCAGTTTCGGT 
TTTCTGTTTTTTTTTTTTTTGCCTCGATCTGGTGATCAGCAAGCCACGTCGGTCCGGGTGATCTCGCTACCGGAGATAGAATGTGTACAC 
GAAACCTAATAGGTTTTTACTCCATTAGGATACGAGGTTGAGTCAATTTTCATACCTATAGATTTGTTAATGAGCATAAATTTATACCCG 
ACGAGTTCATGAGTATAAGTTTATTATGTGAACCGTGGGTTTTTAAACCCGACCAAACTTAGTGTATATTGTCATTTTATTTTATAAACG 
GACAATAAACTTGTTATCTCC                                                                      

ttatttacttcctgttttttatcaaatataaatgtataagtagttggtga........................................ 

The following results corresponds to candidate guides in exon 1 on the CRISPR-P website. In green and pink are shown 
the sequence used as target for sgRNA. 

Guide-9 92 GCCGAGGGTACGGGTACTCCTGG CCAGGAGTACCCGTACCCTCGGC 0 SNP

Guide-1
0 92 GTCCTCCCGGTACTTGAGCAGGG CCCTGCTCAAGTACCGGGAGGAC 0 SNP

Guide-1
1 92 GGAGCGACCGTTCCAGCCGTGGG 1 SNP

Guide-1
2 91 ACAGCGCGTAGTCGTACACGCGG CCGCGTGTACGACTACGCGCTGT 0 SNP

Guide-1
3

91 ACGCGGTCCCACGGCTGGAACGG

Guide-1
7

88 GAGCGCCCTGCTCAAGTACCGGG

Guide-2
5

83 ACGCGCTGTACAACGACCTGGGG

Guide-2
7

77 GACCTGGCGCGCCCCGTGCTGGG

Guide-2
8

77 GGACCTGGCGCGCCCCGTGCTGG
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3. Oligos used for LOX6 CRISPR Cloning: 

LOX6-G12-F 5'-GCACAGCGCGTAGTCGTACACG-3' 

LOX6-G12-R 5'-AACCGTGTACGACTACGCGCTG-3' 

LOX6-G10-F 5'-TTGTCCTCCCGGTACTTGAGCA-3' 

LOX6-G10-R 5'-AACTGCTCAAGTACCGGGAGGA-3' 

sgRNA Design for WRKY125 CRISPR (GRMZM2G163054)

1. Choice of the mRNA between the different splicing sequences for ZmWRKY125. The mRNA 

corresponds to Zm00001d037607_T04. sgRNA were found after CRISPR-P analysis. 

�  
2. SNPs study to avoid differences in sequence between the inbred used for the transformation and 

the template used for sgRNA. Highlighted are SNPs in ZmWRKY125. 

GRMZM2G163054_T04 
..........atatacacacaagcagcagcacacatttgtggaattgaaatgtgacatat 
CTCAGCAGCAGCACAAAAAGAAGAATTGACATGTGACGAATCTCAGAACTTTCGGATCAG 
CTAGCTTTTGAGAAACCTCCACGAAGGCTTGCAGAGGTCGCAGGCCGGATGTATAAATTG 
CAGAGCCCGGCCGGCACGCCAAAAATATTATCCAGACAGACAGGCACATCAACGGACAGA 
CACACACAAGCAAGGCGGCTAGCGGTGCAAGTAGTGCGAAGCTAGCTAGGTGCTGGTGCA 
TGCAATGGCGGCTTCGCTGGGTCTGAACCCTGAAGCTGTCTTCACTTCCTACACCTCCTC 
GCCGCCGTTCATGTCGGACTACGTGGCGGCGAGCTTCCTGCCGCCGGCCGTCGTCGACTC 
CACGGACTTCTCTGCAGAGCTCGATGATCTTCACCACCACTTGGATTACTCATCGCCGGC 
GCCGACCTTGGCCGGGGCTCGGAGCGATCGCAGCGAGAAGCAGATGAT 
gtatgtactacctatgcacagcaaa..........acggcgatttcatttcatccatcag 
CAGGTGGTGTGAGGGTGGTGGTGGCGAGAAGAGACTCGGTAGGATCGGGTTCAGAACGAG 
ATCAGAGGTGGAGATCTTGGACGATGGATTCAAATGGAGGAAGTATGGCAAGAAGGCTGT 
CAAGAGTAGCCCAAATCCAAG 
gtacacccatatgttcacctggaat..........tgcatgcacacgtacgtacgtgcag 
GAACTACTACCGCTGCTCGTCGGAGGGCTGCGGCGTGAAGAAGCGGGTGGAGAGGGACCG 
CGACGACCCCCGCTACGTCATCACCACCTACGACGGCGTCCACAACCACGCAAGCCCCGC 

Guide-2
9

75 GGCCGGTCTTGGTACGCCGAGGG
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AGCCGCCGCCATCATCCAGTACGGCGGCGGCGGCGGATTCTATAGCCCGCCGCACAGCGG 
CTCGCCGTCGGCCGCCTCCTACTCGGGCTCCTTCGTCCTCTGACTTCTCCGGGCCTTGAC 
CCAGAGTGATCTGATCTACCTGCTTTATCCCAGTCGTAGGATGAGAAGAGTGTTCAGACT 
TCAGAGACATCAGTTCAGCGGCCGGCTAAATTCGGACCTGATTGTAGATATTTACACCTC 
AATTATTGGTTACCTCTTGTGACGACTGACGAGGCATCATAATC 
gtcactaggataattgatcacgcatgtttttcgcttaattagtttctgtg………. 

The following results corresponds to candidate guides in exon 1 on the CRISPR-P website. In green and pink are shown 
the sequence used as target for sgRNA. 

Oligos used for WRKY125 CRISPR Cloning: 

ZmWRKY125_Guide-7_F: TTGTTCATGTCGGACTACGTGGCGG 

ZmWRKY125_Guide-7_R: AACCCGCCACGTAGTCCGACATGAA 

ZmWRKY125_Guide-8_F: GCATCGCTCCGAGCCCCGGCCAAGG 

ZmWRKY125_Guide-8_R: AACCCTTGGCCGGGGCTCGGAGCGA 

reverse complement

Guide-4 91 ACGTAGTCCGACATGAACGGCGG CCGCCGTTCATGTCGGACTACGT

Guide-8 88 ATCGCTCCGAGCCCCGGCCAAGG CCTTGGCCGGGGCTCGGAGCGAT

Guide-10 84 AGGAAGTGAAGACAGCTTCAGGG CCCTGAAGCTGTCTTCACTTCCT

Guide-2 94 GCCACGTAGTCCGACATGAACGG

Guide-7 89 GTTCATGTCGGACTACGTGGCGG

Guide-9 87 GAGCTCTGCAGAGAAGTCCGTGG

Guide-12 79 GAAGTCCGTGGAGTCGACGACGG

Guide-13 77 GCGATGAGTAATCCAAGTGGTGG

Guide-15 70 GCCGGCCGTCGTCGACTCCACGG

Guide-16 67 GCCGTTCATGTCGGACTACGTGG

Guide-17 67 GGCGGCGAGCTTCCTGCCGCCGG
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ZmLOX6 and ZmWRKY125 CRISPR-Cas9 cloning

Cloning of ZmLOX6 and ZmWRKY125 was performed according to the method reported hereafter.

sgRNA A- L1609 and sgRNA-L1611 cloning were confirmed by mini preps digestion using: 
- pstI for L1609; 

- EcoRV for L1611: 

The digestion patterns are described in Table 1 and Figure 7: 

 

L1611-sgRNA B was moved to L1609. The ligation ratio between insert and vector was 3:1. Both 

the vectors are digested with EcoRV and I-CeuI (Figure 2), then transformed in DH5α competent 

cells by heat shock as performed before. To avoid continuous cutting of restriction enzyme, the 

ligation product was inactivated at 80°C for 20 minutes (I-CeuI denaturation conditions).  

empty vector 
fragments bp

positive ligation 
fragment bp

sgRNA A- L1609: 
pstI digestion

6860 
5069 
3264 
442

11924 
3264 
442

sgRNA-L1611: 
EcoRV digestion

2160 
378

2533
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Table 1. L1609 and L1611 pstI and EcoRV digestion 

Figure 7. L1609-sgRNA A and 
L1611-sgRNA B for ZmLOX6 
and ZmWRKY125 Cloning. 
Faint bands of 442 for L1609 are 
not detectable. In red positive 
digestion, in black negative 
digestion (empty vector). At the 
bottom miniprep numbers.



Transformation of A. tumefaciens with ZmLOX6 and ZmWRKY125

The ligation obtained have been used for A.tumefaciens transformation by following mobilization 

protocol. This transformation procedure consists of petri dishes single growth of three components, 

as described in Material and Methods and in Figure 9:

1. plasmid of interest containing sgRNA A + sgRNA B and Cas9 cassette;

2. pHelper pSB1 which allows the integration of the plasmid of interest in A.tumefaciens;

3. A.tumefaciens strain LBA4404.

After the growth of each component all of them will be put together in order to complete the 

transformation step as illustrated in Material and Methods. 
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Figure 8. L1611-sgRNA B for ZmLOX6 
and ZmWRKY125 Cloning. In blue 
vector digestion, in black negative 
digestion (empty vector). bands bp: 
2046+492 belongs to digested (dig) 
L1611-sgRNA B; over 10000 bp: non-
digested (nond) plasmid used as control 
sample.

pHELPER A. t.

plasmid of  
interest in  

A. t.

plasmid of interest
Figure 9. Representation of A. tumefaciens 
transformation by following the mobilization 
protocol. The plasmid of interest, the 
pHELPER and A. tumefaciens are mate 
together in a final petri dish. This case 
r e p r e s e n t t h e t r a n s f o r m a t i o n o f 
ZmWRKY125 (L16W8).



Editing of genes involved in Fv resistance by  single and multiple gene knockout by CRISPR-

Cas9 in maize. 

CRISPR maize design and results obtained for ZmLOX6 editing in this chapter are part of the paper  

“Single and multiple gene knockout by CRISPR-Cas9 in maize” by Doll et al. The study examined 

CRISPR-Cas9-mediated targeted mutagenesis in maize during routine use for functional genetics 

studies by single or multiple gene mutagenesis via stably transformed maize plants. Both systems 

allow the expression of multiple guide RNAs and different strategies have been employed to knock-

out either independent or paralogous genes. A total of 12 plasmids, representing 28 different single 

guide RNAs (sgRNAs), were generated in order to target 20 genes. At least one mutant allele was 

obtained for 18 genes, whereas two genes were recalcitrant to gene editing. Among all mutated 

plants, 19% (16/83) showed biallelic mutations. Small insertion or deletions of less than 10 

nucleotides were the type of mutation mostly observed, no matter whether the gene was targeted by 

one or more sgRNAs. Deletion of a defined region located between the target sites of two guide 

RNAs were also reported although the exact size of the deletion size was slightly variable.  Three 

types of mutations were observed in the 93 mutant maize plants analyzed: indels, larger deletions 

and local chromosome rearrangements. More importantly, the mutation efficiency was very variable 

at different levels. Firstly, two of the 20 genes could not be mutated at all despite the use of two 

guide RNAs per gene and the generation of 8 and two transformation events, respectively. 

Secondly, among the 18 genes successfully mutated, not all transformation events caused mutations. 

For example, in the case of GRMZM2G352274 only one of the 16 transformation events yielded a 

mutation. And thirdly, in transformation events carrying novel mutations, not all guide RNAs 

present in the same plant provoked mutations. The reasons for failure are likely linked either to the 

sgRNA design or to the accessibility of the target sequence. The two recalcitrant genes 

GRMZM2G035701 and GRMZM2G040095 (LIPOXYGENASE 6) are located in gene-rich regions 

on the long arm of chromosome 8 and close to the end of chromosome 2, respectively, which do not 

present any obvious feature explaining failure; LOX6 regenerated plants are shown in figure 10. No 

sequence confirmation about off-targets effects have been performed, so we can’t exclude that the 

Cas9 has cut a redundant gene close to the target site. The ease of multiplexing is frequently cited as 

one of the major advantages of CRISPR-Cas9 technology over other site-directed nucleases such as 

meganucleases, zinc finger nucleases or TALENs and CRISPR-Cas9 constructs harbouring 14 

guide RNAs have been used successfully in Arabidopsis (Peterson et al. 2016). Three double 

mutants in gene family members residing on different chromosomes, two double mutants in 

paralogs distant by 53 kb or 75 kb and a triple mutant in paralogs distant by 13 kb or 29 kb were 
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generated. These examples underline the power of CRISPR-Cas9 technology since the production 

of double or triple knockout mutants in tightly linked genes would have been nearly impossible to 

achieve by crossing of single mutants and would have required the analysis of thousands of 

recombinants. Multiplexing is of particular interest in maize, which is an ancient tetraploid known 

to contain numerous functionally redundant paralogs hampering functional analysis, and the 

production of multiple mutants by CRISPR-Cas9 will certainly become a prime tool in functional 

genomics in this species. 
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Figure 10. Regenerated plants of LOX6-CRISPR-Cas9.



Table 2a. Summary of transformation events according LOX6-CRISPR and LOX4OE 
transformations. The transformation event corresponds to one callus  growth led to one ore more 
regenerated plants. ( V, confirmed; X, absent) 

Table 2b. Summary of transformation events according WRKY125 -CRISPR transformation. The 
transformation event corresponds to one callus growth led to one ore more regenerated plants. (V, 
confirmed; X, absent) 
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LOX6-CRISPR T0 PLANTS

transformation event PLANT code DNA EXTRACTION
LOX6 SEQ 
ANALYSIS Cas9 

1 X361-1 V V X

1 X361-2 V V X

2 X362-1 V V V

3 X363-1 V V V

4 X364-1 V V V

4 X364-2 V V V

5 X365-1 V V V

5 X365-2 V V V

5 X365-3 V V V

6 X366-1 V V V

6 X366-2 V V V

7 X367-1 V V V

8 X368-1 V V V

WRKY125-CRISPR T0 PLANTS

transformation event PLANT code DNA EXTRACTION
WRKY125 

SEQ 
ANALYSIS 

Cas9 CONFIRM

1 X471-1 V V V

1 X471-1 V V V

2 X472-1 V V V

3 X473-1 V V V

4 X474-1 V V V

5 X475-1 V V V

6 X476-1 V V V

7 X477-1 V V V

8 X478-1 V V V

9 X479-1 V V V

10 X480-1 V V V

11 X481-1 V V V

12 X482-1 V V V

13 X483-1 V V V

14 X484-1 V V V



Design of LOX4 over expression vector

In order to identify ZmLOX4 CDS, a multiple alignment of LOX4 protein was performed between 

Zea mays, Hordeum vulgare, Oryza indica, Oryza sativa, Setaria italica, Sorghum bicolor. The 

software used was CLUSTAL O (1.2.4) multiple sequence alignment and the multiple alignment 

obtained for LOX4 protein is reported in supplemental data of this chapter. The most conserved 

ZmLOX4 protein corresponding to GRMZM2G109056_T01 was used.  

To test if LOX4 was conserved in A188 as in B73 we have sequenced the gene in one of the highest 

conserved region which corresponds to exon1; the sequencing started from intron1 to intron2. We 

have noticed that LOX4 in A188 has 2 indels of 70 bp in intron1 and 5 point mutations in exon1. 

We reported 4  transversion and 1 transition, from the 5’ region the point mutations are: C in T, C in 

G, G in A, C in T and T in G. The alignment are shown in supplemental data (Figure SD.3) while 

the PCR product are presented in Figure 11. 

The cDNA of LOX4 was added by attB1 and attB2 in order to perform LR Gateway reactions with 

plasmid L1781 in over-expression promoter for kernel development, LOX4 cDNA sequence is 

shown in supplemental data SD.1 and SD.2. The L1781 have been used to maize transformation at 

the same conditions adopted for CRISPR-Cas9 in ZmLOX6 and ZmWRKY125 transformations. 

The results obtained are reported in Table 3. For LOX4OE 1,015 embryos have been transformed, 6 

transformation events and a total number of 11 plants were obtained and are still under 

investigation. 
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Figure 11. PCR product 
ZmLOX4 for 5’UTR. primers 
used 
forL: gttttgtgtggtagggcttgcgtt 
revT: tcctgagtaagaatactcacgtcg  
B73 expected bands: bp 539. 
A188 shows slightly longer 
bands becouse of 2 indels of 70 
bp. B73 and A188 PCR product 
have been sequenced, results 
shown in supplemental data.
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Table 3. Summary of transformation events according LOX4OE. The transformation event 
corresponds to one callus  growth led to one ore more regenerated plants.

LOX4OE-T0 PLANTS

transformation event PLANT NAME DNA 
EXTRACTION

LOX4SEQ  
ANALYSIS 

1 X451-1 V V

1 X451-2 V V

2 X452-1 V V

3 X453-1 V V

3 X453-2 V V

3 X453-3 V V

4 X454-1 V V

4 X454-2 V V

5 X455-1 V V

6 X456-1 V V

6 X456-2 V V



Material and Methods 

Cloning of the sgRNA A and sgRNA B in plasmid L1609 and L1611.

sgRNA A cloning started with sgRNA A oligos annealing. 1µM of oligo is used in a final volume of 

20µL.  

The annealing follows this program:  

-94°C: 2 minutes; 

-94°C: 30 seconds; 

-(-1°C: 30 seconds up to 37 °C) 

After the oligos annealing, the plasmids were digested with SapI for 1 hour at 37 °C. 

50 ng ofL1609 SapI digestion and  2µL of sgRNA A (after annealing) were used for the ligation 

mix. The ligase used is active at 25°C for 5-10 minutes. The ligation mix is used to transform DH5α 

E.Coli  competent cells by heat shock. The ligation is added to DH5α on ice for 10 minutes, then 

the ligation product is moved to 42°C for 2 minutes, finally it turns on ice for 2 minutes. A recovery 

step is required by adding 200µL of LB and 45 minutes at 37°C in agitation. 

Agrobacterium transformation LBA4404: mobilization protocol 

Transfer of the plasmid from E.coli to A.tumefaciens using a plasmid helper that takes the plasmid 

and passes it into the A. tumefaciens. 

Day1: Plating LBA4404 from glycerol stocks. note: prepare agro plate with YT + rif + tetracycline. 

incubate at 29 ° C for 48h. if you have not transformed the plasmid to be cloned, turn it today and 

plunge it. 

Day2: plate the HELPER on LB + KANA. HELPER code: RK2013 (RDP laboratory). Re-enter the 

plasmid of interest to have fresh for day 3. note: both HELPER and the plasmid of interest must be 

abundant. pick up a small amount of bacteria and plate on the loop on a new one, take the shape # 

add HELPER and plasmid of interest at 37 ° C 

Day3: prepare a LB plate without antibiotic. Put the HELPER and the plasmid of interest in equal 

parts.incubate at 29 ° C for 48h. 

Day5: plate the result of the day on two plates: YT + rif + antibiotic (SPECT) incubate at 29 ° C for 

48h 

Day7: island only 6 COLONIES and plate with YT + Rif + antibiotic (SPECT) 

Day8: PCR of gene control: VIR, BAR, better also on plasmid of interest. incubate at 29 ° C for 24h 

(not 48h). Choose 1 or 2 colonies for growth of inoculum ON and then glycerol stock. 
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Maize transformation and calli cultivation

Preparation of immature embryos TIMING 35 min for handling, 90 days for growing plants  

1.Grow maize plants in individual 270 mm pots in a greenhouse. Maintain daytime temperature 

between 30 and 35 1C and night time temperature between 20 and 25 1C. Ideally, the light intensity 

should be stronger than 60,000 lx and the photoperiod should be more than 12 h.  

CRITICAL STEP The quality of the immature embryos is one of the most import factors for 

achieving highly efficient maize transformation. Good embryos are obtained only from vigorous 

plants grown in a well-conditioned greenhouse. Air-conditioning and supplemental lights are 

needed to ensure a supply of good embryos year-round. Usually, more than 150 kernels can be 

collected from a single ear of A188. Production of a much lower number of kernels on a single cob 

implies that the growth conditions are not optimal. If transformation efficiency is poor, the 

greenhouse conditions should be optimized before investigating other aspects of the protocol, such 

as types of vectors and strains, and media compositions.  

2. Between 8 and 15 days after pollination (DAP), harvest an ear that contains immature embryos at 

the right developmental stage. CRITICAL STEP: The use of immature embryos at the right 

developmental stage is a critical factor, and the size of the embryos is a very good indicator of the 

stage. Immature embryos that are between 1.0 and 1.2 mm in length along the axis are optimal for 

transformation. Time (DAP) required for embryos to reach the best stage differs depending on the 

genotypes and the season. So carefully examine the sizes of embryos and determine the time of 

collection. A typical pattern of the growth of embryos is shown in Figure 2. For example, the time 

of collection for A188 was 8 DAP in August, 10 DAP in June and 15 DAP in January at our facility. 

As long as the sizes of embryos are in the above range, the frequency of transformation is 

reproducible year-round.  

3. Husk the ear and detach kernels from the cob by cutting the base of the kernel with a scalpel. 

Insert a scalpel into the detached kernels and remove the immature embryos. If plants are grown in 

a greenhouse free from disease and pest, cobs in husks are clean and immature embryos can be 

removed without surface sterilization of the cobs.  

4. Immerse the embryos in 2.0 ml of LS-inf medium in a 2.0 ml microcentrifuge tube at room 

temperature until the remaining embryos have been collected. Finish the collection of immature 

embryos within 1 h. More than 200 immature embryos can be collected in 1 h by a single, skilled 

technician.  

6. Add 2.0 ml of LS-inf medium and vortex as in Step 5. Pre-treatment with heat and centrifuging 

TIMING 30 min 7| Incubate the embryos in the microcentrifuge tube in a water bath at 46 1C for 3  
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min. CRITICAL STEP The optimal conditions for this heat treatment will differ depending on 

genotype. The conditions described here work well for genotypes A188, H99 and A634. Since 

immature embryos of W117 were more sensitive to heat than these genotypes, lower temperature 

and/or shorter treatment may be suitable for successful transformation in W117. Optimization will 

be necessary to find the best conditions for other strains and can be assessed by co-culturing with a. 

In addition, it is also important to assess callus induction from heat-treated immature embryos.  

8. Cool the microcentrifuge tube on ice for 1 min.  

9. Remove the medium and add 2.0 ml of LS-inf medium.  

10. Centrifuge the microcentrifuge tube with a fixed-angle rotor with a maximum radius 

of 83 mm at 20,000g at 4 1C for 10 min. CRITICAL STEP : the optimal centrifugation conditions 

will differ depending on genotype. The conditions described  
here work well for genotypes A188, A634, W117 and H99. Optimization will be necessary to find 

the best conditions for other strains and can be assessed by co-culturing with a strain of A. 

tumefaciens carrying an intron-GUS gene (Steps 11–13) and GUS staining at Step 18.  

Preparation of inoculum TIMING 5 min for handling, 2 days for cultivation  
11. Culture A. tumefaciens strain on a YP plate that contains appropriate antibiotics in the dark at 28 

1C for 2 days.  

12. Collect the bacteria with a loop and suspend in 1.0 ml of LS-inf-AS medium at a density of 1 

109 colony-forming units per ml (OD 1⁄4 1.0 at 660 nm). Inoculum should be prepared fresh. 

Growth of Agrobacterium in liquid culture before transformation is not necessary.  

Inoculation and co-cultivation TIMING 30 min for handling, 7 days for cultivation  
13. Remove the medium from the microcentrifuge tube in Step 10 and add 1.0 ml of bacterial 

suspension from Step 12.  

14. Vortex the microcentrifuge tube at 2,700 r.p.m. for 30 s. 15| Incubate for 5 min at room 

temperature.  

16. Transfer the suspension of the embryos and bacteria to an empty Petri dish (60 15 mm).  

17. Remove and discard 0.7 ml of the liquid from the suspension.  

18. Transfer the embryos onto fresh LS-AS solid medium with the scutellum face up and seal the 

Petri dishes with Parafilm. Up to 200 embryos may be placed on a single plate. If the procedure is 

being optimized using strains that contain the intron-gus gene, transient expression of GUS can be 

analyzed at this point, as detailed.  

19. Incubate in the dark at 25 1C for 7 days; this is the co-cultivation step.  

Selection of transformed calli TIMING 140 min for handling, 52 days for cultivation  
20. Transfer the embryos to LSD1.5A medium and seal the Petri dishes with surgical tape. Up to 25 

embryos may be placed on a single plate. CRITICAL STEP Do not rinse the embryos. Rinsing with 
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an antibiotic solution tends to result in poor growth of cells. The surgical tape, which allows 

aeration, is much better for the growth of plant cells than air-tight tapes.  

21. Incubate in the dark at 25 1C for 10 days; this is the first selection.  

22. Transfer the embryos to LSD1.5B medium, and seal the Petri dishes with surgical tape. Up to 25 

embryos may be placed on a single plate.  

23. Incubate in the dark at 25 1C for 21 days; this is the second selection.  

24. Cut type I calli proliferated from the scutellum into pieces of between 3 and 5 mm in diameter 

under a stereoscopic microscope (Fig. 4), transfer to LSD1.5B medium and seal the Petri dishes 

with the surgical tape. Up to 25 pieces may be placed on a single plate.  

25. Incubate in the dark at 25 1C for 21 days; this is the third selection. Proliferated type I calli are 

transgenic.  

Regeneration of transformed plants TIMING 240 min for handling, 28 days for cultivation, 100 

days for growing plants  

26. Cut the further proliferated type I calli from Step 25 into pieces of between 2 and 3 mm in 

diameter under a stereoscopic microscope, transfer to LSZ medium and seal the Petri dishes with 

Parafilm. Up to 25 pieces may be placed on a single plate.  

27. Incubate under continuous illumination (5,000 lx) at 25 1C for 14 days.  
28. Transfer a regenerated shoot to a tube of LSF medium, and cover with a polypropylene cap.  

29. Incubate under continuous illumination (5,000 lx) at 25 1C for 14 days.  
30|. Transfer each plant to a 230 mm pot containing appropriately supplemented soil (see 

REAGENT SETUP).  

31. Grow transgenic plants in a greenhouse as detailed in Step 1 for 3–4 months and harvest 

progeny seeds. Plants in the following generations may be grown as detailed in Step 1.  

Examination of progeny for expression of a selection marker gene TIMING 10 days for growing 

plants, 30 min for handling, 2–4 days for incubation, 10 min for examination  

32. This examination is performed by the modified method of Wang and Waterhouse36. Sow 

individual progeny seeds of transgenic plants in soil in 40 mm 40 mm plastic pots and grow as 

detailed in Step 1. It is preferable that more than 30 seeds are sown and examined.  

33. Excise a leaf segment of 10 mm in length from a 10-day-old seedling, insert 3 mm of the tip of 

the segment in ELA medium, and seal the Petri dish with Parafilm.  

34. Incubate the plates under constant illumination (5,000 lx) at 25 1C.  

35. Examine the segment for changes in the color 2, 3 and 4 days after the start of incubation. A 

resistant segment, which expresses the transgene, stays green whereas a sensitive segment (non-

transgenic) turns yellow. 
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REAGENT SETUP  
- 10X LS major salts Dissolve 19.0g KNO3 , 16.5 g NH4NO3, 4.4 g  CaCl2 2H2O, 3.7 g MgSO4 

7H2O and 1.7 g KH2PO4 in 900 ml distilled water and make up the volume to 1,000 ml (see ref. 35). 

Store at 4 1C. The final concentrations of components in this solution are 188 mM KNO3, 206 mM 

NH4NO3, 30 mM CaCl2 2H2O, 15 mM MgSO4 7H2O and 12.5 mM KH2PO4  

- 100X FeEDTA Dissolve 2.78 g FeSO4 7H2O in 900 ml of hot distilled water and add 3.73 g 

ethylenediamine-N,N,N¢,N¢-tetraaceticacid, disodium salt (Na2EDTA). Cool and make up the 

volume to 1,000 ml. Store at 4 1C. The final concentrations of components in this solution are 10 

mM FeSO4 7H2O and 10 mM Na2EDTA.  

- 100X LS minor salts Dissolve 2.23 g MnSO4 5H2O, 1.06 g ZnSO4 7H2O, 620 mg H3BO3, 83 mg 

KI, 25.0 mg Na2MoO4 2H2O, 2.5 mg CuSO4 5H2O and 2.5 mg CoCl2 6H2O in 900 ml of distilled 

water and make up the volume to 1,000 ml. Store at 4 1C. The final concentrations of components 

in this solution are 9.3 mM MnSO4 5H2O, 3.7 mM ZnSO4 7H2O, 10 mM H3BO3, 0.5 mM KI, 0.1 

mM Na2MoO4 2H2O, 0.01 mM CuSO4 5H2O and 0.01 mM CoCl2 6H2O.  

- 100X modified LS vitamins Dissolve 10 g myoinositol, 100 mg thiamine hydrochloride, 50 mg 

pyridoxine hydrochloride and 50 mg nicotinic acid in 900 ml of distilled water and make up the 

volume to 1,000 ml. Store at 4 1C. The final concentrations of components in this solution are 55.5 

mM myoinositol, 0.30 mM thiamine hydrochloride, 0.24 mM pyridoxine hydrochloride and 0.41 

mM nicotinic acid. 100 mg liter 1 2,4-D Add 1 N NaOH drop-wise to 100 mg 2,4-D until completely 

dissolved. Make up to 1,000 ml with distilled water. Store at 4 1C. The final concentration of 2,4-D 

in this solution is 0.45 mM.  

- 100 mg liter 1 2,4-D Add 1 N NaOH drop-wise to 100 mg 2,4-D until completely dissolved. Make 

up to 1,000 ml with distilled water. Store at 4 1C. The final concentration of 2,4-D in this solution is 

0.45 mM.  
- 100 mg liter  zeatin Add 1 N NaOH drop-wise to 100 mg zeatin until completely dissolved. Make 

up to 1,000 ml with distilled water. Store at 4 1C. The final concentration of zeatin in this 

solution is 0.46 mM.  
- 100 mg liter 1 IBA Add 1 N NaOH drop-wise to 100 mg IBA until completely dissolved. Make 

up 

to 1,000 ml with distilled water. Store at 4 1C. The final concentration of IBA in this solution is 

0.49 mM.  

- 100 mg liter 1 6BA Add 1 N NaOH drop-wise to 100 mg 6BA until completely dissolved. Make up 

to 1,000 ml with distilled water. Store at 4 1C. The final concentration of 6BA in this solution is 
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0.44 mM. 
- 100 mM acetosyringone Dissolve 392.4 mg acetosyringone in 10 ml of dimethyl sulfoxide and 

dilute with 10 ml distilled water. Filter-sterilize and store in the dark at 41°C.  

- 100 mM X-gluc Dissolve 52 mg X-gluc (Sigma B6650) in 1 ml of ethylene glycol monomethyl  

ether (Sigma E5378). Store in the dark at 20 °C. Ethylene glycol monomethyl ether is toxic. Wear 

suitable protective clothing, gloves and eye/face protection.  
- 50 mM Na2HPO4 Dissolve 17.91 g Na2HPO4 12H2O in 900 ml of distilled water and make up to 

1,000 ml.  
- 50 mM NaH2PO4 Dissolve 7.8 g NaH2PO4 2H2O in 900 ml of distilled water and make up to 1,000 

ml.  
- YP plate (for A. tumefaciens) Dissolve 5 g yeast extract, 10 g peptone and 5 g sodium chloride in 

900 ml of distilled water and adjust pH to 6.8 with NaOH. Make up to 1,000 ml and add 15 g agar 

(Difco). Autoclave at 121 1C for 15 min. Cool the medium to 50 1C, add appropriate antibiotics, 

which depend on the type of plasmid(s) in the strain, and pour 20 ml aliquots into Petri dishes (90 

15 mm). LS-inf medium (for preparation of immature embryos) Add 100 ml of 10 LS major salts, 

10 ml of 100 FeEDTA, 10 ml of 100 LS minor salts, 10 ml of 100 modified LS vitamins and 15 ml 

of 100 mg liter 1 2,4-D (final concentration is 1.5 mg liter 1) to 700 ml of distilled water. Dissolve 

68.46 g sucrose, 36.04 g glucose and 1.0 g Casamino acids in the mixture and make up the volume 

to 1,000 ml. Adjust pH to 5.2 and sterilize with a 0.22 mm cellulose-acetate filter.  
- LS-inf-AS medium (for infection) Add 1 ml of 100 mM acetosyringone to 1 ml of LS-inf medium.  

LS-AS medium (for co-cultivation) Add 100 ml of 10 LS major salts, 10 ml of 100 FeEDTA, 10 ml 

of 100 LS minor salts, 10 ml of 100 modified LS vitamins, 15 ml of 100 mg liter 1 2,4-D (final 

concentration is 1.5 mg liter 1) and 0.05 ml of 100 mM CuSO4 to 700 ml of distilled water. Dissolve 

20 g sucrose, 10 g glucose, 0.7 g proline and 0.5 g MES in the mixture and make up the volume to 

1,000 ml. Adjust pH to 5.8 and add 8 g agarose. Autoclave and cool to 50 1C, and add 1 ml of 100 

mM acetosyringone and 0.05 ml of 100 mM AgNO3 and pour 30 ml aliquots into Petri dishes (90 20 

mm). Store in the dark at room temperature (20–25 1C).  

- LSD1.5A medium (for first selection of transformed cells) Add 100 ml of 10 LS major salts, 10 ml 

of 100 FeEDTA, 10 ml of 100 LS minor salts, 10 ml of 100 modified LS vitamins and 15 ml of 100 

mg liter 1 2,4-D (final concentration is 1.5 mg liter 1) to 700 ml of distilled water. Dissolve 20 g 

sucrose, 0.7 g proline and 0.5 g MES in the mixture and make up the volume to 1,000 ml. Adjust 

pH to 5.8 and add 8 g agar (Sigma, A6013-500G). Autoclave at 121 1C for 15 min. Cool to 50 1C 

and add 1 ml of 250 g liter 1 carbenicillin (final concentration is 250 mg liter 1), 0.4 ml of 250 g liter 

1 cefotaxime (final concentration is 100 mg liter 1), 0.1 ml of 100 mM AgNO3 and either 0.25 ml of 
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20 g liter 1 phosphinothricin(final concentration is 5 mg liter 1) for bar selection or 0.3 ml of 50 g 

liter 1 hygromycin (final concentration is 15 mg liter 1) for hpt selection. Pour 30 ml aliquots into 

Petri dishes (90 20 mm) and store in the dark at room temperature.  

- LSD1.5B medium (for second and third selection of transformed cells) This is identical to 

LSD1.5A medium except for the amount of selective agent. Add 0.5 ml of 20 g liter 1 

phosphinothricin (final concentration is 10 mg liter 1) instead of 0.25 ml or 0.6 ml of 50 g liter 1 

hygromycin (final concentration is 30 mg liter 1) instead of 0.3 ml in this case. LSZ medium (for 

regeneration of transformed plants) Add 100 ml of 10 LS major salts, 10 ml of 100 FeEDTA, 10 ml 

of 100 LS minor salts, 10 ml of 100 modified LS vitamins, 50 ml of 100 mg liter 1 zeatin (final 

concentration is 5 mg liter 1) and 0.1 ml of 100 mM CuSO4 to 700 ml of distilled water. Dissolve 20 

g sucrose and 0.5 g MES in the mixture and make up the volume to 1,000 ml. Adjust pH to 5.8 and 

add 8 g agar (Sigma, A6013-500G). Autoclave at 121 1C for 15 min. Cool to 50 1C, and add 1 ml 

of 250 g liter 1 carbenicillin (final concentration is 250 mg liter 1), 0.4 ml of 250 g liter 1 cefotaxime 

(final concentration is 100 mg liter 1) and either 0.25 ml of 20 g liter 1 phosphinothricin (final 

concentration is 5 mg liter 1) for bar selection or 0.6 ml of 50 g liter 1 hygromycin (final 

concentration is 30 mg liter 1) for hpt selection. Pour 30 ml aliquots into Petri dishes (90 20 mm) 

and store in the dark at room temperature.  

- LSF medium (for rooting of transformed plants) Add 100 ml of 10 LS major salts, 10 ml of 100 

FeEDTA, 10 ml of 100 LS minor salts, 10 ml of 100 modified LS vitamins and 2 ml of 100 mg liter 

1 IBA (final concentration in 0.2 mg liter 1 to 700 ml of distilled water. Dissolve 15 g sucrose and 0.5 

g MES in the mixture and make up the volume to 1,000 ml and adjust pH to 5.8. Add 3 g gellan 

gum and warm to 90 1C to dissolve. Pour 10 ml aliquots to glass test tubes (25 mm in diameter 100 

mm in height). Cover the tubes with polypropylene caps and autoclave at 121 1C for 15 min. Store 

at room temperature.  

- ELA medium (for detached leaf analysis) Add 100 ml of 10 LS major salts, 10 ml of 100 

FeEDTA, 10 ml of 100 LS minor salts and 5 ml of 100 mg liter 1 6BA (final concentration is 0.5 mg 

liter 1) to 700 ml of distilled water. Dissolve 0.5 g MES in the mixture and make up the volume to 

1,000 ml. Adjust pH to 5.8 and add 8 g agar (Sigma, A6013-500G). Autoclave at 121 1C for 15 min. 

Cool to 50 1C and add either 0.1 ml of Basta (Bayer Crop Science) for analysis of expression of bar 

gene or 2 ml of 50 mg ml 1 (final concentration is 100 mg liter 1) hygromycin for analysis of 

expression of hpt gene. Pour 30 ml aliquots into Petri dishes (90 20 mm) and store in the dark at 

room temperature.  

- Soil for pots A soil mixture for horticultural use that is commercially available and well drained is 

usually good. Adjust the major nutrients to 0.4 g N per liter, 0.4 g P per liter and 0.4 g K per liter by 

adding a commercial fertilizer.  
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- Buffer P Add 50 mM Na2HPO4 (about 500 ml) to 1,000 ml of 50 mM NaH2PO4 until the pH 

reaches 6.8. Sterilize using a 0.22 mm cellulose-acetate filter and store at room temperature. Mix 

9.9 ml of this buffer and 0.1 ml of Triton X-100 before use.  

- Buffer X Mix 8 ml of buffer P, 0.1 ml of 100 mM X-gluc and 2 ml methanol just before use. 
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Supplemental data 

SD.1 Sequence of  LOX4 cDNA: 
                                          

          attB1               Shine-Dalgarno                      ZmLOX4_extCDS 
     ~~~~~~~~~~~~~~~~~~~~~~~~~~~   ~~~~~~~~~~~     ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
                                                  NcoI 
                                                 ~~~~~~~ 
                                                    M  A   M  F  W   H  G  V   A  D  R  L   T  G  K   N  K  E 
       1 GGGGACAAGT TTGTACAAAA AAGCAGGCTT CGAAGGAGAT AGAACCATGG CAATGTTCTG GCACGGGGTC GCGGACCGGC TGACGGGGAA GAACAAGGAG 
 CCCCTGTTCA AACATGTTTT TTCGTCCGAA GCTTCCTCTA TCTTGGTACC GTTACAAGAC CGTGCCCCAG CGCCTGGCCG ACTGCCCCTT CTTGTTCCTC 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
  A  W  N  E   G  K  I   R  G  T   V  R  L  V   K  K  E   V  L  D   V  G  D  F   N  A  S   L  L  D   G  V  H  R · 
     101 GCGTGGAACG AGGGAAAGAT CCGCGGCACG GTGAGGCTGG TCAAGAAGGA GGTGCTGGAC GTCGGCGACT TCAACGCCTC GCTCCTCGAC GGCGTACACA 
 CGCACCTTGC TCCCTTTCTA GGCGCCGTGC CACTCCGACC AGTTCTTCCT CCACGACCTG CAGCCGCTGA AGTTGCGGAG CGAGGAGCTG CCGCATGTGT 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 BamHI 
 ~~~~~~ 
 ·  I  L  G   W  D  D   G  V  A  F   Q  L  V   S  A  T   A  A  D  P   S  N  G   S  R  G   K  V  G  K   A  A  H · 
     201 GGATCCTCGG CTGGGACGAC GGCGTCGCCT TCCAGCTCGT CAGCGCCACC GCGGCCGACC CCAGCAACGG GAGCCGCGGC AAGGTCGGGA AGGCGGCGCA 
 CCTAGGAGCC GACCCTGCTG CCGCAGCGGA AGGTCGAGCA GTCGCGGTGG CGCCGGCTGG GGTCGTTGCC CTCGGCGCCG TTCCAGCCCT TCCGCCGCGT 
                                                                                                     lost SmaI 
                                                                                                     ~~~~~ 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
                               SalI              BsaI                                                    NarI 
                              ~~~~~~~           ~~~~~~                                                  ~~~~~~ 
 · L  E  E   A  V  V  S   L  K  S   T  T  D   G  E  T  V   Y  R  V   S  F  E   W  D  G  S   Q  G  V   P  G  A 
     301 CCTGGAGGAG GCGGTGGTGT CGCTCAAGTC GACGACGGAC GGGGAGACCG TGTACCGGGT GAGCTTCGAG TGGGACGGGT CGCAGGGCGT GCCGGGCGCC 
 GGACCTCCTC CGCCACCACA GCGAGTTCAG CTGCTGCCTG CCCCTCTGGC ACATGGCCCA CTCGAAGCTC ACCCTGCCCA GCGTCCCGCA CGGCCCGCGG 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
                                                          XhoI 
                                                         ~~~~~~ 
  V  L  V  R   N  L  Q   H  A  E   F  F  L  K   S  L  T   L  E  G   V  P  G  R   G  T  V   V  F  V   A  N  S  W · 
     401 GTCCTGGTCA GGAACCTGCA GCACGCCGAG TTCTTCCTCA AGTCGCTCAC CCTCGAGGGC GTCCCCGGCA GGGGCACCGT CGTCTTCGTC GCCAACTCGT 
 CAGGACCAGT CCTTGGACGT CGTGCGGCTC AAGAAGGAGT TCAGCGAGTG GGAGCTCCCG CAGGGGCCGT CCCCGTGGCA GCAGAAGCAG CGGTTGAGCA 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
                                    MluI 
                                   ~~~~~~ 
 ·  I  Y  P   H  N  L   Y  S  Q  E   R  V  F   F  A  N   D  T  Y  L   P  S  K   M  P  A   A  L  V  P   Y  R  Q · 
     501 GGATCTACCC GCACAATCTC TACTCCCAGG AACGCGTCTT CTTCGCCAAC GACACTTATC TGCCAAGCAA AATGCCTGCG GCATTGGTGC CTTACCGGCA 
 CCTAGATGGG CGTGTTAGAG ATGAGGGTCC TTGCGCAGAA GAAGCGGTTG CTGTGAATAG ACGGTTCGTT TTACGGACGC CGTAACCACG GAATGGCCGT 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
      SacI 
     ~~~~~~~ 
 · D  E  L   K  I  L  R   G  D  D   N  P  G   P  Y  K  E   H  D  R   V  Y  R   Y  D  Y  Y   N  D  L   G  E  P 
     601 GGACGAGCTC AAGATTCTCC GCGGCGACGA TAATCCTGGA CCATACAAGG AGCACGACCG CGTCTACCGT TACGACTACT ACAACGACCT CGGTGAGCCA 
 CCTGCTCGAG TTCTAAGAGG CGCCGCTGCT ATTAGGACCT GGTATGTTCC TCGTGCTGGC GCAGATGGCA ATGCTGATGA TGTTGCTGGA GCCACTCGGT 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
  D  K  G  E   D  H  A   R  P  V   L  G  G  S   Q  E  H   P  Y  P   R  R  C  R   T  G  R   R  P  T   E  T  D  P · 
     701 GACAAGGGTG AAGACCATGC CCGGCCTGTC CTCGGGGGCA GCCAAGAACA CCCGTATCCC CGTCGCTGCA GGACCGGCCG GCGTCCAACA GAGACAGACC 
 CTGTTCCCAC TTCTGGTACG GGCCGGACAG GAGCCCCCGT CGGTTCTTGT GGGCATAGGG GCAGCGACGT CCTGGCCGGC CGCAGGTTGT CTCTGTCTGG 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 ·  N  S  E   S  R  L   F  L  L  N   L  N  I   Y  V  P   R  D  E  R   F  G  H   L  K  M   S  D  F  L   G  Y  S · 
     801 CCAACTCGGA GAGCAGGCTG TTTCTGCTGA ACCTGAACAT CTACGTCCCG CGCGACGAGC GGTTTGGGCA TCTCAAGATG TCGGACTTCC TCGGGTACTC 
 GGTTGAGCCT CTCGTCCGAC AAAGACGACT TGGACTTGTA GATGCAGGGC GCGCTGCTCG CCAAACCCGT AGAGTTCTAC AGCCTGAAGG AGCCCATGAG 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
                                                    SalI 
                                                   ~~~~~~~ 
 · L  K  A   I  I  E  A   V  L  P   T  L  G   T  F  V  D   D  T  P   K  E  F   D  S  F  E   D  I  L   G  L  Y 
     901 ACTGAAGGCG ATCATCGAGG CTGTCCTTCC GACGCTGGGG ACGTTCGTCG ACGATACGCC CAAGGAGTTC GATTCGTTCG AAGACATCCT TGGGCTCTAC 
 TGACTTCCGC TAGTAGCTCC GACAGGAAGG CTGCGACCCC TGCAAGCAGC TGCTATGCGG GTTCCTCAAG CTAAGCAAGC TTCTGTAGGA ACCCGAGATG 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
                 NarI 
                ~~~~~~~ 
  E  P  G  P   E  A  P   N  N  P   L  V  A  E   V  R  K   R  I  P   S  E  F  L   R  S  I   L  P  N   G  S  H  D · 
    1001 GAGCCGGGTC CAGAGGCGCC CAACAACCCA CTGGTAGCAG AGGTCAGGAA GAGAATCCCC AGCGAGTTCC TCAGAAGCAT TCTGCCCAAT GGTAGCCATG 
 CTCGGCCCAG GTCTCCGCGG GTTGTTGGGT GACCATCGTC TCCAGTCCTT CTCTTAGGGG TCGCTCAAGG AGTCTTCGTA AGACGGGTTA CCATCGGTAC 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 ·  H  P  L   K  M  P   L  P  N  I   I  R  S   D  V  L   K  K  A  P   E  F  K   F  G  W   R  T  D  E   E  F  A · 
    1101 ACCACCCCCT GAAGATGCCC CTTCCAAATA TCATCAGATC AGATGTGTTG AAAAAGGCTC CAGAGTTTAA GTTTGGCTGG AGGACCGACG AAGAGTTTGC 
 TGGTGGGGGA CTTCTACGGG GAAGGTTTAT AGTAGTCTAG TCTACACAAC TTTTTCCGAG GTCTCAAATT CAAACCGACC TCCTGGCTGC TTCTCAAACG 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
                                                                                                   BsaI 
                                                                                                  ~~~~~~~ 
 · R  E  T   L  A  G  V   N  P  V   L  I  K   R  L  T  E   F  P  A   K  S  T   L  D  P  S   Q  Y  G   D  H  T 
    1201 GAGGGAGACG CTTGCAGGCG TGAACCCAGT GCTCATCAAA CGTCTGACGG AGTTCCCAGC TAAAAGTACC CTGGACCCAA GTCAATACGG AGACCATACG 
 CTCCCTCTGC GAACGTCCGC ACTTGGGTCA CGAGTAGTTT GCAGACTGCC TCAAGGGTCG ATTTTCATGG GACCTGGGTT CAGTTATGCC TCTGGTATGC 
                                            ZmLOX4_extCDS 
  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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                                                                                              BspQI 
                                           StuI                                    SapI 
                                          ~~~~~~~                                 ~~~~~~~~ 
  S  K  I  T   E  A  H   I  Q  H   N  M  E  G   L  S  V   Q  N  A   L  K  K  N   R  L  F   I  L  D   H  H  D  H · 
    1301 AGCAAGATCA CCGAAGCTCA CATCCAGCAT AACATGGAAG GCCTGTCAGT GCAGAATGCA CTGAAGAAGA ACAGGCTCTT CATCCTAGAC CACCATGACC 
 TCGTTCTAGT GGCTTCGAGT GTAGGTCGTA TTGTACCTTC CGGACAGTCA CGTCTTACGT GACTTCTTCT TGTCCGAGAA GTAGGATCTG GTGGTACTGG 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 ·  F  M  P   Y  L  N   K  I  N  E   L  E  G   N  F  I   Y  A  S  R   T  L  L   F  L  K   D  D  G  T   L  K  P · 
    1401 ATTTCATGCC GTACCTCAAC AAGATCAACG AGTTGGAGGG GAACTTCATC TACGCCAGCA GGACCCTACT GTTCCTGAAG GACGATGGCA CGCTGAAGCC 
 TAAAGTACGG CATGGAGTTG TTCTAGTTGC TCAACCTCCC CTTGAAGTAG ATGCGGTCGT CCTGGGATGA CAAGGACTTC CTGCTACCGT GCGACTTCGG 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 · L  A  V   E  L  S  L   P  H  P   D  G  Q   Q  H  G  A   V  S  K   V  Y  T   P  A  H  S   G  A  E   G  H  V 
    1501 CCTGGCCGTC GAGCTGAGCC TGCCCCACCC TGATGGCCAG CAGCACGGCG CGGTCAGCAA GGTGTACACC CCAGCTCACT CCGGCGCTGA GGGCCACGTC 
 GGACCGGCAG CTCGACTCGG ACGGGGTGGG ACTACCGGTC GTCGTGCCGC GCCAGTCGTT CCACATGTGG GGTCGAGTGA GGCCGCGACT CCCGGTGCAG 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
                                                     PvuII                          DraIII 
                                                     ~~~~~~~                       ~~~~~~~~~~ 
  W  Q  L  A   K  A  Y   A  C  V   N  D  S  A   W  H  Q   L  I  S   H  W  L  N   T  H  A   V  I  E   P  F  V  I · 
    1601 TGGCAACTTG CCAAGGCTTA TGCCTGCGTG AACGACTCCG CCTGGCATCA GCTGATCAGC CACTGGCTGA ACACGCACGC GGTGATCGAG CCGTTCGTCA 
 ACCGTTGAAC GGTTCCGAAT ACGGACGCAC TTGCTGAGGC GGACCGTAGT CGACTAGTCG GTGACCGACT TGTGCGTGCG CCACTAGCTC GGCAAGCAGT 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
                PvuII 
                ~~~~~~~ 
 ·  A  T  N   R  Q  L   S  V  V  H   P  V  H   K  L  L   S  P  H  Y   R  D  T   L  N  I   N  A  L  A   R  Q  T · 
    1701 TCGCAACGAA CCGGCAGCTG AGCGTGGTGC ATCCAGTGCA CAAGCTGCTG AGCCCACACT ACCGTGACAC GCTGAACATC AACGCCCTGG CACGCCAGAC 
 AGCGTTGCTT GGCCGTCGAC TCGCACCACG TAGGTCACGT GTTCGACGAC TCGGGTGTGA TGGCACTGTG CGACTTGTAG TTGCGGGACC GTGCGGTCTG 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 · L  I  N   A  D  G  I   F  E  R   T  V  F   P  A  K  Y   A  L  G   M  S  S   D  V  Y  K   S  W  N   F  N  E 
    1801 GCTCATCAAC GCCGACGGCA TCTTCGAGCG CACCGTGTTC CCTGCAAAGT ACGCGCTGGG GATGTCCTCC GACGTGTACA AGAGCTGGAA TTTCAACGAG 
 CGAGTAGTTG CGGCTGCCGT AGAAGCTCGC GTGGCACAAG GGACGTTTCA TGCGCGACCC CTACAGGAGG CTGCACATGT TCTCGACCTT AAAGTTGCTC 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
  Q  A  L  P   A  D  L   V  K  R   G  V  A  V   P  D  Q   S  S  P   Y  G  V  R   L  L  I   K  D  Y   P  Y  A  V · 
    1901 CAGGCTCTCC CAGCAGACCT CGTCAAGAGA GGTGTGGCTG TGCCGGACCA GTCGAGCCCC TACGGTGTCC GGTTGCTGAT CAAGGACTAC CCTTACGCCG 
 GTCCGAGAGG GTCGTCTGGA GCAGTTCTCT CCACACCGAC ACGGCCTGGT CAGCTCGGGG ATGCCACAGG CCAACGACTA GTTCCTGATG GGAATGCGGC 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
                                                                                      SacI 
                                                                                     ~~~~~~~ 
 ·  D  G  L   V  I  W   W  A  I  E   R  W  V   K  E  Y   L  D  V  Y   Y  P  N   D  G  E   L  Q  R  D   V  E  L · 
    2001 TGGACGGGCT GGTCATCTGG TGGGCGATCG AGCGGTGGGT CAAGGAGTAC CTGGACGTCT ACTACCCCAA CGACGGCGAG CTCCAGCGCG ACGTGGAGCT 
 ACCTGCCCGA CCAGTAGACC ACCCGCTAGC TCGCCACCCA GTTCCTCATG GACCTGCAGA TGATGGGGTT GCTGCCGCTC GAGGTCGCGC TGCACCTCGA 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 · Q  A  W   W  K  E  V   R  E  E   A  H  G   D  L  K  D   R  D  W   W  P  R   M  D  A  V   Q  R  L   A  R  A 
    2101 GCAGGCGTGG TGGAAGGAGG TGCGCGAGGA GGCGCACGGC GACCTCAAGG ACCGAGACTG GTGGCCCAGG ATGGACGCCG TCCAGCGGCT GGCCAGGGCG 
 CGTCCGCACC ACCTTCCTCC ACGCGCTCCT CCGCGTGCCG CTGGAGTTCC TGGCTCTGAC CACCGGGTCC TACCTGCGGC AGGTCGCCGA CCGGTCCCGC 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
                                                                               KpnI 
                                                                              ~~~~~~ 
  C  T  T  V   I  W  V   A  S  A   L  H  A  A   V  N  F   G  Q  Y   P  Y  A  G   Y  L  P   N  R  P   T  V  S  R · 
    2201 TGCACGACCG TCATCTGGGT AGCGTCCGCG CTGCACGCGG CCGTCAACTT CGGGCAGTAC CCGTACGCCG GGTACCTGCC GAACCGGCCG ACCGTGAGCC 
 ACGTGCTGGC AGTAGACCCA TCGCAGGCGC GACGTGCGCC GGCAGTTGAA GCCCGTCATG GGCATGCGGC CCATGGACGG CTTGGCCGGC TGGCACTCGG 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 ·  R  P  M   P  E  P   G  S  D  D   Y  K  K   L  E  A   G  Q  K  E   A  D  A   V  F  I   R  T  I  T   S  Q  F · 
    2301 GGCGGCCGAT GCCGGAGCCG GGCAGCGACG ACTACAAGAA GCTGGAGGCG GGGCAGAAGG AGGCGGACGC GGTGTTCATC CGCACCATCA CCAGCCAGTT 
 CCGCCGGCTA CGGCCTCGGC CCGTCGCTGC TGATGTTCTT CGACCTCCGC CCCGTCTTCC TCCGCCTGCG CCACAAGTAG GCGTGGTAGT GGTCGGTCAA 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 · Q  T  I   L  G  I  S   L  I  E   I  L  S   K  H  S  S   D  E  V   Y  L  G   Q  R  D  E   P  E  R   W  T  S 
    2401 CCAGACCATC CTGGGCATCT CGCTCATCGA GATCCTCTCC AAGCACTCCT CCGACGAGGT GTACCTCGGC CAGCGCGACG AGCCTGAGCG CTGGACGTCG 
 GGTCTGGTAG GACCCGTAGA GCGAGTAGCT CTAGGAGAGG TTCGTGAGGA GGCTGCTCCA CATGGAGCCG GTCGCGCTGC TCGGACTCGC GACCTGCAGC 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
                   MluI 
                  ~~~~~~~ 
  D  A  R  A   L  D  A   F  R  R   F  G  S  R   L  V  E   I  E  K   R  I  R  T   M  N  D   S  P  T   L  K  N  R · 
    2501 GACGCCAGGG CGCTGGACGC GTTCAGAAGG TTCGGAAGCC GGCTGGTGGA GATCGAGAAG CGGATCAGGA CGATGAACGA CAGCCCGACG TTGAAGAACC 
 CTGCGGTCCC GCGACCTGCG CAAGTCTTCC AAGCCTTCGG CCGACCACCT CTAGCTCTTC GCCTAGTCCT GCTACTTGCT GTCGGGCTGC AACTTCTTGG 
                                                                                             lost NcoI 
                                                                                             ~~~~~~~ 
                                            ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 ·  K  G  P   V  E  M   P  Y  M  L   L  Y  P   N  T  S   D  V  T  G   E  K  G   E  G  L   T  A  M  G   I  P  N · 
    2601 GGAAGGGGCC GGTGGAGATG CCGTACATGC TGCTGTACCC CAACACGTCG GATGTCACCG GCGAGAAGGG CGAGGGGCTC ACTGCGATGG GCATTCCCAA 
 CCTTCCCCGG CCACCTCTAC GGCATGTACG ACGACATGGG GTTGTGCAGC CTACAGTGGC CGCTCTTCCC GCTCCCCGAG TGACGCTACC CGTAAGGGTT 
 ZmLOX4_extCDS 
 ~~~~~~~~~~~~~~ 
           NdeI       SmaI 
          ~~~~~~~    ~~~~~~~ 
 · S  I  S   I 
    2701 CAGCATCTCC ATATGATAAC CCGGGACCCA GCTTTCTTGT ACAAAGTGGT CCCC 
 GTCGTAGAGG TATACTATTG GGCCCTGGGT CGAAAGAACA TGTTTCACCA GGGG 
                            ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

                                      attB2 
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Figure SD.2. A: L1781-LR-

LOX4 plasmid map details. B. 

L O X 4 c D N A m a p w i t h 

modified features as the 

following restriction sites loss: 

NcoI, SmaI. attB1 and attB2 

were added in order to perform 

LR Gateway reactions with 

plasmid L1781. 



Figure SD.3.1 LOX4 in B73, B73 and A188 alignments, indel and point mutations. ZmLOX4 of 
B73 genome. Blue: exon 1 and exon 2; red: ATG; orange and green: primer sequences. The black 
square corresponds to the pcr products sequenced for LOX4 analysis in A188. 

Figure SD.3.2 ZmLOX4 blast between B73 (top) and A188 genome (bottom). blue: exon 1 and exon 
2; red: ATG; orange and green: primer sequences. Two intel of 70bp are evidenced in the first intron 
and in the second exon, mismatches are reported in red square. Two indels (black triangles) 
sequenced in A188. 
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SD.4  LOX4 sequence in A188 from intron 1 to intron 2.

TGGTCTTTCGTGCTACTCATCACTCGGTATATCCGCCTGCAGTGTGTTGGTCGCGTGGTA

CGTGGGACCCGCAGCGCCTAGGTCCGTGTCTCAGCGACCCAGGAGCTTTTTGGCGTTTT

GCGTGGCAGGCTTGCGTTTTCAAGTCTGAACTGGGAACCGGGAACTGGGAACCTTGTA

GCCCCGGACATGGAATGGAACAGTTGTTTGGGGGCATTCAATGCGATTGAGATGGCGCG

TTAACTAGCGGGGGGGTTCGGGACCGTCCCAATCGATGGGCGTACTACGATTCCACCAT

GGATAGAGACGTCCGTGAAAACTTTACTGTAATTTTCACCGCAAACGTCCGTAGGGAAC

TCTTTTTTTTTTCTTTTCTTCTTCCTGCGTCCCGACAATACGATTGATTGTCTGACTGATTG

AACGAGTCTTCTTCAGGCAACGGGGGCCGCGGCAAGGTCGGGAAGGCGGCGCACCTG

GAGGAGGCGGTGGTGTCGCTCAAGTCGACGACGGACGGGGAGACCGTGTACCGGGTG

AGCTTCGAGTGGGACGAGTCGCAGGGCGTCCCGGGCGCCGTCCTGGTCAGGAACCTGC

AGCACGCCGAGTTCTTCCTCAAGTCGCTCACTCTCGACGGCGTCCCCGGCAGGGGCAC

CGTCGTCTTCGTCGCCAACTCATGGATCTACCCGCACAATCTCTACTCCCAGGAACGCGT

CTTCTTCGCCAACGACGTGAGTATTCTTTCTCTTCGGTTTTTTTTGGGGGTTCGCTGGCG

ACGTGAGTATTCTTACTCAGTATACGAAGTCTTGAGCAGTGTGACACACTTGCGTGTGAT

AAACACATCCATAGCTTATTTGCTACGAAATGTGGCTACAGACACGACGGGGGGTATTTT

AAAATTTTTTTAAAGGGGAAAAAAAAAAAAAAAAAAAAAAAGGGG
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Table 1 

!196

ID in maize 
genome V3

Allele Sequencea

Position from 
the putative 
cutting siteb

Occurrence c mutation type

Gene targeted by one guide with RDP vectors

GRMZM2G157313 WT A188 GACCGGAACGCGACATG-GTACGGAGCACA

ins G GACCGGAACGCGACATGGGTACGGAGCACA 0 X2 indel

GRMZM2G014499 WT A188 ACAGGTCTACATAGTGT-ACCTGGGCGAGC

del TGTACCT ACAGGTCTACATAG--------GGGCGAGC -3 indel

ins T ACAGGTCTACATAGTGTTACCTGGGCGAGC 0 X2 indel

GRMZM2G059165 WT A188 AGCATTCTGCACCAGGGTATCGGACCCAT

del T AGCATTCTGCACCAGGG-ATCGGACCCAT 1 indel

GRMZM2G120085 WT A188 CGCACTCCTCGC-AAGCCCCTCGCTTCCCC

del CTCCTCGCAAG CGCA------------CCCCTCGCTTCCCC -8 larger deletion

del AA CGCACTCCTCGC---GCCCCTCGCTTCCCC 0 indel

del A CGCACTCCTCGC--AGCCCCTCGCTTCCCC 0 X2 indel

ins A CGCACTCCTCGCAAAGCCCCTCGCTTCCCC 0 indel

GRMZM2G145466 WT A188 GGAGAAGCACACAAAGC-GCGTGGACGCAC

del CG GGAGAAGCACACAAAG---CGTGGACGCAC  0 or 1 indel

ins A GGAGAAGCACACAAAGCAGCGTGGACGCAC 0 indel

GRMZM2G573952 WT A188 AAAAGGTGCTACTGCTG-CGTTGGGGGTAG

ins A AAAAGGTGCTACTGCTGACGTTGGGGGTAG 0 indel

ins G AAAAGGTGCTACTGCTGGCGTTGGGGGTAG 0 indel

GRMZM2G046086 WT A188 TATTGGCCATCG--TCCAAGACTTGCATCTT

del 35pb ins 62pb see Figure 3 -6 other

del TCCA ins G TATTGGCCATCG-G----AGACTTGCATCTT 0 indel

del CG ins A TATTGGCCAT---ATCCAAGACTTGCATCTT -2 indel

ins C TATTGGCCATCG-CTCCAAGACTTGCATCTT 0 indel

ins A TATTGGCCATCG-ATCCAAGACTTGCATCTT 0 indel

ins TT TATTGGCCATCGTTTCCAAGACTTGCATCTT 0 indel

GRMZM2G140302 WT A188 TATTGGCCATCG-TCCAAGACTTGCATCTT

del TCCAAG TATTGGCCATCG-------ACTTGCATCTT 0 indel

del T TATTGGCCATCG--CCAAGACTTGCATCTT 0 x2 indel

ins C TATTGGCCATCGCTCCAAGACTTGCATCTT 0 indel

ins A TATTGGCCATCGATCCAAGACTTGCATCTT 0 indel

GRMZM2G315601 WT A188 AAAAGACCTGTG-CCTAGCGGGCCAGACCC

del CCT AAAAGACCTGTG----AGCGGGCCAGACCC 0 indel

del C AAAAGACCTGTG--CTAGCGGGCCAGACCC 0 X3 indel

ins T AAAAGACCTGTGTCCTAGCGGGCCAGACCC 0 indel

ins A AAAAGACCTGTGACCTAGCGGGCCAGACCC 0 indel

GRMZM2G134341 WT A188 TCCTCCCCAGGT-TGCCGGGTGCGACCTGT

del CCGGG TCCTCCCCAGGT-TG-----TGCGACCTGT 2 indel

del TG TCCTCCCCAGGT---CCGGGTGCGACCTGT 0 indel

ins A TCCTCCCCAGGTATGCCGGGTGCGACCTGT 0 indel
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AC208201.3_FG003 WT A188 GCAGACGTGCGACCTGT-ACCGGGGCAGCT

ins T GCAGACGTGCGACCTGTTACCGGGGCAGCT 0 X2 indel

del ACCGGG GCAGACGTGCGACCTGT-------GCAGCT 0 indel

del A GCAGACGTGCGACCTGT--CCGGGGCAGCT 1 indel

del GT GCAGACGTGCGACCT---ACCGGGGCAGCT -2 indel

ins A GCAGACGTGCGACCTGTAACCGGGGCAGCT 0 X2 indel

GRMZM2G089517 WT A188 CTTGAAGTGAGGACTGCAAGAA----GGCCGGCTCTCGCCGACATCTCTG

del 136pb CTTGAAG--------------------------------------------15 larger deletion

del 43pb ----------------------------------------------TCTG-31 larger deletion

del 32pb ----------------------------CCGGCTCTCGCCGACATCTCTG-30 larger deletion

del 17pb CTTGAAGTGAGGACTGCAA---------------------GACATCTCTG-3 larger deletion

del 8pb CTTGAAGTGAGGACTGCAAGAA------------CTCGCCGACATCTCTG0 indel

del 28pb, ins GT ------------------------------GTCTCTCGCCGACATCTCTG-21 larger deletion

del 16pb, ins 10pb CTTGAAGTGAGGACT----------ACCAGAGATGTCGCCGACATCTCTG-7 larger deletion

del 7pb ins 11pb CTTGAAGTGAGGACTGCAAGATGCTCTTTGGTCTCTCGCCGACATCTCTG-1 ????

del AAG CTTGAAGTGAGGACTGCAAG-------GCCGGCTCTCGCCGACATCTCTG-2 indel

ins T CTTGAAGTGAGGACTGCAAGAAT---GGCCGGCTCTCGCCGACATCTCTG0 indel

ins A CTTGAAGTGAGGACTGCAAGAAA---GGCCGGCTCTCGCCGACATCTCTG0 indel

2 mutations CTTGAAGTGAGGACTGCAAGAA----GGTCGGATCTCGCCGACATCTCTG3 and 7 other

GRMZM2G089517 WT A188 GAATGGTGCTGTCAAGC-GGCCGGCTCGGC

ins T GAATGGTGCTGTCAAGCTGGCCGGCTCGGC 0 indel

GRMZM2G352274 WT A188 CGG-CAACACATCCAATCGAATGAAGATTCTTCAC

ins T CGGTCAACACATCCAATCGAATGAAGATTCTTCAC 14 indel

GRMZM2G352274 WT A188 AACGGACTGCTCCTTGCAGGTGGCTCCAT

Gene targeted by two guides with RDP vectors

GRMZM2G039538 WT A188 CCTCTTCCACTC-GGGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC

del 45pb CCTCTTCCACTC----------------------------------------------T-GCACGGCTTCGC 0 and -1 deletion between two target sites

del 44pb CCTCTTCCACTC-G--------------------------------------------T-GCACGGCTTCGC 1 and -1 deletion between two target sites

del GGGCG ins C ; ins TCCTCTTCCACTC-C----GCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCATTGCACGGCTTCGC0 and 0 indel

del GGGC CCTCTTCCACTC-----GGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC0 indel

del G CCTCTTCCACTC--GGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC0 x2 indel

del CTCGGGC ins T CCTCTTCCA----T---GGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC-3 indel

ins T CCTCTTCCACTCTGGGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC0 X2 indel

GRMZM2G363552 WT A188 CCTCTTCCACTC-GGGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC

del 44pb CCTCTTCCACTC-G--------------------------------------------T-GCACGGCTTCGC 1 and -1 X2 deletion between two target sites

del GGG ins TT CCTCTTCCACTC-TT-CGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC0 indel

del GG CCTCTTCCACTC---GCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC0 indel

del G CCTCTTCCACTC--GGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC0 indel

ins G CCTCTTCCACTCGGGGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC0 indel

ins T CCTCTTCCACTCTGGGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC0 indel

ins A CCTCTTCCACTCAGGGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC0 indel

ID in maize 
genome V3

Allele Sequencea

Position from 
the putative 
cutting siteb

Occurrence c mutation type



!198

ID in maize 
genome V3

Allele Sequencea

Position from 
the putative 
cutting siteb

Occurrence c mutation type

GRMZM2G049141 WT A188 ACAGTGCCGACGATGGCAGTATATCGTCCAGGCCAGC-(60nt)-GGCCCCAGCCCCGAACCCTGAATCTTCATCAT

del 100pb ACAGTGCCGACG--------------------------(60nt)----------------CCCTGAATCTTCATCAT0 and 0 deletion between two target sites

del 102pb ACAGTGCCGACG--------------------------(60nt)------------------CTGAATCTTCATCAT0 and 2 deletion between two target sites

del TGCCGACG ACAG--------ATGGCAGTATATCGTCCAGGCCAGC-(60nt)-GGCCCCAGCCCCGAACCCTGAATCTTCATCAT-8 indel

del ATG ACAGTGCCGACG---GCAGTATATCGTCCAGGCCAGC-(60nt)-GGCCCCAGCCCCGAACCCTGAATCTTCATCAT0 indel

del 17 pb A-----------------GTATATCGTCCAGGCCAGC-(60nt)-GGCCCCAGCCCCGAACCCTGAATCTTCATCAT-11 larger deletion

del 15 pb A---------------CAGTATATCGTCCAGGCCAGC-(60nt)-GGCCCCAGCCCCGAACCCTGAATCTTCATCAT-11 larger deletion

del CCTG ACAGTGCCGACGATGGCAGTATATCGTCCAGGCCAGC-(60nt)-GGCCCCAGCCCCGAAC----AATCTTCATCAT1 indel

GRMZM2G040095 WT A188 CGAGCGCCCTGCTCAAGTACCGGGAGGACGAGCTCGGCG-(40nt)-GCCGTGGGACCGCGTGTACGACTACGCGCTGT

Gene targeted by 2 guides with Iowa vectors

GRMZM2G149940 WT A188 CTTCCACCAATA-CCCCGCCGGCTTGATCCCAGCGCCGGTGGCACTGCCGGTTCACGCACCGGTGTCGTCACAGACGTCTCC

del 54pb CTTCCACCAATA-CCCCGCCGGCTTGATCCCAGCGCCGGTGGCACTGCCGGTTCACGCACCGGT-------------------1 larger deletion

del G CTTCCACCAATA-CCCCGCCGGCTTGATCCCAGCGCCGGTGGCACTGCCGGTTCACGCACCGGT-TCGTCACAGACGTCTCC-1 indel

ins A CTTCCACCAATAACCCCGCCGGCTTGATCCCAGCGCCGGTGGCACTGCCGGTTCACGCACCGGTGTCGTCACAGACGTCTCC0 indel

GRMZM2G035701 WT A188 GAATACAGCTGCTCTTGATCCGGATCATT-(30nt)-GGAGCTCCGAAATAGCGATGTAAGCCAGC

Gene targeted by 4 guides with Iowa vectors

GRMZM2G471240 WT A188 GCAATACCTGTAGCACGAAGGCGATGGCC

GRMZM2G471240 WT A188 GCGGCCTCTCTACGCTG-CCAAGGACATCA

del G GCGGCCTCTCTACGCT--CCAAGGACATCA 0 indel

ins G GCGGCCTCTCTACGCTGGCCAAGGACATCA 0 indel

ins T GCGGCCTCTCTACGCTGTCCAAGGACATCA 0 indel

GRMZM2G471240 WT A188 GAGGGTGTCCAGGGTCAACGTGGAGACAG

del CAA GAGGGTGTCCAGGGT---CGTGGAGACAG -2 indel

del A GAGGGTGTCCAGGGTC-ACGTGGAGACAG 0 indel

GRMZM2G471240 WT A188 GGAGACAGGGAGGTACG-AACCGGTGACTG

del GA GGAGACAGGGAGGTAC---ACCGGTGACTG 0 indel

del GA ins C GGAGACAGGGAGGTAC-C-ACCGGTGACTG 0 indel

del G GGAGACAGGGAGGTAC--AACCGGTGACTG 0 indel

ins T GGAGACAGGGAGGTACGTAACCGGTGACTG 0 indel

ins A GGAGACAGGGAGGTACGAAACCGGTGACTG 0 indel
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