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Reverse genetic screening of mutant populations for allelic variants has been 

successfully applied to many important crop species. First generation (M1) plants from 

mutagenized seed are chimeric, which makes mutation discovery difficult and 

unreliable; therefore, screening is usually done in the second generation (M2). This 

research demonstrates the development of “Purpose-built” mutant populations that are 

screened in the chimeric M1 generation. Cucumis sativus (cucumber) and Solanum 

lycopersicum (tomato) populations generated from 0.4% EMS mutagenized seeds were 

strategically pruned to reduce chimerism, then screened using Deep Variant Scanning 

(DVS), a high-fidelity Next-generation sequencing (NGS) and High-resolution melting 

(HRM) based mutation discovery platform. Mutation density for cucumber and tomato 

were 6.76 and 6.33 mutations/ Mb, respectively. Mutation transmission from M1 parents 

to progeny was 78% successful in cucumber and 33% successful in tomato. This 

method has broad applicability and can serve as an alternative to mutation breeding 

programs that use a permanent germplasm collection. 
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1 Introduction 

Plant breeding is a means for creating new cultivars by exploiting genetic variation 

within a species to develop new traits such as chemical composition, yield, and size. 

Both the producers and consumers of agricultural products influence this process. 

Producers strive to increase profits by maximizing yield, but also through catering to 

consumer preference. Plant breeders work to meet this demand by developing plants 

with value added traits that, for example, are compatible with more efficient production 

systems, are less vulnerable to biotic or abiotic stressors, or have an improved taste or 

nutritional profile. Breeders are often challenged or limited in this endeavor by a lack of 

genetic variation in the available germplasm, as variation often decreases over time in 

cultivated crops through genetic erosion (van de Wouw et al., 2010). While there is 

much genetic diversity in our available germplasm sources, there are also species that 

have been made vulnerable by a decline in genetic variability. In some cases, potential 

sources of variation are so diverged from modern cultivars that parents are either not 

cross-compatible or cross-fertile, or for which trait introgression would require a 

substantial amount of backcrossing to remove unwanted background mutations 

(Bradshaw, 2016).  

Genetic engineering (GE) techniques such as mutagenesis, transgenesis, and 

gene editing allow us to introduce new variation into a plant’s genome, supplementing 

what is available in our existing germplasm resource. Despite the utility of these tools to 

aid in the development of crops that will have improved yield, abiotic and biotic stress 

tolerance, enhanced nutrition, and other desirable traits, a general lack of public 

acceptance has resulted in a wide-spread implementation of restrictive regulations for 
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the development and distribution of some GE products (Marchant & Stevens, 2015). 

Plant cultivars developed using mutagenesis are not universally subject to the same 

regulatory obstacles as those developed using transgenesis or gene editing. As a result, 

mutagenesis remains a valuable tool for plant breeders wishing to develop new traits for 

crop improvement. 

Mutagenesis is an accessible breeding tool, as it does not require many supplies 

or complex laboratory equipment. While safety is a concern when using radiation or 

mutagens of any kind, these risks are easily mitigated by adhering to proper safety 

protocols (FAO/ IAEA, 2018). Because it is so widely accessible, mutagenesis is a 

viable option for small, isolated, or conservatively funded breeding programs, but it is 

also adaptable to modern, cutting-edge technology. Over the past two decades, 

applications of mutagenesis for mutation breeding have expanded from forward genetic 

population screening to include reverse-genetic screening methods that utilize 

advanced bioinformatic and high-throughput next-generation DNA sequencing 

technology (Colbert et al., 2001; Gupta et al., 2017; Schwarzbach, 1967; Taheri et al., 

2017). The development of in silico mutation screening tools has dramatically increased 

the efficiency of mutation breeding. Developing a detailed understanding of how the 

effects of random mutagenesis manifest in a plant may benefit further streamlining of 

mutation discovery, and consequently shorten the plant breeding process. 
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2 Literature Review 

2.1 Regulation of mutagenesis for trait development 

New crop traits have been derived by biotechnology and introduced into crop 

plants for nearly three decades (Wieczorek & Wright, 2012). Many countries around the 

world have established domestic regulations that are intended to protect public health 

and export markets (Marchant & Stevens, 2015).  Lack of agreement on how and what 

to regulate in different jurisdictions around the world has led to difficulties in agricultural 

trade. The Canadian regulatory system is unique in that it is product-based rather than 

process-based (Marchant & Stevens, 2015; McAllister, 2014). This means that products 

of biotechnology and plant breeding are regulated as “plants with novel traits,” and 

approval is granted based on assessment of the product itself, not the process through 

which the cultivar was developed. Outside of Canada, it is more common to see 

regulations which are influenced by the process used to develop new plant varieties, if 

not solely process-based (Marchant & Stevens, 2015). In the European Union (EU), 

regulations are process-based, excluding virtually all plant cultivars developed using 

genetic engineering technology from approval for commercial use. Although the US 

regulatory system does not prohibit release of plant varieties developed through genetic 

engineering, it requires a more rigorous assessment process than that for varieties 

developed using conventional methods, even though two varieties developed using the 

different methods may exhibit the same new trait. In process-based approval systems, 

new technologies may not be recognized until many years have passed since their 

development. In contrast, a product-based system allows for new technologies to be 
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quickly adopted and applied to trait development efforts in private and public research 

settings. 

Mutagenesis is method that can be used to introduce new genetic variation and 

thus create new traits. Mutagenesis is not a new technology; the use of induced 

mutations for crop improvement dates back to the 1920’s (Shu et al., 2012). Because of 

this history there is precedent in the US and the EU for products developed using 

mutagenesis to be approved for use and distribution, however, this is not the case for 

transgenic products or products developed using gene editing technology (Marchant & 

Stevens, 2015). These products are considered to be genetically modified organisms 

(GMOs) and face strong resistance from consumers, and they are often banned from 

cultivation.  

A lack of congruency between regulatory systems in different countries limits the 

market potential of improved crops that have been developed using genetic engineering 

(Marchant & Stevens, 2015; McAllister, 2014). Canadian breeding programs must 

consider the impact that their chosen approach to trait development may have on the 

success of their products. As GMO restrictions are not imposed on new crops 

developed using mutagenesis, a mutagenesis-based approach holds value to for being 

an acceptable way to introduce new genetic variation into an existing gene pool without 

limiting the opportunity to sell and distribute new products outside of the domestic 

market. 
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2.2 Canadian greenhouse vegetable industry 

The Canadian greenhouse vegetable industry is primarily dedicated to growing 

tomato, bell pepper, and cucumber (Agriculture and Agri-Food Canada (AAFC), 2016a-

c; AAFC, 2017). These crops account for 65% of the farm gate value of all greenhouse 

vegetables, and in 2017, tomato and cucumber had farm gate values of $557 M and 

$383 M, respectively. Ontario is the largest producer with approximately 70% of total 

area of greenhouse space, while British Columbia and Quebec make up most of the 

remaining 30%. Nationwide, 6.3 M m2 of greenhouse space is used for growing tomato, 

and 4.3 M m2 of space is used for growing cucumber. These crops are grown for both 

domestic consumption and export. Approximately 50% of product by weight is exported 

to the United States, making it the primary importer of Canadian greenhouse cucumbers 

and tomatoes. 

Cucumber and tomato are indeterminate and are trained to grow on string or high 

wire (AAFC, 2016a, b). Production in Ontario is typically year-round and includes 3-4 

crop cycles for cucumber and 1-2 crop cycles for tomato. Tomato greenhouses use 

artificial pollinators, but commercial cucumber varieties are parthenocarpic and do not 

require pollination. Hydroponic growing systems are used in most commercial 

greenhouses, many of which implement a drainage water recirculation system. High-

density plant spacing and water recirculation can both contribute to disease pressures 

on susceptible plants.  

Disease and pest pressures are common in greenhouse vegetable production, and 

the resulting crop-loss is a major problem for greenhouse vegetable producers (AAFC, 

2016a-c; AAFC, 2017). These pressures differ by region; in Canada, Ontario 
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greenhouses are the most severely affected; estimates on yield loss due to disease can 

reach 20% of the total crop. The most common pathogens causing crop losses in 

Ontario tomato greenhouses are bacterial canker, fusarium crown and root rot, grey 

mould, powdery mildew, and pythium root rot (AAFC, 2016c). Major cucumber 

pathogens are grey mould, downy mildew, fusarium wilt, powdery mildew, pythium 

crown and root rot, and gummy stem blight (AAFC 2016a). 

 

2.3 Crop protection and broad range disease resistance (BRR) 

The greenhouse vegetable sector uses different approaches to mitigate losses 

due to disease. These can include: 1) strict bio-security protocols to prevent the 

introduction of disease into production greenhouses, 2) use of chemical control against 

fungi, bacteria, and viruses, 3) scouting and plant removal, and 4) growing cultivars with 

a strong innate immunity in order to reduce the incidence of disease (AAFC, 2016a-c). 

Genetic control of disease occurs at two levels, providing multiple layers of defense 

against invading microbes (van Schie & Takken, 2014). The first layer of defense is 

pattern triggered immunity (PTI), which involves a broad-spectrum recognition of highly 

conserved immune elicitors called microbe-associated molecular patterns (MAMPs) by 

pattern recognition receptors (PRR) in the cell membrane. The second layer of defense 

is effector triggered immunity (ETI), which unlike PTI is typically pathogen- or race-

specific and is not evolutionarily conserved. When breeding for resistance, plant 

breeders are usually exploiting ETI, which is a dominant trait attributed to monogenic 

resistance genes (R-Genes). Pathogen effector proteins cannot bind with mutant R-
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gene targets, thus making the plant resistant to infection. Resistance conferred by       

R-genes is not stable, as effectors are subject to negative selection pressure and the 

pathogen can quickly evolve different methods for infecting the plant.  

Susceptibility genes (S-genes) can also be exploited to develop genetic control of 

disease, although they are targeted less often than R-genes (Pavan et al, 2010; van 

Schie & Takken, 2014; Vogel & Somerville, 2000). Susceptibility genes permit infection 

by facilitating a compatible interaction between pathogen and host. S-gene resistance is 

recessive and is more durable than R-gene knockout resistance, but it is less used in 

plant breeding as S-genes are difficult to identify and are often tied to negative 

pleiotropic effects such as chlorosis, reduced growth, and early senescence. Although 

the term ‘susceptibility gene’ was not introduced until a 2002 review by Eckhardt, 

recessive resistance has been observed in plant breeding for over a century (Biffen, 

1905). The most well-known example of loss of pathogen susceptibility conferred by an 

S-gene is mlo (mildew resistance locus O)-based resistance to powdery mildew, which 

is the result of inhibited production of a protein that allows the fungal pathogen to 

penetrate the cell wall in mlo mutants (Büschges et al., 1997; Pavan et al., 2010). 

Recessively inherited powdery mildew resistance was discovered in X-ray irradiated 

barley in 1942 by Freisleben and Line; this was the first crop reported to have disease 

resistance induced by random mutagenesis (Figure 2.1). Mlo-based resistance has 

proved to be extremely stable and to have a broad-spectrum effect (Kusch & Panstruga, 

2017). The mlo-9 allele discovered in 1967 confers resistance to all known strains of the 

barley-specific powdery mildew pathogen Blumeria gramanis f.sp. hordei, and continues 

to be effective in modern commercial varieties of European spring wheat (Schwarzbach, 
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1967; Jorgensen, 1977; McGrann et al., 2014). The gene appears to be conserved 

across species, and to date has been functionally validated in thirteen species, including 

cucumber and tomato (Berg et al., 2015; Kusch & Panstruga, 2017; Nie et al., 2015; 

Schouten, Krauskopf, Visser, & Bai, 2014; Zheng et al., 2013). 

Broad spectrum resistance relies on the recognition of MAMPs by PTI receptors, 

however it is challenging to exploit this type of immunity because PTI receptors are 

difficult to identify, and the receptors that are identified often exhibit negative pleiotropic 

effects in loss-of-function mutants (Mott et al., 2016). A family of genes encoding 

immune receptors has recently been identified by Mott, Desveaux, and Guttman, 

(unpublished) that show no detrimental phenotypes in loss-of-function mutants. An 

evaluation of BRR gene knockouts in a model plant, Arabidopsis, was performed using 

an in vitro peroxidase (POX) assay to elicit and quantitatively measure immune 

response as a function of POX activity, which causes an oxidative burst in response to 

injury (Daudi et al., 2012; Minibayeva et al., 2015). Subsequent evaluation in vivo 

showed that when challenged with Pseudomonas syringae, brr knockout mutants 

exhibited a 5-10 fold reduction in bacterial growth three days post-inoculation and 

significant reduction in pathogen growth on cotyledons when infected with a pathogen 

that causes downy mildew (Hyaloperonospora Arabidopsis Noco2 (Mott, Desveaux, and 

Guttman, unpublished). Using Arabidopsis genome data, gene orthologs were found in 

tomato and sweet pepper. Preliminary experiments showed that loss-of function 

mutants in these species show increased POX activity compared to a wild type control 

(Pautler, Mott, Desveaux, and Guttman, unpublished). 
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2.4 Mutation breeding 

Mutation breeding is the deliberate induction of mutations in plants for the purpose 

of crop improvement. The technique was first explored in the 1920’s, after mutagenic 

effects were observed in plants exposed to radium rays and x-rays (FAO/ IAEA, 2018). 

The potential of this technology to become a breeding tool for introducing new variation 

into existing populations quickly led to the establishment of mutation breeding programs 

around the world (Shu et al., 2012). 

In 1936, the light-green tobacco cultivar Chlorina was the first product developed 

using mutation breeding to be commercially released, followed by the drought resistant 

cotton cultivar M.A.9 in 1948 (Shu et al., 2012; MVD, 2019). The use of chemicals for 

mutation induction as an alternative to radiation was explored in the 1940’s, leading to 

the release of the first variety developed using chemical mutagenesis in 1966. Mutation 

breeding programs around the world have officially released over 3283 mutant varieties 

across 220 plant species to date (Mutant Variety Database (MVD), 2019). There was a 

renaissance in the popularity of mutagenesis after the advent of DNA sequencing and 

bioinformatics technologies (Chen et al., 2014). Forward genetics screens of 

mutagenized populations became a useful tool for determining gene function, and 

reverse genetics screens make functional use of genomic data to identify plants in a 

mutagenized population that have induced mutations in genes of known or suspected 

function. Although the majority of officially registered mutant varieties are the product of 

physical mutagenesis (Figure 2.2), chemical mutagens are preferentially used in 

reverse-genetic  



 

 

 

 

 

 

Figure 2.1 Timeline of notable advancements in plant mutation breeding.  
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(Adapted from Shu et al., 2012.) 
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screening (FAO/ IAEA, 2018). Chemical mutagens can vary in their mechanism of 

action and mutagenicity, but all induce point mutations in contrast to physical mutagens, 

which are more likely to cause larger morphological changes such as chromosome 

breaks to an organism’s DNA. 

 

a)  b)  

Figure 2.2 (a) Number of officially registered varieties released per mutation method (b) Number of 
officially released varieties per crop species. (Data from MVD, 2019) 

 

 Point mutations caused by chemical mutagens are less likely to have significant 

effects on plant health or fertility that prevent the transmission of useful mutations to 

new generations (FAO/ IAEA, 2018). The most commonly used chemical mutagens are 

alkylating agents such as ethylmethane sulfonate (EMS), 1-ethyl-1-nitrosourea (ENU), 

and 1-methyl-1-nitrosourea (MNU). Azides such as sodium azide (NaN3; SA) are used 

less frequently than alkylating agents, as the latter pose a comparatively lower health 

and safety risk. Chemical mutagens may exhibit nucleotide or sequence context biases. 

For example, EMS, MNU, and SA primarily cause GC>AT transitions, whereas ENU 

tends to cause AT>GC transitions and A>T transversions (Lee et al., 2014, Shioyama et 



 

 

12 

 

al., 2000, Caignard et al, 2014). Furthermore, EMS and SA have both been shown to 

demonstrate a sequence context bias (Henry et al., 2014, Tai et al., 2016). These 

biases can be exploited by creating doubly-mutagenized populations using two different 

mutagens in order to induce a broader variety of mutations than a single mutagen, or by 

selecting a mutagen with a bias that may increase the likelihood of generating a 

desirable mutation in a target gene. 

 

2.5 Molecular techniques for mutation breeding 

2.5.1 Single Strand Conformation Polymorphism (SSCP)  

SSCP is used to detect point mutations in denatured DNA fragments <500 bp in 

size (Shu et al., 2012). Mutations are identified using native polyacrylamide gel 

electrophoresis (PAGE) by the different migration of the mutant DNA compared to the 

wild type DNA, which is caused by a conformational difference between the two. A 

modified version of this method that incorporates the PCR-restriction fragment length 

polymorphism (PCR-RFLP) method is called PCR-RF-SSCP. PCR-RF-SSCP facilitates 

the use of 2 kb long DNA fragments, which are cleaved by a restriction endonuclease 

into <500 bp fragments prior to SSCP analysis. SSCP and PCR-RF-SSCP are not 

efficient screening methods for large populations as they cannot be used to analyze 

pooled DNA samples.  
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2.5.2 TILLING 

In 2000, the term TILLING (Targeted Induced Local Lesions IN Genomes) was 

used by McCallum et al. to describe a sensitive, high-throughput reverse genetic 

mutation detection platform. The first TILLING protocol demonstrated the use of 

denaturing high-performance liquid chromatography (DHPLC) to identify induced 

mutations in a population of EMS-mutagenized Arabidopsis thaliana plants. After PCR 

amplification of pooled DNA samples, amplicons are denatured and re-annealed, which 

results in the formation of heteroduplexes in heteroallelic DNA (Figure 2.3). The 

presence of a heteroduplex mismatch is then revealed as an extra peak on the DHPLC 

chromatogram. Amplicons containing a mutation are then sequenced to find the exact 

location and type of mutation. Colbert et al. (2001) introduced a more high-throughput 

method that uses the CEL1 endonuclease to cleave the mismatch site of 

heteroduplexes. Mutations are identified by the different mobilities of the cleaved 

amplicons using native polyacrylamide gel electrophoresis (PAGE) and LI-COR DNA 

analyzer system. This protocol used a multi-dimensional pooling system to bulk 

samples, which allowed for accurate high-throughput processing. 

 

 

Figure 2.3 Heteroallelic DNA forms a heteroduplex at the mismatch site when denatured and 
reannealed 
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2.5.3 Conformation sensitive capillary electrophoresis (CSCE) 

Conformation sensitive capillary electrophoresis (CSCE) is a non-enzymatic post-

PCR method for mutation detection using capillary electrophoresis. This method is used 

to identify mutations in 200-500 bp amplicons by denaturing and re-annealing dsDNA to 

form heteroduplexes where point mutations have occurred (Gady et al., 2009; Shu et a., 

2012). The heteroduplexes are revealed by an associated altered peak shape in 

capillary electrophoresis, as the heteroduplex created by the wild type-mutant base 

mismatch travels through the capillary tube at a different speed than the homoduplex. 

CSCE is suitable for high-throughput application, as the initial mutant screen can be 

done on pools of up to eight samples. Although CSCE is limited to amplicons 500 bp 

long compared to the 1.5 kb long fragments that can be used in TILLING, Gady et al. 

2009 were able to use multiplex PCR and multiple labelled primers to increase 

throughput and accomplish a screening efficiency comparable to the standard 

CEL1/ENDO1- LiCor TILLING platform. 

 

2.5.4 High-resolution melting (HRM) 

High-resolution melting (HRM) is a non-enzymatic post-PCR method for 

detecting point mutations using a qPCR system or a dedicated HRM system such a 

LightScanner (Idaho Technologies) (Gundry, 2003; Herrmann, 2006; Herrmann et al., 

2007). This method is recommended for amplicons 100-300 bp in length. A fluorescent 

dye such as LCGreen or SYBRgreen that has an affinity for dsDNA is added to the 

reaction mixture in the PCR plate. Samples are heated to denature the dsDNA, then 
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quickly cooled, which causes heteroduplexes to form in samples containing a point 

mutation. Heteroduplexes are detected by evaluating fluorescence data that is recorded 

as the samples are slowly heated in the qPCR or HRM system. The dye has strong 

fluorescence when bound to DNA, and as temperature increases the strands separate, 

releasing the dye and thus decreasing fluorescence. Specialized software is used to 

analyze the data, which is output as a normalized plot of fluorescence vs temperature 

(Figure 2.4). Wild-type homoduplexes, mutant homoduplexes, and heteroduplexes have 

different melting temperatures (Tm), and therefore each will have a differently shaped 

fluorescence curve or ‘melt profile’. Heteroduplexes are easily identifiable due to their 

distinctly shaped melt profiles. HRM can be used to identify the presence of a SNP, but 

DNA sequencing is needed in order to determine the exact base change and location of 

an unknown mutation (Zhou, 2005; Zhou et al., 2004). HRM is rapid compared to other 

SNP detection methods, and is sensitive enough to detect a mutation in DNA pools 

containing as many as 16 samples (Gady et al., 2009).  

 

 

Figure 2.4 Mutation detection using high-resolution melt analysis. A DNA sample containing a 
mutation is identified by the different melt profile of the heteroduplexes (red). 
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2.5.5 Next-generation sequencing 

Contemporary approaches to high-throughput screening of mutant populations 

are implementing Next-generation sequencing (NGS) technology (Banks & Somers, 

2015; Bansal, 2010; Caignard et al., 2014; Gupta et al., 2017; Huang et al., 2015; 

McKenna et al., 2010; Wei et al., 2011). Mutations are identified by comparing 

sequences of the amplified region from each mutagenized plant to a reference genome. 

Statistical analyses are used to determine if a base read at a given locus differs from 

the wild type due to an induced mutation or is a sequencing error. NGS-based TILLING 

increases sample throughput, as it is effective for using large pool sizes and 

multidimensional pooling (Altmann et al., 2011; Gupta et al., 2017; Huang et al., 2015; 

Missirian et al., 2011; Tsai et al., 2011). When multidimensional pooling is not used, a 

second confirmation step is required to validate the SNP prediction. An early protocol 

for TILLING by sequencing (Tsai et al., 2011), employed a three-dimensional pooling 

strategy (Figure 2.5) and screened 44 amplicons in 768 individuals. Sequence data 

were processed through a bioinformatic pipeline to identify mutations. In order for NGS-

TILLING to be effective, there must be sufficient sequence coverage depth, sequence 

data must be precise, and pooled DNA samples must be high-quality and present in 

equal amounts so that the population is covered evenly (Craig et al., 2008).   

 A comparative analysis of six mutation calling software programs (CAMBa 

(Missirian et al., 2011), CRISP (Bansal et al., 2010), SNVer (Wei et al., 2011), LoFreq 

(Wilm et al., 2012), VipR (Altmann et al., 2011), GATK UG (McKenna et al., 2010)) by 

Gupta et al. (2017) revealed that there are considerable differences among the 

predictions from the programs based on the same NGS data set from a doubly 
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mutagenized tomato TILLING population arrayed in a 3D pooling format.  Using the 

criteria that a SNP must be predicted in three overlapping pools by at least two separate 

programs, 64 of 75 putative mutations in a population of 2048 M2M2 tomato plants were 

confirmed using Sanger sequencing. CAMBa was the only program of the six that is 

designed for use with overlapping pools, and both CAMBa and CRISP had high 

accuracy and a low false discovery rate, but neither were able to predict all 64 

mutations. The other four programs failed to identify more than half of the 64 mutations 

confirmed using Sanger sequencing.  

 Proprietary bioinformatics-based mutation discovery platforms for high-

throughput reverse-genetic screening include Deep Variant Scanning (DVS), and 

KeyPointTM (Banks & Somers, 2015; Rigola et al., 2009). DVS is highly sensitive, and 

uses a combination of NGS and HRM-genotyping to identify point mutations in pooled 

sequence libraries of up to 384 DNA samples. KeyPointTM uses an approach that 

combines a 3-D pooling strategy with DNA sample barcoding to identify allelic variation 

in M2 populations. Rigola et al. (2009) reported finding two mutants in the eIF4E gene in 

an M2 tomato population of 3000 families sequenced using the GS FLX system 

(Roche). 

 

2.5.6 Sample Pooling for high-throughput screening 

A common element in TILLING protocols is sample pooling to increase the 

efficiency with which mutant populations can be screened (Colbert et al., 2001). This is 

a useful approach because only a small fraction of the mutant population will contain a 

mutation in the target gene fragment (FAO/ IAEA, 2018). Early TILLING protocols used 
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eight-fold pooling for an initial screen of the population (Colbert et al., 2001; Minoia et 

al., 2010). When a mutation was found in a pool, a subsequent second screen would 

separately evaluate each sample in the pool to identify which one contained the 

mutation. In two-dimensional strategies, samples are pooled from a grid layout in such a 

way that the samples from each individual column and each individual row are 

combined (Figure 2.5) (Tsai et al., 2011). This results in each sample being represented 

in two different pools, with no two samples occurring together more than once. Three-

dimensional pooling works similarly, but the addition of a vertical pool set means each 

mutation appears in three pools rather than two. While a multi-dimensional pooling 

approach increases the overall number of pools to be screened, it enables the 

identification of a sample containing a mutation without a second confirmation step 

since true mutations should occur in one pool from each dimension. Sample 

confirmation using overlapping pools may reduce the number of false positive calls 

(predicted mutations that are not real), however, the number of false negative calls (real 

mutations that are missed) may also increase due to inconsistencies in coverage depth, 

low amplification, or uneven sample representation across pools.  
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      a)  b)  

Figure 2.5 Multi-dimensional pooling systems that use eightfold (a) bi-directional, or (b) tri-
directional pooling.  

 

2.6 Chimerism 

Changes to DNA that are caused by exposure to a physical or chemical mutagen 

are random, and are different for each affected DNA strand (Klekowski, 1988; 

Koornneef, 2002). The most commonly mutagenized plant material is seed. Although 

the entire seed embryo is subject to the effects of a mutagenic treatment, it is the apical 

initial meristem cells in that duplicate and differentiate to form a growing plant. This 

means that the first generation of plants in a population grown from mutagenized seeds 

(M1) are chimeric, and each plant within the population may be comprised of as many 

genotypically unique cell lineages as there are apical initial cells in the shoot meristem. 

These cell lineages may persist to form large, fixed sectors of the mature plant, or 

cease to contribute to organogenesis entirely (Balkema, 1972; Klekowski, 1988). A 

chimera can be fully dissociated by seed propagation to produce homohistic (genetically 

uniform) progeny, but can also be avoided completely by using mutagenized pollen 
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rather than seeds. This approach is used in Zea mays, but is unsuitable for most crops, 

as it requires a large amount of pollen (Shu et al., 2011). Chimeras were avoided in a 

dioecious cucumber population (var. Nishikisuyo) by using gamma irradiated pollen, but 

there are no reports of induced mutant cucumber populations created using chemically 

mutagenized cucumber pollen (Iida and Amano, 1990). 

 The characteristics of a chimera are determined by the location of the mutant 

cells in the apical meristem (Klekowski, 1988; Marcotrigiano & Bernatzky, 1995; 

Szymkowiak & Sussex, 1996). Angiosperm meristems are stratified and stochastic; they 

are composed of an exterior 1-2 cell layer tunica and an interior corpus (Figure 2.6). 

Cells in the tunica layer(s) divide in an anticlinal direction, and corpus cells undergo 

both anticlinal and periclinal division. The planes of division typically keep cells confined 

to their respective layer, but this is not always the case, particularly in chimeric plants 

where a cell with a disadvantageous mutation may be displaced by a cell that is more 

robust. Competition between cells in a meristem is called diplontic selection, and is the 

primary factor contributing to the natural dissociation of a chimeric plant as the number 

of nodes increases.  

 

Figure 2.6 The tunica corpus model of cell tissue layers. A cross section of a stratified meristem 
and two leaf primordia show the arrangement of the LI, LII, and LIII cell layers. The meristem can 
be subdivided into two component meristems: the tunica and the corpus. The tunica is either a 
single (LI) or double layer (LI and LII), and sits on top of the corpus (LIII). 
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 Chimeras are classified into three types, which are characterized by the 

distribution of a mutant lineage in the meristem (Figure 2.7). Unstable mericlinal and 

sectorial chimeras will produce transient sectors, whereas stable periclinal chimeras 

produce sectors that are fixed (Klekowski, 1988; Shu et al., 2011). Chimera type can 

change through diplontic selection, cell displacement between layers, or organogenesis 

from a few apical initial cells that only represent some (or one) of the mutant lineages 

comprising the apical meristem as a whole. Mericlinal and sectorial chimeras eventually 

either stabilize by becoming periclinal chimeras or are eliminated through diplontic 

selection. Sectorial chimeras may also give rise to a homohistic axillary shoot if a bud is 

formed from initial cells belonging to a single lineage.  

 

 

Figure 2.7 A cross section of a stratified meristem and two leaf primordia showing the three types 
of chimera a) Mericlinal; a unique genotype is present in part of a single histogenic layer, b) 
Periclinal; a histogenic layer is solely comprised of a single genotype that is different from at least 
one of the other two layers, c) Sectorial; multiple histogenic layers are partially comprised of a 
single genotype. 
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2.7 Challenges associated with mutation breeding 

2.7.1 Chimerism 

Chimerism can be a desirable characteristic. Most notably, it is a popular 

aesthetic seen in many ornamental plants. In the context of plant breeding, however, 

chimerism is often considered an obstacle rather than a feature, as any assessment of 

the phenotype or genotype of a chimeric plant is not a reliable predictor of 

characteristics that might potentially be found in its progeny (Koornneef, 2002; Shu et 

al., 2012). Accurate phenotyping of a chimeric plant is made difficult because different 

plant sectors may express different phenotypes, mutations in the M1 generation after 

chemical mutagenesis are heterozygous and may not be expressed, and through 

‘mutation buffering’ - the masking of a lack of fitness of mutant cells by nonmutant cells 

(Klekowski, 1988). Tissue samples collected from chimeric M1 plants for a reverse-

genetic screen may not represent the cell lineage(s) that will develop into the germline, 

which is derived from the LII cell layer in dicots, and the LI and LII in monocots. 

Mericlinal or sectorial chimeras will have an increased likelihood of developing multiple 

different germlines, but even transmission of an LII mutation from a stable periclinal 

chimera is difficult to predict because diplontic selection and reproductive buffering can 

enable cells or embryos with the wild type allele to outcompete cells with the mutant 

allele.  

 In seed propagated crops, the problem of chimerism in the M1 generation is 

addressed by withholding from phenotype assessment and mutation discovery until the 

M2 or M3 generation, or by fertilizing a nonmutant female parent with mutagenized 
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pollen (FAO/ IAEA, 2018; Shu et al., 2012). In vegetatively propagated crops a chimeric 

plant can be manipulated to dissociate by repeated propagation or by tissue culture 

from a single cell (Marcotrigiano, 1986; Roux et al., 2001). Vegetative propagation may 

not work perfectly when a periclinal chimera exists, unless the histogenic layers are 

disrupted and re-organize in such a way that they become homohistic. Three to six 

rounds of in vitro propagation are generally required for complete dissociation of 

chimera (Roux et al., 2001).  

 Many ornamental plants are popular for their aesthetically pleasing variegated 

features, which are caused by a chlorophyll deficiency in one or two of the three cell 

layers (Shu et al., 2012).  These plants must be vegetatively propagated in order to 

retain the variegated phenotype. Commercial producers have found that some methods 

of propagation, including grafting, budding, and tip layering, work better than others for 

keeping the stable chimera intact (Dermen, 1955). Axillary and adventitious buds are 

often derived from a single cell layer, and are therefore less likely to continue a stable 

periclinal chimera than new apical growth (Klekowski, 1988; Marcotrigiano, 1986). 

2.7.2 Background mutations and mutation load 

Mutagenesis treatment induces random point mutations throughout the genome 

of an organism (FAO/ IAEA, 2018). This means that in addition to any alleles of interest, 

each plant will also carry numerous background mutations that may cause the plant to 

have undesirable characteristics, or mask the expression of a desirable allele. For this 

reason, phenotypic screening of a mutant population is not recommended prior to 
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backcrossing or outcrossing the mutagenized plants in order to clean up the line and 

reduce mutational load.  

A reverse genetics approach to mutation discovery, which identifies mutants by 

genotype rather than phenotype, can circumvent many of the challenges of phenotypic 

analysis of mutagenized populations. Candidate plants with a mutation in a gene of 

interest can be screened and selected for advancement as soon as they are large 

enough to provide a tissue sample (McCallum et al., 2000). With this approach, the first 

round of selection can occur at least one full generation earlier than selections made by 

scoring phenotype, and mutants can still be identified in the absence of a phenotypic 

effect, such as in the case of a conditional phenotype.  

 Background mutations in mutagenized populations often contribute to reduced 

fitness, sterility, self-incompatibility, or an inability to produce viable offspring (FAO/ 

IAEA, 2018; Hildering & van der Veen, 1966; Klekowski, 1988). These circumstances 

can make transmission of the desirable allele from a parent to progeny difficult or even 

impossible, especially in seed propagated crops. Densely mutated populations are more 

likely to suffer from physiological effects, so it is important to consider a balance 

between the likelihood of inducing a useful mutation in a given gene of interest and the 

likelihood that the mutation can be successfully recovered. 
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2.8 Conclusion 

 Mutagenesis is a useful tool for plant breeding, and it has a long history of 

success. Mutation breeding as a practice has evolved alongside technology to take full 

advantage of modern scientific advancements and has directly contributed to the 

development of novel bioinformatics tools for quickly and accurately detecting rare 

genetic variants in large populations using DNA sequence data. Despite the availability 

of targeted methods for creating genetic variation, such as transgenesis and gene 

editing technology, mutation breeding remains a valuable research focus as it is one of 

the few options for creating novel variation that is not heavily restricted in most 

countries.  

 Since the introduction of protocols like TILLING for high-throughput mutation 

screening, various applications have been developed that facilitate highly accurate, 

high-throughput in silico mutation discovery in large populations consisting of thousands 

of mutagenized plants. Although these advancements have contributed to a faster and 

more streamlined screening process, there is an inevitable limit to how much shorter the 

breeding process can be made. Each step of a breeding program requires time for 

plants to mature and produce the next seed generation, while making selections using 

genotypic screening conveniently allows phenotypic evaluation to be narrowed down to 

focus on plants with a known mutation, saving time and reducing the amount of space 

required to evaluate a population. 

Many research programs have developed permanent germplasm resources for 

economically important crops, including tomato, Brassica oleracea, Glycine max 
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(soybean), and Oryza sativa (rice) (Till et al. 2007, Himelblau et al., 2009). These large 

populations are comprised of plants that have undergone random mutagenesis, and 

therefore contain a large amount of genetic variability. Reverse-genetic screening of 

these populations for mutations of interest has become very efficient and there is 

theoretically no limit on the number of times screening can be done. However, there are 

complications inherent to random mutagenesis that can make the production of a 

mutagenized population a risky investment. Seed mutagenesis causes chimerism, 

which necessitates advancement of the entire population at least one generation before 

it can be screened or archived, a costly and time-consuming process. After making this 

investment, there is no certainty as to whether a population will have a useful mutation 

in any given gene, nor to whether background mutations or mutational load will limit the 

probability of recovering the mutation.  

 

2.9 Research Question 

Permanent germplasm resources that contain archived DNA, tissue, and seeds 

from mutagenized plant populations have been created by research programs around 

the world. These populations are comprised of hundreds or thousands of plants that 

each have a unique set of randomly induced mutations. Reverse genetic screening is 

an efficient option for mutation discovery when sequence data are available for a plant 

species, as it takes less time than a forward genetic screen. Further optimization at the 

mutation discovery step might reduce the amount of time needed to screen a population 

by as much as few days, but this can only be taken so far.  
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There are benefits to reducing the amount of time it takes to develop a new plant 

cultivar. Of particular importance is the ability to quickly respond to crop production 

challenges that are not tolerated by available cultivars, such as the introduction of a new 

pathogen, loss of resistance to an existing pathogen, or a change in climate. 

Unfortunately, there is not much to be done in this regard- the breeding process takes 

numerous generations, and plants require time to grow. This is especially true for 

breeding work that happens post-mutation discovery; however, the interval between 

mutagenesis treatment and mutant selection is an interesting step in the process of 

mutation breeding that could be explored to increase the efficiency and precision of the 

technique. Currently, the first generation (M1) of a mutant population is sexually 

propagated to produce a non-chimeric second generation (M2) prior to mutation 

discovery. This is because it can be difficult to identify a mutation in a chimeric tissue 

samples, as the mutant allele is diluted by non-mutant alleles in the other genetic 

lineages present in the sample, and because most lineages will not contribute to germ-

line cells that form the next generation. The ability to recognize mutations of interest in 

the M1 generation has positive implications, including:  1) reverse genetic mutation 

screens can be done without the significant upfront investment of time and money 

required for the creation of large TILLING-style populations, and 2) candidates for 

inclusion in a breeding program can be identified a full generation earlier than is 

currently standard (M1 rather than M2).  

The current research was designed to investigate the feasibility of developing a 

fast and cost-effective reverse-genetic method for identifying randomly induced variation 

in plant populations. The study used an EMS mutagenized population that was built for 
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the purpose of a single screen for mutations in pre-selected genes or regions of interest. 

To this end, the following questions were explored using experimental M1 populations of 

greenhouse cucumber and tomato: 

1. Are point mutations easily detectable in chimeric plants using currently 

available tools for screening mutant populations? 

- Different approaches to DNA collection and sample pooling were tested to 

determine if there is a threshold for detecting point mutations in potentially 

chimeric tissue samples. 

2. What is the frequency of transmission of mutations discovered in M1 plants into 

the M2 seed generation? 

- Transmission frequency was used to indicate whether the presence of a 

mutation of interest in the M2 generation can be predicted from M1 DNA 

samples. M1 fertility and M2 seed germination data were used to estimate 

how many predicted mutations are lost due to lethal mutations caused by 

the EMS treatment. 

3. Will a transient EMS M1 plant population be an effective approach for 

discovering induced mutations relative to using a permanent EMS M2 or M3 

seed population? 

- The gene targets in the experimental populations included genes 

associated with broad spectrum disease resistance. The rate of recovery of 

useful alleles from the transient populations was compared to that from 

previously developed permanent populations. 
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3 Materials and methods 

3.1 Plant material and mutagenesis  

Ethylmethane sulfonate (EMS) (Sigma-Aldrich) mutagenesis experiments were 

performed using inbred seeds of Cucumis sativus (cv. beit alpha) and Solanum 

lycopersicum (cv. Vendor VFT). A dose-response curve was generated using cucumber 

treated with EMS doses ranging from 0 to 0.5% w/v EMS for 16h with gentle agitation 

(200 seeds per treatment dose). Following the EMS treatment, the seeds were washed 

5 times for 30 min with excess water to remove residual EMS. The seeds were 

immediately planted in 48-cell germination trays containing soilless mix and kept at high 

humidity until germinated. A treatment dose of 0.4% EMS for 16 hours was selected for 

developing subsequent EMS cucumber and tomato populations.  

 

3.2 Sample collection and DNA sequencing 

Plants were assigned unique numerical identifiers, and leaf tissue samples 

approximately 2 cm2 in size were collected from each plant into 1.2 mL plastic tubes 

containing 6-8 2mm glass beads. Samples were lyophilized overnight on a freeze dryer 

and pulverized using a Geno/Grinder (SPEX SamplePrep, 2010). DNA was extracted 

from the pulverized tissue using the MagAttract 96 Plant Core Kit (Qiagen, Hilden, 

Germany), and DNA was quantified using Hoescht 33258 dye (Sigma-Aldrich, St Louis, 

USA) with a BioTek FLx800 plate reader and Biotek Gen5 software (BioTek 

Instruments, Inc., Winooski, USA). Samples were diluted to 5 ng DNA/uL in 0.1X TE 
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buffer. Samples were divided into eight groups of equal size, and 10uL aliquots of 

5ng/uL DNA from each sample in a group were combined to create eight unique DNA 

pools with each plant equally represented. Amplicons were amplified in each pool using 

PCR (35 cycles, 3 min extension, 65oC annealing). Successful amplification was 

confirmed by running 10uL of PCR product on a 1% agarose gel. Amplicons were 

purified using a QiaQuick 96 DNA purification kit (Qiagen, Hilden, Germany), and 

quantified using an Invitrogen Quant-iT™ PicoGreen™ dsDNA Assay Kit (Thermo-

Fischer Scientific, Waltham, USA) with a BioTek FLx800 plate reader and Biotek Gen5 

software (BioTek Instruments, Inc., Winooski, USA), and then normalized to an equal 

concentration.  

Prior to sequence library construction, eight amplicon pools were assembled by 

pooling aliquots of each amplicon from the corresponding DNA pool. Aliquot volumes 

were adjusted for amplicon size to ensure equal coverage during sequencing. Libraries 

for Next Generation Sequencing were constructed from the amplicon pools using a 

Nextera DNA Library Preparation Kit, and sequenced on a MiSeq system (Illumina, San 

Diego USA).  

3.3 Pilot Populations 

3.3.1 Population 1 

An EMS mutagenized cucumber population consisting of 3072 M1 plants was 

created by applying the previously described treatment to 6000 cucumber seeds. Tissue 

samples were collected from the first true leaf of each seedling and processed as 

previously described. Amplicons covering five genes were screened for mutations using 
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DVS (Table 3.1). A subset of the population containing 768 plants was re-screened for 

two of the amplicons using tissue collected from the fifth leaf.  

3.3.2 Population 2 

An EMS mutagenized cucumber population consisting of 3072 M1 plants was 

created by applying the previously described treatment to 6000 cucumber seeds. Tissue 

samples were collected from the fifth leaf of each seedling and processed as previously 

described. Amplicons covering five genes were screened for mutations using DVS 

(Table 3.1). Forty plants that donated tissue samples where mutations were discovered 

were kept, and the remaining plants were discarded. Reserved plants were evaluated 

for chimerism in detail by collecting tissue samples from each leaf and genotyping for 

the mutation of interest using High-Resolution Melting (HRM).  

 

3.4 Reduced chimerism cucumber and tomato populations 

3.4.1 Population construction 

This same mutagenesis treatment described above was applied to 4,000 

cucumber and 3,000 tomato seeds. Once seedlings reached the 4-5 leaf stage, they 

were transplanted individually into 4” pots and any growth above the second leaf node 

was removed (“pinched”) using scissors. Plants that did not develop a new shoot from 

an axillary bud at the first or second leaf node were discarded, and those that did were 

pinched a second time above the second leaf node on the axillary shoot after reaching 
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the 4-5 leaf stage. Plants which produced a new shoot (axillary shoot two) emerging 

from an axillary bud on axillary shoot one were kept, and all others were discarded.  

3.4.2 Mutation discovery 

Tissue samples were collected from axillary shoot two on 768 cucumber plants 

and 384 tomato plants and prepared for DVS as described above. Mutation discovery 

was performed on 12 amplicons covering 12 genes in cucumber, and nine amplicons 

covering eight genes in tomato (Table 3.1). DVS analysis was done as described by 

Banks & Somers (2015). Selections were limited to non-intronic regions, and only 

putative mutations meeting the filtering criteria of an aggregate score greater than 1.8 

and a read count greater than 70 000 were considered for further interrogation. These 

criteria were empirically determined in previous DVS mutation screens (M. Pautler, 

personal communication, 2015). 

3.4.3 Mutant confirmation and evaluating residual chimerism 

Fifty-seven cucumber mutations and thirty-nine tomato mutations were selected 

for further analysis. Plants not containing a potential mutation of interest were 

discarded. For each selection, a 25-50bp region overlapping the mutation was amplified 

in each individual in the pool where the mutation was found. The mutants were 

identified as the heterozygous individual within a pool using HRM analysis. Each 

predicted mutation was confirmed two ways. First, by performing in duplicate a second 

HRM screen covering a subset of samples containing the expected heterozygous allele, 

and secondly, by HRM genotyping tissue collected from the two uppermost leaves of 

selected plants to determine if the mutation was still present in new growth. 
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Residual chimerism in the pinched cucumber and tomato populations was 

evaluated by genotyping leaf tissue samples collected from seven consecutive leaves in 

each of twelve cucumber and tomato plants, including both plants that passed and did 

not pass the second stage of mutant confirmation 

Table 3.1 Reverse and forward primer sequences for cucumber and tomato gene targets 
Gene 
Name 

Forward Primer Reverse Primer ID 

Cucumber amplicons 

BRR1 AGCGGTAGTACCACCATCCC TAGTCTTAGCGAGCGGATTGG Csa5M218200.1 

BRR2 AGCTCAACCAACGCATTCTCC TGTCAACTACACAACAGGTGGA Csa6M501870.1 

BRR3 AGTTCTGATGATCCGTGCCG GGCAGACAATGAAAAGTGAGCA Csa6M501870.1 

BRR4 GGGTGTGGCTACATTGCTCT ACATTGGCAGGAAACCATTCAG Csa1M538180.1 

BRR5 AGTACCTCTTGTGAATACATTGCT TGCAGGTTTAGGGTGAAAGGAA Csa1M538180.1 

BRR6 CTGACCCCATTTGTGTAGGC TAGGGGAGGGGCGATCAAAT Csa3M730860.1 

CESA8 GCACAGATCGATTCCACCCAT CCAGTCAAATTTGGTCCAGGTTC Csa1M470270.1 

EDR1 TTGCAGAGGATCGAGATGGC GCATTCGTCGAGAATCGCAT Csa4M646020.1 

EDR2 CTGTGAGAGGTATTGATCTGGC TTGGGGGTTCACAAACTCCT Csa3M006610.1 

GAI* GGACAATGGTGTTTGATTCTCTC TGAAAGGTGAGGGTGAAAGG Cucsa.280310.1 

LFY* TGGATCCAGAAACCCTCTCC CAAGTGAGCGGAGGCAGT Cucsa.156880.1 

MLO8** CTGCCTCTCCACATGCATAA GCGCCCTGTACATGAAGAAC Csa6G509690.1 

PAN* GCGTTTTCTTCCGGATATTG TCACTCCTTTGGTCGTGCTA Cucsa.365420.1 

PDS3** CTCCATTGAGCACAATTCCA GAAATCGATTCAAGGCAATCA Csa4G011080.1 

PMR5 CCACACAAGCAATTCCCCAAT ATTTCTGGTGCTTGGTGCCAT Csa1M532290.1 

Tomato amplicons 

BRR3 TGTGGACCAGCTGAACTGAG TTCTCTTGTAGATCGAAAATTTGGT Solyc09g015170.2.1 

BRR4b TCCACTAATAAAGGCCCAAAGCA CCAGAGCCCGACACTAGGAG Solyc06g050560.2.1 

BRR6 ATAGGGACCAGAGCGTGGTT ACAGAGTTGCAAAGAAGAGCC Solyc04g054200.2.1 

CTOMT TGTGGTCATATCAACCTTGAACATA GGCGGATTGGACGGGTTAC Solyc10g005060.3 

CXE1 ACTCGTGCTGATAACGTGCTA AATGGGGGTTAGGCAAATGTTTGAA  

ORE1 TTAAACCCAAAAACTGCCCAACT CAACAAATGATGCAATTACAAACCA Solyc02g088180.2 

PAR1-1 GTTGAGTTCACTCCTTTGGCT TACAAATCGGGCCAGGCA Solyc01g008530.3 

PAR1-2 CAAGTTGCGACAGTGGCTTG TGGTTTTCTCCTACAAACCAAACT Solyc01g008530.3 

PAR2 CCGATGTTACCAGTCCGACG ACAAGCCAAAACCAAATGCAC Solyc01g008550.4 

* Used in pilot populations 
** Used in pilot populations and reduced chimerism populations 
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3.4.4 M1 fertility and transmission of the mutant allele 

Manual self-pollinations and cross-pollinations with wild-type flowers were done 

to produce M2 and F1 cucumber fruit. M1 tomato plants were left to self-pollinate to 

produce M2 fruit. After harvest, cucumber seeds were cleaned by incubating seeds in 

water at room temperature for 48-72h and then washing in a mesh basket under 

running water to remove any pulp from the seeds.  

Tomato seeds were cleaned using an acid treatment method. Seeds were 

extracted into mesh bags and rinsed under running water. The bags were then 

submerged in 5% HCl for 30 minutes, stirring every 10 minutes. The acid solution was 

neutralized using NaOH, and seeds were rinsed under running water and left to dry for 

48-72h at room temperature.  

Seed set was independently evaluated for each individual fruit. Transmission and 

segregation frequency of the mutation of interest was determined by sowing the 

extracted seeds and HRM genotyping DNA collected from leaf tissue of M2 and F1 

seedlings, and evaluated using a chi-squared test.  

 

3.5 Peroxidase Assay 

A peroxidase (POX) assay protocol for quantitative measure of immune function 

was modified from Mott et al. (2016) to evaluate innate immune response of BRR gene 

mutants. Leaf core samples were collected from young cucumber leaves using a #1 

cork-borer. Twelve leaf cores were collected from each of seven homozygous mutant 
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and seven homozygous wild type leaves. Leaf samples were washed by gently rotating 

for 1 hour in 1.5 ml microfuge tube containing 1ml of 1X MS. From each leaf, six leaf 

cores were used for the treatment, and six as a control. Single leaf disks were placed in 

the bottom of each well containing 1uM of flagellin22 in 50 uL of 1X MS such that a 

single row of the plate contains disks from a single leaf. Plates were sealed with PCR 

film and gently agitated for 16-20 hours at room temperature. To each well 50uL of the 

peroxidase substrate was added to each well, and the plate was mixed by tapping. The 

reaction was stopped after 2-3 minutes by adding 20uL of 2M NaOH, and absorbance 

was read at 550nm on a BioTek "Eon” Plate reader. Increased immune response was 

evaluated by determining the fold-increase of each treatment replicate to the control 

reaction containing no flg22 peptide.  
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4 Results 

4.1 EMS dose determination 

Cucumber seed survival showed an inverse linear relationship to EMS dose 

(Figure 4.2). The EMS dose for 50% seed lethality (LD50) was approximately 0.3% w/v 

EMS for 16 hr. A dose of 0.4% w/v EMS for 16h was chosen for all subsequent 

experiments to generate mutagenized cucumber and tomato populations, in order to 

ensure a substantial number of mutations would be created in the target genomes. 

 

Figure 4.1 Task flow for the creation and evaluation of M1 EMS cucumber and tomato populations. 
These steps describe mutation discovery, evaluation of genetic chimeras, and transmission of 
mutations from the M1 parent to M2 or F1 progeny. Steps designated with * only pertain to the 
reduced chimerism, or ‘pinched’ population, and are further described in Figure 4.3. 

Treat seeds with EMS

First pinch*

Second pinch*

Collect tissue samples

Make sequencing libraries

NextGen sequencing

Deep Variant Scanning (DVS)

Identify predicted mutations

Interrogate predicted mutations using original DNA 
sample

Determine which plant carries the mutation

Collect tissue from new growth on axillary shoot #2 and genotype for the mutation

Genotype consecutive leaves from axillary shoot #2

Harvest fruit

Plant seeds and evaluate seedlings for transmission
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Figure 4.2 Dose response curve for cucumber cv Beit alpha seeds treated for 16h in varying 
concentrations of EMS. Five treatments ranging from 0-0.5% w/v EMS were each applied to 200 
seeds prior to sowing. Germination was evaluated 7 days post-sowing. A dose of 0.4% for 16h 
was chosen for seed mutagenesis 

 

4.2 Pilot EMS cucumber populations 

  A population of 3072 EMS mutagenized cucumber plants was grown, and 

genomic DNA was collected from the first true leaf of the chimeric M1 seedlings. The 

Illumina sequencing data from the DVS method had a poor signal-to-noise ratio. As a 

result, SNPs could not be reliably called, and therefore no mutations were identified in 

the target genes. A subset of 768 plants from this same EMS cucumber population was 

selected to attempt mutation discovery using DNA samples from leaf tissue at the 6th 

node. The Illumina sequencing data generated from this subset of DNA samples 

produced an improved signal-to-noise ratio for SNP calling relative to the first leaf tissue 

samples, and DVS analysis revealed several candidate mutations in the target genes.  

There were 40 predicted mutations from sixth node leaf tissue in the second 

EMS cucumber pilot population (see 3.2.4 for prediction criteria) from the DVS output in 
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5 genes covering 15 862 bp, and 34 of these predicted mutations were confirmed in the 

original DNA sample from the 6th node. Interestingly, 7 plants carried two mutations in 

the target genes. In total, mutations were found in 42 plants.  

A subset of 37 cucumber plants known to carry mutations in the 6th node DNA 

sample was used to track the presence of the mutant lineage in each plant by 

genotyping every leaf on each plant. By this time, many of the lower leaves had 

senesced, and the number of leaves per plant ranged from 2-20, but were typically in 

the range of 7-9. Genotyping data showed that the mutation of interest was not present 

in more than half of the plants. The mutations of interest were found in sixteen plants, 

however only in four cases did a plant have positive results in multiple samples. 

Additional detailed genotyping of leaf tissue revealed that leaves on the chimeric plants 

were often comprised of two separate genetic sectors divided by the midrib (Figure 4.3). 

Only two plants showed a stable presence of the target mutation in several consecutive 

samples. The F1 progeny from these two plants segregated 1:1 for the mutation (13:14 

and 48:63), demonstrating successful transmission.  
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Figure 4.3 A chimeric cucumber leaf genotyped in 12 different sections. Cucumber seeds were 
treated with EMS to develop a mutagenized population. A leaf from the eighth node of an M1 plant 
known to carry a mutation in the PDS3 gene was sectioned for separate DNA extractions and 
genotyped for the mutation using HRM. Bisected by the midrib, half of the leaf sections were 
positive for the mutation (right) and half were negative (left). 

 

 

4.3 Reduced Chimerism M1 EMS Population construction  

Approximately 4000 cucumber and 3000 tomato seeds were mutagenized to 

construct the M1 EMS populations designed to have reduced chimerism. Germination at 

one-week post-treatment was 42% for cucumber, and 23% for tomato. A pinching 

procedure was performed twice on each plant to promote dissociation of the chimera 

into a homohistic plant (Figure 4.4). Many plants failed to thrive following the first pinch, 

leaving 950 cucumber and 500 tomato plants that were suitable to keep for the second 

round of pinching. Cucumber seedlings in particular did not respond well to pinching, 

and axillary shoots were delicate and prone to breaking. Plants were removed from the 

population if they did not produce a new axillary shoot at the first or second node, or if 

Midrib + - 
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the shoot was deformed (an expected side-effect of mutagenesis). Common 

observations in the mutagenized population included the growth of shoot clusters 

containing 2-4 new shoots at each cotyledon node, and axillary shoots that were 

terminal and/ or had no apparent axillary bud. 

In contrast to cucumber, tomato seedlings responded very well to apical 

meristem removal, and in most cases developed vigorous shoots from both available 

axillary buds. Although cucumber was slightly slower than tomato in establishing a new 

apical shoot, an interval of 14 days between pinches was sufficient for both species. 

The second pinch had less of an impact on seedling attrition than the first, and mutation 

discovery proceeded using populations of 768 cucumber and 384 tomato plants, 

respectively, amounting to 19% and 13% of the number of seeds originally sown. The 

total time from seed treatment to tissue collection was 61 days for both species. 
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Figure 4.4 Pinch method and repeated sampling method. When seedlings reached the 4-5 node 
stage, the apical meristem was removed (“pinched”) from each plant to stimulate new growth 
from an axillary meristem. Each M1 plant was pinched twice prior to collecting tissue samples 
from axillary shoot #2 for sequence library construction and mutation discovery. Repeated 
sampling occurred after a plant was determined to carry a mutation in a gene of interest. 
Genotype data from tissue sampled from seven consecutive leaves on axillary shoot #2 showed 
that the mutation of interest was not always present in each sample, indicating that sometimes the 
second axillary shoot of a pinched M1 plant was still chimeric. 
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4.4 Deep Variant Scanning (DVS) 

Eight different Illumina sequencing libraries were used for PCR amplification. 

Each library contained pooled DNA from 96 unique cucumber and 48 unique tomato 

plants. Deep Variant Scanning (DVS) analysis of sequence data revealed 144 

candidate mutations in 8 cucumber genes and 85 mutations in 8 tomato genes. No 

mutations were predicted in four cucumber genes: BRR1, BRR2, CESA8, and PMR5. 

For each position in the sequenced genes, DVS output describes: 1) the nucleotide 

base change caused by EMS, as well as any resulting changes to the amino acid 

sequence, 2) the normalized read count for the mutant nucleotide base in each 

sequencing library, 3) total sequencing coverage across all libraries, and 4) statistical 

measures of probability that the mutant base reads are true, and not the result of biased 

amplification or sequencing, or poor sequence assembly. Table 4.1 shows a simplified 

DVS output of a subset of the mutations identified in M1 cucumber and tomato “pinch” 

populations. Illumina sequencing libraries showing a high number of reads for a specific 

nucleotide base relative to other libraries were indicative of a mutant being present in 

one of the individual plants represented within that library. For example, library VIII likely 

contained cucumber plants with mutations in BRR3 and MLO8. Similarly, sequencing 

library IV likely contained tomato plants with mutations in CTOMT and ORE1. 



 

 

 

 

Table 4.1 Selected Deep Variant Scanning data output showing sequencing libraries (I-VIII) containing candidate mutations and the 
quality of each mutation. 

Gene Mutation   
Amino acid 

change 
I II III IV V VI VII VIII 11

st
/ 2

nd
 Coverage 3Aggregate 

Cucumber   

BRR3 2370C>T P623S 28 41 12 1 0 15 1 799 20 79 046 2.06 

BRR4 997C>T L151F 398 8 0 0 8 7 0 0 48 101 976 2.81 

BRR5 3621G>A R873K 0 2 180 14 3 7 10 9 13 243 353 2.15 

BRR6 6406G>A G960D 327 0 19 9 0 12 8 0 17 123 259 2.44 

MLO8 1320C>T T92I 0 0 0 18 17 0 0 575 31 86 105 3.06 

PDS3 4213G>A E229K 0 427 41 0 0 0 0 6 10 99 589 2.76 

EDR1 550G>A G12E 210 0 0 2 20 10 0 0 10 74 397 2.24 

EDR2 4147G>A 2SS 30 30 19 340 14 0 14 0 11 139 730 1.86 

Tomato   

BRR3 2119C>T P461S 0 12 2 9 8 9 564 0 47 92 339 3.14 

BRR4b 1437C>T P313S 622 22 2 0 12 5 60 24 10 113 538 2.14 

BRR6 6246C>T S990F 0 3 2 10 0 578 9 0 58 105 689 3.17 

CTOMT 1876G>A G211D 0 7 0 966 10 28 1 0 35 90 538 3.40 

CXE1 1625G>A V274I 0 1 619 26 9 9 0 0 24 72 720 3.13 

ORE1 1386G>A A174T 0 0 0 365 0 7 0 0 53 83 451 2.79 

PAR1 5171G>A E217K 8 28 0 1 329 3 3 0 12 74 016 2.63 

PAR2 2430G>A R120K 0 0 184 7 5 0 0 2 26 159 937 2.20 
11st/2nd is the ratio of highest and second-highest number of mutant base reads at the given location across the eight sequencing libraries. A high 
ratio indicates a potential mutation, as it is unlikely for two plants to have the same randomly induced mutation.  
2SS denotes a mutation in the splice acceptor site (AG sequence) at the end of an intron. 
3Aggregate is a score derived from two p-value statistics, population p-value and position p-value (not shown) (Banks and Somers, 2015). 
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Average read depth was lower in tomato than cucumber across all pools, and the 

total average read depth of all eight pools was 56 607, which was lower than the 

minimum threshold of 70 000 reads that was set for mutation prediction in this 

population (Table 4.2). However, when adjusted for population size, the tomato 

population contained more predicted mutations than the cucumber population (25 

mutations/ 100 plants compared to 19 mutations/ 100 plants). Low and uneven 

coverage was most notably observed in four cucumber genes (BRR1, BRR2, CESA8, 

and PMR5), none of which had any predicted mutations, whereas genes with higher, 

more consistent coverage had many predicted genes (Figure 4.5). 

 

Table 4.2 Average read depth and number of cucumber and tomato mutations predicted in each 
sequencing library. 

Sequencing 

Library 

Cucumber (n=768) Tomato (n=384) 

Number of 

mutations 

Average read 

depth 

Number of 

mutations 

Average read 

depth 

I 27 7151 14 4739 

II 12 13 598 11 8945 

III 20 7697 11 6236 

IV 13 11 027 11 7387 

V 17 11 015 12 7853 

VI 13 11 218 12 8360 

VII 12 10 911 8 6267 

VIII 30 10 920 6 6818 

Total 144 83 537 94 56 607 
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Figure 4.5 Depth of coverage maps from NGS data showing the average number of reads across 
all eight sequencing libraries at a given gene position. (a) Cucumber gene CESA8; (b) Cucumber 
gene BRR3. Exons (red) were not included in the amplified region. 
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Nucleotide transitions were 56% G>A and 44% C>T. Silent, missense, and 

disruptive (nonsense or splice-site) mutations accounted for 51%, 44%, and 5% of 

predicted mutations in cucumber, respectively. In comparison, tomato mutations were 

51% for silent, 47% for missense, and 2% for disruptive mutations (Table 4.3). Mutation 

frequency estimates made using values for predicted mutations indicated that, although 

they received the same EMS treatment dose, the tomato population was more densely 

mutated than the cucumber population (Table 4.5). 



 

 

 

 

Table 4.3 Distribution of mutation types and estimated mutation densities of M1 cucumber and tomato populations from predicted 
mutations with a sequence coverage of over 70 000 reads  

Species 
Number 

of plants 

Total gene 

length(bp)* 

Type of Mutation 
Total number 

of mutations 

Estimated 

mutation density 

in a plant (bp) ** 

Estimated 

mutation density in 

population (bp)*** 
Silent Missense Nonsense 

Splice 

Site 

Cucumber 768 26 367 74 63 4 3 144 141 607 184 

Tomato 384 27 308 43 40 1 1 85 123 368 321 

* Sum of the lengths of all genes examined for mutations.                                                                              
** Estimated mutation density in a plant (total gene length x population size/ total number of mutations) 
*** Estimated average distance between predicted mutations when whole population is considered (total gene length/ total number of 
mutations) 
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4.5 Mutation discovery and confirmation of fixed genetic sectors 

A subset of predicted missense, nonsense, and splice site mutations (67 

cucumber and 39 tomato) was examined by small amplicon HRM to validate the 

predicted mutations by pinpointing carrier plants in the relevant sequencing libraries 

(Figure 4.6). From this subset, ten cucumber and eight tomato predicted mutations were 

false positives (FP), meaning they were not found in the original DNA samples taken 

from each population (Table 4.5). Mutations were not always found in a 1:1 ratio with 

plants. During the validation step there was one case where two cucumber plants in the 

same sequencing library both had a mutation in the amplified region, and seven 

instances of ‘double mutant’ plants that carried two of the predicted mutations (Table 

4.4).  

 

 

Figure 4.6 Detection of mutations in individual cucumber DNA samples using high resolution DNA 
melting (HRM). A small amplicon encompassing the location of a putative point mutation was 
amplified in separate DNA samples from each plant in the sequencing library where the mutation 
was found. The melt profile of the amplicon that is heterozygous for the mutant allele (black) 
differs from the melt profile of wild type (gray). A) BRR3 1896 Q465* and B) BRR4 2491 SS in 
separate pools of 96 cucumber DNA samples 
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New estimations of mutation density made using the number of confirmed true 

positive (TP) mutations in the subset to estimate the number of TP predicted mutations 

in the population showed a decrease from the initial estimated densities for both 

populations seen in table 4.3, as well as a higher density in cucumber rather than 

tomato (Table 4.5). Plants carrying TP mutations were re-sampled and genotyped, and 

47 out of 53 mutations in cucumber and 26 out of 31 mutations in tomato were still 

present in new plant growth (Table 4.4). 

 

Table 4.4 Plant and mutation attrition at each step of the experiment from population construction 
to mutation transmission 

Step Number of plants Number of mutations 
Cucumber Tomato Cucumber Tomato 

Pinch 1 1680 690     
Pinch 2 950 500     

Tissue sample collection 768 384     
Mutations predicted   144 85 

Mutation discovery (subset)     67 39 
Genotype new growth for mutation 53 33 57 36 

Repeated sampling (subset) 12 12 17 15 
Seeds obtained     37 19 

Transmission study (subset) 33 16 37 18 



 

 

 

 

 

Table 4.5 Summary of mutations discovered in twice-pinched M1 cucumber and tomato EMS populations.  

Gene 

Number of 

mutations 

predicted 

Number of 

mutations 

examined 

Number of 

false positives 

Number of mutations 

confirmed in new 

growth 

Gene 
length (bp) 

3Mutation 

density in a 

plant (bp) 

4Mutation 

density in 

population (bp) 

Cucumber
1
 

BRR3 15 13 2 9 1535 92 380 120 

BRR4 22 13 2 11 3508 143 945 187 

BRR5 13 9 1 6 1505 104 509 136 

BRR6 27 16 2 11 3418 114 280 149 

EDR1 4 2 1 0 3266  737 085* 960* 

EDR2 18 5 0 4 3963 198 753 259 

MLO8 18 4 2 2 4417 221 522 288 

PDS3 27 5 0 4 4755 158 982 207 

          Average 147 767 192 

Tomato
2
 

 

BRR3 9 6 2 4 3410 218 240 568 

BRR4b 18 15 3 8 3215 85 733 223 

BRR6 10 6 0 5 3728 143 155 373 

CTOMT 10 5 1 4 3699 177 552 462 

CXE1 2 1 0 1 3386  650 112* 1693* 

ORE1 1 0 0 n/a 1900   

PAR1 16 2 1 1 4000 192 000 500 

PAR2 19 4 1 3 3970 106 981 279 

             Average 153 944 401  
1Cucumber population size = 768;  
2Tomato population size = 384;  
3Mutation density in a plant = gene length x population size/ (TP/(TP+FP)/ number of predicted mutations);  
4Mutation density in population = gene length/ (TP/(TP+FP)/ number of predicted mutations); 
*p<0.05, excluded from calculations of average mutation density
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4.6 Sampling to evaluate whole plant chimerism 

The distribution of mutant cell lineages in twice-pinched M1 cucumber and tomato 

plants was examined by genotyping leaf tissue from seven consecutive leaves 

(“repeated sampling”) on each of 13 cucumber plants and 12 tomato plants. Unstable 

chimerism was observed in five cucumber plants and one tomato plant, as evidenced by 

a non-unanimous presence of the mutant allele in all seven samples (Table 4.6). 

Interestingly, two of the five cucumber plants exhibiting unstable chimerism were not 

expected to be positive for the mutant allele in any of the samples, as they had failed to 

show evidence of the mutation in the previous re-sampling test that was done to confirm 

the presence of a mutation in new plant growth. When repeated sampling double 

mutant plants, both mutations always occurred together in the same samples, even 

when the mutations were not stable.  

 

Table 4.6 The number of chimeric and fixed mutations in a selection of twice-pinched M1 plants. 
Leaf tissue samples were collected from eight consecutive nodes on M1 cucumber (n=12) and 
tomato (n=12) plants. Plants were expected to be positive or negative for a mutation based on 
previous genotype confirmation. One cucumber plant was evaluated for two mutations. Results 
showed that chimerism was not consistently eliminated after two pinches. 

Species Number of fixed plants Number of chimeric plants Total number of plants 
+ - + - + - 

Cucumber 6 2 3 2 9 4 
Tomato 9 2 1 0 10 2 

“+” indicates the plant was expected to carry the mutation, “-“ indicates the plant was not 

expected to carry the mutation. 

 

 

 



 

 

 

 

52 

The presence of different genetic lineages in a chimeric plant can sometimes be 

visualized in plants when cell lineages carry mutations that affect chlorophyll 

biosynthesis or deposition, and therefore tissue colour. Figure 4.7 shows two examples 

of ‘mosaic’ mutant cucumber and tomato plants. Mosaic mutants were found in both un-

pinched and pinched plants; however, they were comparatively more frequent and 

complex in the un-pinched populations. This phenotypic observation aligns with what 

was observed in the genotyping data: chimerism is still evident in pinched plants, but it 

is less complex than in un-pinched plants, and mutant lineages are more likely to be 

present in fixed periclinal or sectorial formations. 

 

 

Figure 4.7 Chimerism can be seen when a cell lineage has a mutation that causes a visible change 
in phenotype, such as reduced or absent pigment due to chlorophyll deficiency. (a) Multiple 
uneven sectors comprise a leaf on an M1 cucumber plant that had not been pinched; (b) A 
chlorophyll deficient sector in M1 tomato plant that had been pinched two times encompasses 
part of the plant stem and most of a lateral shoot growing out of the main stem.  
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4.7 Fertility and seed quality 

Fruit on the M1 plants were produced by self-pollination in cucumber and tomato, 

as well as by reciprocal backcrossing in cucumber. The cucumber M1 x WT crosses had 

a 74.7% success rate, higher than WT x M1 (50%), and more than twice that of self-

pollinated flowers (35.5%). M2 and F1 cucumber fruits were both likely to contain viable 

seeds, however, M2 fruits averaged more seeds per fruit (Table 4.7). M2 seeds were 

collected for 12/47 mutations, F1 seeds for 25/47 mutations, and 10 mutations were lost 

due to plants producing either very few or no seeds. The M2 and F1 cucumber seeds 

had germination rates of 90% and 82%, respectively (Table 4.7).  

Seedless fruit accounted for 43% of the 423 tomato fruits harvested, and M2 

seeds were obtained for 19 tomato mutations. Table 4.8 shows the mean and median of 

average tomato seeds collected per fruit in the contexts of including all fruit harvested, 

and of only including fruit which contained at least one seed. Although these values 

differ depending on the definition of total number of fruit, both perspectives show low 

seed production. The average germination for tomato M2 seeds was 47%. 

Table 4.7 Summary of pollination success and seed set resulting from M1 cucumber crosses.  

Cross* Number of 

pollinations 
Number   

of fruit 

harvested 

Number   

of fruit 

containing 

seeds 

Number of Seeds/ Fruit 
Average 

germination 

(%) 
Mean 

number of 

seeds 

Median 

number 

of seeds 
Standard 

deviation 

Self 107 38 35 100 98 67.4 90 
WT x 

mutant 6 3 3 73 25 78.7 98 
Mutant 

x WT 91 68 63 45 27 47.9 82 
*WT = Wild Type parent, reciprocal crosses are noted separately. 
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Table 4.8 M2 Tomato seed production from 25 self-pollinated M1 tomato plants. 

Population Mean number of seeds Median number of seeds Range 
All harvested fruit 9.8 5.1 

1-88 
Fruit that contained seeds 17.5 9.5 

 

4.8 Transmission and Segregation 

Transmission of the mutant allele from the M1 to the M2 or F1 generation was 

evaluated using HRM. Successful transmission was observed in both species (Figure 

4.8). In cucumber, transmission was evaluated for 37 mutations, and had a success rate 

of 78% (Tables 4.9 and 4.10). A Fisher’s exact test showed that there was no 

relationship between parental cross type and transmission success (P=0.4008). Chi-

square analyses of segregation ratios revealed several instances of a non-Mendelian 

distribution of genotypes, where cucumber and tomato families exhibiting transmission 

did not follow the expected Mendelian ratios of 1:2:1 for M2, and 1:1 for F1 (Tables 4.9 

and 4.10). This was most often seen in cucumber M2 families, where segregation was 

not consistent with the expected ratio in four out of seven (57%) families carrying the 

mutation of interest. In comparison, only three F1 cucumber families (14%) and one 

tomato family (17%) did not fall within the expected distribution of genotypes (Tables 4.9 

and 4.10). Two of the five chimeric cucumber plants identified through repeated 

sampling produced progeny were evaluated for transmission, which was successful in 

both cases. 
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Figure 4.8 High resolution DNA melt curve detection of segregating alleles in cucumber. Left: A 
testcross population of 50 F1 cucumber seedlings in BRR3 Q465* shows 1:1 segregation of 
homozygous wild type (light gray) and heterozygous (black) seedlings. Right: An M2 population of 
29 cucumber seedlings in BRR4 (2491)SS shows 1:2:1 segregation of homozygous wild type 
(black), heterozygous (light gray), and homozygous mutant (dark gray) seedlings. 

 

Three cucumber families exhibited highly skewed segregation (Tables 4.9 and 

4.10). The BRR4 T200I M2 cucumber family had no homozygous mutant seedlings 

when the expected number was 12.5. Similarly, the BRR4 S12F and EDR2 A232T F1 

families each had only 2 out of an expected 45 and 60 seedlings carry the mutation of 

interest, respectively. In three cases, transmission was evaluated using seeds extracted 

from multiple fruit produced by the same M1 plant. Seeds were not bulked, and each 

fruit was evaluated independently. Three plants (BRR4 (2491)SS, PDS3 E229K, EDR2 

A232T) produced fruit where the mutation transmitted, as well as fruit where the 

mutation did not transmit (Tables 4.9 and 4.10).  

In tomato, transmission was evaluated for 18 mutations, and successful 

transmission was observed for 6 plants (33%) (Table 4.11). Due to low germination 

rates, two-thirds of the transmission results were based on genotyping data from 

families of fewer than twelve seedlings. Only one case of successful transmission was 
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observed in a small family (n=1), while the other five were observed in families where 

the number of seeds was ≥17.  

In addition to genotyping data, segregation of different seedling phenotypes was 

observed in several M2 and F1 cucumber families (Figure 4.9). Panels (a) and (f) show 

two photos of seedlings from the same BRR3 L689F M2 family, taken one week apart. 

In this family, 12 of the 35 seedlings were small with light green leaves, and did not 

grow past the cotyledon stage. The occurrence of this phenotype did not correlate with 

the genotyping data for that family, and was therefore unrelated to the mutation of 

interest. The absence of a relationship between seedling phenotype and presence of 

the mutant allele was also true for two M2 and two F1 families, where a stunted 

cotyledon shape (c) was commonly observed. These four families had separate 

mutations of interest in one of three different BRR genes (BRR3, BRR4, or BRR6), but 

presence of the mutation did not correspond to the phenotype seen in (c). Conversely, 

the leaf morphology seen in (d) corresponded to plants that were heterozygous for 

PDS3 E229K in an M2 family (Table 4.10). 
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Table 4.9 Transmission and segregation of mutant alleles in M2 cucumber families 

Gene Mutation 
Amino Acid 

Change 
Germination AA Aa aa X

2 Transmission 

Result 
BRR3 2754C>T L689F 99% 44 62 37 17.25 + 
BRR4 997C>T L151F 92% 39 63 31 11.16 + 
BRR4 1043G>A G166D 94% 10 14 6 3.00* + 
BRR4 1145C>T T200I 71% 21 30 0 18.88 + 
BRR4 1396C>T L284F 97% 10 21 4 4.42* + 
BRR4** 2491G>A SS 67% 24 0 0 72.00 - 
BRR4** 2491G>A SS 88% 10 31 22 18.85 + 
BRR5 3621G>A R873K 75% 9 0 0 27.00 - 
BRR6 3056C>T S560L 83% 60 0 0 180.00 - 
BRR6 6117G>A E864K 99% 71 0 0 213.00 - 
BRR6 6406G>A G960D 94% 5 7 5 2.83* + 

Normal Mendelian segregation in M2 families is 1:2:1 homozygous wild type (AA), heterozygous 

Aa, homozygous mutant (aa). *P<0.05 when X2<5.99; **data from this fruit is kept separate from 

the others with the same mutation of interest, because no transmission was observed 
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Table 4.10 Transmission and segregation of mutant alleles in F1 cucumber families 

Gene Mutation 
Amino Acid 

Change 
Germination AA Aa X

2
 

Transmission 

Result 

BRR3 1366C>T A288V 13% 0 1 1.00* + 

BRR3 1800C>T L433F 60% 2 1 0.33* + 

BRR3 1896C>T Q465* 77% 44 34 1.28* + 

BRR3 2370C>T P623S 65% 3 8 2.27* + 

BRR3 2754C>T L689F 90% 31 34 0.14* + 

BRR3 2926C>T T746I 100% 44 0 44.00 - 

BRR4 536C>T S12F 98% 45 2 39.34 + 

BRR4 776C>T P77L 100% 1 1 0.00* + 

BRR4 1145C>T T200I 100% 16 20 0.44* + 

BRR4 1444C>T L300F 100% 36 0 36.00 - 

BRR4 2515G>A D627N 58% 3 4 0.14* + 

BRR4 2578C>T H648Y 96% 12 11 0.04* + 

BRR5 3746G>A D915N 95% 9 12 0.43* + 

BRR5 3783G>A C927Y 65% 52 18 16.51 + 

BRR5 3852G>A R950H 100% 2 8 3.60* + 

BRR5 3884C>T Q961* 90% 36 0 36.00 - 

BRR6 2648G>A G424E 77% 42 36 0.46* + 

BRR6 6102C>T L859F 75% 9 0 9.00 - 

BRR6 6270C>T Q915* 98% 18 28 2.17* + 

BRR6 2969C>T G531D 100% 15 0 15.00 - 

BRR6 6319G>A C931Y 100% 8 16 2.67* + 

EDR2 4147G>A SS 50% 2 1 0.33* + 

EDR2** 4175G>A A232T 87% 60 2 54.26 + 

EDR2** 4175G>A A232T 90% 18 0 18.00 - 

PDS3 3684G>A D203N 94% 18 18 0.00* + 

PDS3** 4213G>A E229K 83% 6 10 1.00* + 

PDS3** 4213G>A E229K 0% 34 0 34.00 - 

PDS3 4276G>A A250T 100% 27 21 0.75* + 

Normal Mendelian segregation in F1 families is 1:1 homozygous wild type (AA), heterozygous (Aa).  
*P<0.05 when X2<5.99; **data from this fruit is kept separate from the others with the same 

mutation of interest, because no transmission was observed  
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Table 4.11 Transmission and segregation of mutant alleles in M2 tomato families 

Gene Mutation Amino Acid 

Change Germination AA Aa aa X
2 Transmission 

Result 
BRR3 2119C>T P461S 44% 11 0 0 33.00 - 
BRR3 2159G>A G474D 82% 13 18 10 4.61* + 
BRR3 2814G>A G658E 25% 1 0 0 3.00* - 
BRR4b 768G>A G90S 48% 23 0 0 69.00 - 
BRR4b 1257C>T L253F 40% 8 0 0 24.00 - 
BRR4b 1437C>T P313S 35% 3 9 5 2.83* + 
BRR4b 1867G>A S456N 4% 0 1 0 1.00* + 
BRR4b 2827G>A D750N 39% 7 0 0 21.00 - 
BRR6 3980G>A G514S 30% 6 0 0 18.00 - 
BRR6 4502G>A G688S 40% 8 0 0 24.00 - 
BRR6 6105G>A G943E 30% 6 0 0 18.00 - 
BRR6 6135C>T A953V 35% 6 0 0 18.00 - 
BRR6 6246C>T S990F 96% 4 14 6 3.33* + 
CTOMT 1876G>A G211D 59% 10 13 1 7.26 + 
CTOMT 2793C>T S315L 40% 8 0 0 24.00 - 
CXE1 1625G>A V274I 29% 2 0 0 6.00 - 
PAR1 5171G>A E217K 64% 6 20 6 3.85* + 
PAR2 3292G>A G223D 46% 6 0 0 18.00 - 

Normal Mendelian segregation in M2 families is 1:2:1 homozygous wild type (AA), heterozygous 

Aa, homozygous mutant (aa). * P<0.05 when X2<5.99 
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Figure 4.9 M2 and F2 mutant Cucumber families exhibiting visible segregating phenotypes. (a) an 
M2 family (n=35) contained 12 seedlings with a lethal mutation; (b) seedlings with two leaves 
emerging from the first node; (c) abnormal cotyledon morphology; (d) heterozygous individuals in 
an M2 PDS3 mutant family have tri-lobed leaves; (e) an F2 cucumber family (left) carries a mutation 
which causes a long hypocotyl length compared to non-mutated parent cv. beit alpha (right); (f) an 
M2 cucumber family presents two different phenotypes for tissue colour 

 

4.9  Phenotyping 

Segregating M2 and F2 cucumber families carrying mutations in PDS3, BRR3, 

and BRR6 were screened to determine if the induced mutations caused phenotypic 

changes. Loss-of-function mutations in the PDS (phytoene desaturase) gene have 

impaired chlorophyll biosynthesis, resulting in an albino phenotype (Qin et al., 2007). 

Segregating M2 and F2 families with mutations in PDS3 4213 and 3684 did not exhibit 
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an albino phenotype, indicating the mutations did not cause a loss of function; however, 

a unique leaf morphology was observed in plants heterozygous for the PDS3 4213 

mutation (Figure 4.9).  

 An F2 family carrying a nonsense mutation in BRR3 and a missense mutation in 

BRR6 was subjected to an assay for measuring peroxidase enzyme activity (POX 

assay) induced by the flg22 peptide as an indirect indicator for pathogen triggered 

immune response. Loss-of-function BRR mutants exhibit a loss of pathogen 

susceptibility in the form of an increased broad-spectrum immune response to MAMPs 

(see Chapter 2.3). The results of the assay showed that the mutant cucumber plants did 

not show a significantly higher POX response to flg22 compared to a wild type control 

(Figure 4.10). 
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Figure 4.10 POX assay for increased immune response in cucumber mutant BRR3 Q465*/ BRR6 
G424E. Immune response was measured using the POX assay as describe in Mott et al. (2016). 
Reactive oxygen species are produced by leaf discs challenged with the peptide flg22. The 
addition of peroxide catalyzes a colorimetric reaction that is stopped after 1-3 minutes. 
Absorbance was read at 600nm, and the fold-increase in absorbance between the peptide-
challenged leaf disc and the water-treated control is used as a measure of increased immune 
response. No significant difference in immune response was observed between cucumber 
homozygous BRR double mutant plants (aa) and WT (AA) siblings. n=12 (AA) and 12 (aa) with six 
repeat measures. 
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5 Discussion 

5.1 EMS Mutagenesis 

The 0.4% EMS dose used to construct all populations was selected based on a 

corresponding germination rate of 42% that was observed in a dose-response test 

(Figure 3.2). A common guideline for constructing EMS mutagenized populations is to 

use a dose that reduces M1 seed germination by approximately 50% in order to 

maximize mutation density with minimal reduction in reproductive capacity caused by 

physiological or genetic damage (FAO/IAEA, 2018). The level of chimerism in the M1 

population is a concern when there is the risk that any discovered mutation of interest 

may be isolated to a sector of the plant that is genetically different than the reproductive 

structures. One approach for managing this concern is to use a high treatment dose in 

order to induce deficiencies in the seed embryo initial cells that lead to cell death or 

early elimination of weaker call lineages by diplontic selection, effectively reducing the 

potential complexity of the chimera.  

Germination in the EMS treated cucumber populations was similar to what was 

expected based on the dose-response test. The tomato population, however, 

experienced a low germination of 23% and a high amount of seedling injury. Although 

this was not anticipated, as a previously generated dose-response curve for tomato 

showed a much higher germination at the same dose, it is not unusual even within a 

single species or cultivar to see variable responses to identical EMS treatments. Saito 

et al. (2011), for example, reported germination rates of 35% and 92% in two different 

MicroTom populations both created using EMS treatment dose of 1% for 16h, and 
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fertility rates of 56-82% in three separate MicroTom populations created using a 0.5% 

EMS for 12h. Such inconsistencies between dose and germination across the literature 

may be related to the quality of the reagent, as EMS will degrade in aqueous solution 

and has a half-life of four days at room temperature (Froese-Gertzen et al, 1963). 

Treatment potency is also affected by variables such as light exposure, pH, reaction 

volume, solvent type, and time (FAO/IAEA, 2018). 

 

5.2 Mutation discovery in chimeric plants 

Mutation screening in TILLING (Targeted Induced Local Lesions in Genomes) 

populations is typically done using DNA collected from the M2 or subsequent 

generations, as sexual reproduction fully dissociates any chimerism in a parent. In order 

for mutation screening in the chimeric M1 generation to be useful, there must be a 

likelihood that the discovered mutations will transmit to the non-chimeric progeny. It is 

therefore important that the DNA samples collected from each M1 plant in the population 

represent the same genetic lineage that gives rise to germ line cells.  

The number of unique genetic lineages that comprise a chimera primarily 

depends on the architecture and organization of the undifferentiated initial cells in the 

shoot apical meristem (SAM). A seed embryo has the potential to contain as many 

unique lineages as there are cells, because each cell is affected differently by the 

mutagenesis treatment. As the chimeric plant develops and meristematic stem cells 

divide and differentiate, cell lineages are lost as they are displaced from the shoot apex, 

due to random chance or diplontic selection. In indeterminate plants this process will 
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continue until the plant completely dissociates and all new growth is derived from the 

one remaining lineage, or until it stabilizes into a periclinal chimera where lineages are 

uniform within each histogenic cell layer. While the number of cell initials in the 

embryonic meristem has been estimated for some species, no such number has been 

specifically reported in cucumber or tomato; however, images of shoot apical meristems 

in cucumber and tomato plants suggest that in both species the central zone of the 

shoot apical meristem contains a large number of undifferentiated meristematic stem 

cells (Fleming et al., 2016; Zhao et al., 2018). 

 

5.2.1 Pilot populations 

DVS analysis of the first pilot population of M1 cucumber plants was unsuccessful 

using DNA collected from the first true leaf of each plant, but was successful using DNA 

collected from the sixth leaf. The low ‘signal-to-noise’ ratio in the first-leaf sequencing 

data precluded detection of any mutations. This was likely due to a high degree of 

chimerism in the seedlings that resulted in each tissue sample contributing several 

unique genotypes to the sequencing libraries and effectively artificially inflating the pool 

size. As this was not an issue with the sixth-leaf DNA, we hypothesized that the 

chimeric plant was at least partially dissociated at this point in development, and the 

lineage comprising the sixth leaf might be a progenitor to germ line cells. 

The second M1 cucumber pilot population was screened for mutations in five 

genes covering 15 862 bp, using DNA collected from the sixth leaf. Mutation detection 

was successful, and 37 plants were evaluated for chimerism and transmission of the 
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mutations of interest. Transmission was successful for two mutations, both of which had 

stabilized beyond the sixth node. Although the improvement in mutation detection 

shows that EMS-induced chimerism in M1 cucumber plants reduces in complexity from 

the first to the sixth leaf, the detailed genotyping results reveal that the plants are still 

sectorial chimeras, and a tissue sample collected at this stage is more likely to 

represent a small sector than a stable lineage that will produce germ line cells. 

 

5.2.2 Reduced chimerism populations 

Two new M1 populations were generated by mutagenizing 4000 cucumber seeds 

and 3000 tomato seeds with 0.4% EMS. A two-step procedure was introduced into the 

construction of these populations in order to promote dissociation of the chimera by 

‘pinching’ seedlings to redirect apical dominance to an axillary shoot. Axillary shoots 

have the potential to be less chimeric than the apical shoot, because the meristematic 

cells deposited in the formation of an axillary bud may be derived from only a subset of 

the many unique lineages that comprised the shoot apical meristem at the time when 

the axillary bud was formed. Roux et al. (2001) successfully applied a similar in vitro 

approach involving repeated propagation of vegetative shoots to rapidly dissociate 

chimeric plantlets in Musa spp.  

Freshly collected apical leaf tissue from all plants carrying true-positive mutations 

was genotyped to confirm the continued presence of the mutant lineage. The eleven 

cucumber mutations and five tomato mutations that were not found in young tissue were 

deemed to be lost as a result of diplontic selection. An evaluation of whole-plant 

chimerism using 12 cucumber and 12 tomato plants from the reduced chimerism 
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population showed that pinched plants were either stable, or had large sectors carrying 

the mutation of interest. This suggested that the apical meristem of the second induced 

shoot may still be comprised of more than one different cell lineage, but are less 

variable than un-pinched plants where the occurrence of many small genetically 

different sectors indicate a more variable meristem. Evidence of residual chimerism was 

observed in five cucumber plants and one tomato plant, but resolved in three of the 

cucumber plants after the first few nodes. This evaluation also revealed that the 

previous genotype confirmation was conducted in the part of the plant where residual 

chimerism was found. One mutation previously thought lost to diplontic selection was in 

fact still present, and eventually stabilized in later growth. This mis-categorization can 

be avoided by confirming mutations either in later growth, or by using multiple samples. 

This evaluation can only reveal sectorial and mericlinal chimeras, because HRM is 

sensitive enough to detect the mutation even if it is only present in a single histogenic 

cell layer in a periclinal chimera, making the periclinal chimera indistinguishable from a 

homohistic plant. 

 

5.3 Mutation discovery 

The subset of mutations chosen for further interrogation from the 238 predicted 

mutations excluded any silent mutations, included all nonsense and splice site 

mutations, and the remainder were selected to get the most balanced representation of 

all genes. The DVS mutation discovery platform only considers GC>AT transitions, as 

this is the type of mutation characteristic to EMS due to its mechanism of action. 

Cucumber and tomato TILLING projects that looked for both transition (AG or CT) 
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and transversion (AT, AC, GT, GC) mutations found 70-100% transition 

mutations, an exception being a 1.0% EMS tomato population screened by Minoia et al. 

(2010) where 71% of the discovered mutations were transversions (Boualem et al., 

(2014); Gupta et al., (2017); Fraenkel et al., (2014); Minoia et al., (2010); Okabe et al., 

(2011). The distribution of different mutations types in the M1 cucumber and tomato 

populations was 51% silent, 45% missense, and 4% nonsense and splice site. This is 

comparable to what was seen in other EMS cucumber and tomato populations, where 

observed mutation types ranged from 16-69% silent, 23-80% missense, and 2.5-4% 

nonsense (Boualem et al., (2014); Gupta et al., (2017); Minoia et al., (2010); Okabe et 

al., (2011)).  

The mutation detection rate in the M1 cucumber and tomato populations was 6.76 

mutations/Mb and 6.33 mutations/Mb, respectively. This detection rate is 7X more than 

the next-highest reported mutation density in an EMS cucumber population, and more 

than 2X the next-highest reported mutation density in an EMS tomato population (Table 

5.1).  

Table 5.1 Mutation densities reported in literature for EMS cucumber and tomato populations 

Author(s) Species EMS dose Mutation density Detection method 

Boualem et al. 
(2014) 

C. sativus 0.5%, 
0.75% 

0.87/Mb NGS + PARSESNP 

Fraenkel et al. 
(2014) 

C. sativus 1.5-2.0% 0.97/Mb Li-COR 

Gady et al. 
(2009) 

S. lycopersicum 1.0% 1.36/Mb CSCE & HRM 

Gupta et al. 
(2017) 

S. lycopersicum 1.5% 2.72/Mb NGS + CAMBa, CRISP, 
GATK UG, LoFreq, SNVer, & 
VipR 

Minoia et al. 
(2010) 

S. lycopersicum 0.7%, 1.0% 1.74/Mb, 3.11/Mb Li-COR 

Okabe et al. 
(2011) 

S. lycopersicum 0.5%, 1.0% 0.58/Mb, 1.36/Mb Li-COR 

Rigola et al. 
(2009) 

S. lycopersicum Not 
reported 

0.75/Mb KeyPoint™ 
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The higher mutation density in the M1 populations compared to the M2 mutation 

densities reported in literature may be attributable to mutations being detected that 

would normally not reach the next generation, such as mutations that are not present in 

L2 tissue. However, adjusting cucumber mutation density to account for the 78% 

transmission rate observed in the same population only decreases the density to 5.3 

mutations/ Mb, which is still a 4.5-fold increase over Fraenkel et al. (2014).  

False positive mutations accounted for approximately 20% of all predictions. False 

positives can be a result of inaccurate sequence assembly, errors in the reference 

sequence, biased amplification or sequencing, or high/ low GC content (Henry et al., 

2014). In this population, the false positive rate may have been influenced by low or 

uneven coverage across sequence libraries, and sample dilution in the sequence 

libraries of pooled DNA, which can lead to false inflation of mutant base reads as well 

as obfuscate true mutations to cause false negatives (failure to predict true mutations). 

An absence of mutations in four cucumber genes (BRR1, BRR2, CESA8, and PMR5) 

was attributed to an unsuccessful sequencing run rather than an extreme bias in EMS 

mutagenesis, and these were excluded from any mutation density calculations.  

While false positives can be minimized with stricter data filtering criteria, it is better 

to accept more of them initially in order to reduce the number of false negatives. One 

false negative was uncovered in the M1 cucumber population when two plants showed 

an altered melt profile for the small amplicon of the region containing the predicted 

mutation. As it is highly unlikely that two randomly induced mutations occurred in the 

same exact location in two different plants, this result was likely due to one of the plants 
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containing a different mutation in the amplified region that had not been predicted by 

DVS.  

 

5.4 Fertility 

A reduction in fertility is expected in mutagenized plants, and this was observed 

in both cucumber and tomato. In cucumber, 10 out of 47 mutations were lost because 

viable seed could not be produced, and 25 mutations could only be recovered by back-

crossing the M1 plant to a wild type parent, as self-pollinations failed to produce fruit. 

Crosses made on wild-type flowers with M1 pollen were less successful than crosses in 

the reciprocal direction, which suggests some amount of haplontic sterility was common 

in M1 pollen.  

Tomato fertility was heavily impacted as a result of the treatment, and seedless 

fruit accounted for 43% of the harvest. Overall seed production and M2 seed 

germination in the tomato population were both low, and of twenty-five mutations only 

seven M2 families contained more than 10 seedlings. In an M2 tomato population, Gady 

et al. (2009) observed a 10% loss of mutations over two generations. This is lower 

attrition than was seen from our M1 populations, likely because the more detrimental 

mutations affecting fertility had been lost before their mutation screen of M2 seeds. 

Based on low M1 germination and fertility, the EMS dose used to treat the tomato seeds 

was too high for efficient mutation recovery.  

 



 

 

 

 

71 

5.5 Transmission and segregation 

In the reduced chimerism population, 78% of evaluated mutations were 

successfully transmitted to F1 or M2 progeny. Segregation in F1 and M2 families was not 

normal, but this is an expected side-effect of mutagenesis, as the treatments are not 

targeted and cause multiple mutations in each embryonic initial cell. Background 

mutations occurring outside the genes of interest may cause haplontic sterility, or be 

embryo or seedling lethal. These mutations may cause skewed segregation if unlinked, 

but if they are linked they can prevent transmission of the desired allele entirely. 

Although most of the reduced chimerism plants did not show evidence of residual 

sectorial chimerism in the second axillary shoot, a stable periclinal chimera might still be 

present and the dynamic nature of the meristem cells could lead to chimerism among 

the genetic effective cells that appears within or between inflorescences and leads to 

non-Mendelian segregation in the progeny (Klekowski, 1988). Transmission and 

segregation can also be affected by background mutations that cause diplontic or 

haplontic sterility, or are seedling lethal. Lethal mutations that are linked may prevent 

transmission entirely, and unlinked mutations may skew segregation ratios of the 

mutation of interest or prevent transmission by coincidence, especially in small families. 

A loss of desirable mutations that is the result of a high genetic load can be prevented 

by first back-crossing the M1 plants to a wild type parent rather than self-pollinating. 

Seeds were obtained for eighteen mutations, but complete tomato transmission 

data was not obtained due to low seed production as well as poor M2 seed germination. 

Transmission was only observed for six of the eighteen mutations; however, eleven of 
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the twelve negative transmission results were from families ranging in size from 1-11 

seedlings. With Mendelian segregation, five plants are sufficient to provide a 99.9% 

certainty that a mutation will not be missed because of segregation (1-0.510=0.999). As 

non-Mendelian segregation can occur in the progeny of both chimeric and mutagenized 

plants, more than five plants may be necessary to provide the same level of certainty. It 

can be speculated that the lack of transmission in the tomato population may in some 

cases be due to no mutants appearing in the small M2 families by chance, or that the 

lineage carrying mutations of interest also carried an embryo-lethal or seedling lethal 

mutation. As low fertility can correlate to a strong mutagenesis treatment, a lower dose 

EMS dose than used in this tomato population may be more suitable in order to 

optimize transmission. 

 

5.6 Phenotyping 

F2 cucumber plants carrying mutations in both BRR3 Q465* and BRR6 G424E 

were evaluated for a broad-spectrum immune response using a peroxidase assay, but 

did not show an increased immune response over homozygous wild-type plants in the 

same family (Figure 4.8). The amino acid changes caused by both mutations are non-

conservative substitutions; the BRR3 mutation is a stop codon, and the BRR6 mutation 

changes glycine to glutamate, which belong to different classes of amino acid. While 

non-conservative amino acid substitutions are more likely to disrupt protein function, the 

location of the mutation relative to gene length is an important contributing factor to 

whether a mutation impacts protein function. Both of the BRR mutations occurred close 

to the end of the amplified region, meaning they affected fewer base pairs than a 



 

 

 

 

73 

mutation occurring close to the beginning of the coding region of the gene and are less 

likely to impact gene function (Eyre-Walker & Keightley, 2007).  

An M2 family with a mutation in PDS3 E229K and an F2 family with a mutation in 

PDS3 D203N were determined to be segregating with the expected ratio of 1:2:1 by 

HRM genotyping. Neither family had any apparent chlorophyll deficiency; however, 

plants heterozygous for the PDS3 E229K mutation had a unique tri-lobed leaf 

morphology. This leaf phenotype may be attributable to the heterozygous allele, as 

there is evidence that disrupted PDS3 gene function can impact gene expression in at 

least 20 different metabolic pathways (Qin et al., 2007). As with the BRR mutations, 

both PDS3 mutation occurred close to the end of the gene, making them less likely to 

have a drastic impact on gene function (Eyre-Walker & Keightley, 2007).  

In all cases, the failure of homozygous mutant plants to have the expected 

change in phenotype may be because the mutations were not in a location that resulted 

in a disruption to gene function. The BRR gene family contains several members in 

addition to BRR3 and BRR6, so the lack of a detectable increase in peroxidase activity 

may be attributed to genetic redundancy within the family.   

 

5.7 Conclusion 

This research describes the creation of M1 mutagenized populations of cucumber 

and tomato, and establishes a method for reliable prediction of transmissible mutant 

alleles from chimeric M1 plants into the non-chimeric M2 seed generation. The chimeric 

nature of M1 plants is a significant barrier to mutation discovery to the extent that the 
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standard protocol for high-throughput reverse genetic screening of mutagenized 

populations is to screen for mutations in the M2 generation and advance the entire 

population (usually thousands of plants) to the M3 seed generation, a commitment that 

can take upwards of two years. The “purpose-built” method for screening mutant 

populations developed here eliminates the necessity of advancing the population to the 

M2 generation, and allows for earlier integration of valuable allelic variants into a 

breeding program. Additionally, these transient populations potentially require a fraction 

of the man-hours needed to develop a permanent population, as there is the option to 

discard any plants not carrying a mutation of interest early on, and only maintain, 

pollinate, and extract seeds from the initial selections.  

 

5.8 Limitations 

 Population size was smaller than originally planned. In cucumber this was 

because a large number of plants were lost after pinching, usually due to a failure to 

produce an axillary shoot. Pinching injury was not as much of a problem in tomato; 

however, M1 germination was lower than expected, which drastically reduced the 

number of useable plants. Although this can be anticipated and accounted for in future 

populations by treating and sowing more seeds, it becomes an issue of practicality as 

this would require an enormous amount of greenhouse space. 

 The EMS dose used to treat the tomato seeds was selected based on the 

cucumber kill-curve and previous tomato EMS populations. The M1 tomato population 

had low germination and fertility, which are typical symptoms of EMS injury caused by 
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an overly potent treatment dose. A lower EMS dose for tomato seed treatment may 

cause fewer injurious effects in the M1 populations, allowing for a higher germination 

rate and improved fertility. The amount of viable seed produced by M1 tomato plants 

was not enough to make a conclusive estimation of transmission frequency. At a lower 

EMS treatment dose, tomato plants will be less injured and more likely to produce 

enough M2 seeds to permit a more comprehensive evaluation of mutation transmission. 

To optimize experimental conditions, LD50 should be determined by making a kill-curve 

for every seed accession prior to each construction of a mutagenized population, even if 

data are available from previous populations, as mutagen effects vary even within 

species, and the potency of a chemical mutagen can be affected by age and storage 

conditions.  

 Putative mutations were selected from the DVS data using criteria that were 

established for mutation discovery in non-chimeric M2 populations. It is possible that 

these criteria are not optimized for mutation discovery in chimeric M1 populations, and 

true positive mutations were missed as a result. Mutation discovery rates were 

determined using a non-random subset of the mutations predicted using DVS, which 

may have been skewed regarding the number of false positive mutations.  

 Whether or not a confirmed mutation was still present in a growing plant was 

determined by genotyping a single leaf tissue sample for the mutation of interest. As it 

was later discovered that some twice-pinched plants still demonstrated some level of 

chimerism, it is possible that a ‘lost’ mutation was still present in a different area of the 

plant than was sampled, and plants with the potential to transmit a mutation were not 

advanced to the next stage of the experiment.  
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 Evaluation of BRR cucumber mutants with the POX assay was done using F2 

plants, which are likely to still contain many random background mutations from the 

mutagenesis treatment. Background mutations may have contributed a phenotype that 

interfered with perception of an enhanced immune response. Repeated back-crossing 

with wild-type to remove unwanted background mutations may reveal a BRR mutant 

phenotype. 

 This “purpose-built” method worked well to reduce chimerism cucumber and 

tomato plants by pinching the apical shoot to promote the emergence of axillary shoots. 

While it has broad applicability and should be adaptable to many other species, it is 

limited to species that will produce axillary shoots. Further, this and other reverse-

genetic methods are only applicable to species for which there is available genome 

sequence data.  

 

5.9 Future Directions 

Experiments that could add to this research include: 

1. A comparison of shoot 1 and shoot 2 chimerism to determine if two pinches are 

necessary to reduce chimerism enough for efficient transmission of detected 

mutations.  

2. Optimization of DVS mutation discovery for chimeric populations to reduce the 

occurrence of false negatives and false positives. This can be done empirically 

by individually confirming all or a large sample of predicted mutations and then 



 

 

 

 

77 

looking for patterns between accurate mutation predictions and the different 

scoring criteria (coverage, 1st/2nd, aggregate score, population p-value, position 

p-value). Another consideration to explore is reducing the number of base pairs 

in the sequencing run to improve coverage and read depth. 

3. Eliminate background mutations via repeated backcrossing of BRR mutations 

into a wild type recurrent parent in order to further investigate the function of the 

BRR gene family in broad spectrum disease resistance in cucumber. 

 The ability to create a purpose-built population of mutagenized plants as 

demonstrated in this research has implications beyond being a useful tool for breeding 

programs that focus on internationally traded, economically important crops. Orphan 

crops are regionally important minor crops that receive little to no research attention, 

despite being the primary food source for many people in the developing world. The 

African Orphan Crops Consortium (AOCC) provides training in genomics and marker 

assisted selection to plant breeders, and is working towards sequencing 101 African 

orphan crops to assist in the development of more nutritious and hardy varieties. 

Purpose-built mutant plant populations are relatively small-scale and inexpensive to 

develop compared to permanent TILLING populations, which require a large amount of 

upfront labour and long-term storage of seeds, tissue, and DNA. For this reason, the 

purpose-built approach may be a more accessible option for small or niche breeding 

programs.  
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