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ABSTRACT OF THE THESIS 

άbǳǘǊƛǘƛƻƴŀƭ ŜƴƘŀƴŎŜƳŜƴǘ ƻŦ ƭŜǘǘǳŎŜ ǳǎƛƴƎ Ƴǳǘŀǘƛƻƴal ōǊŜŜŘƛƴƎέ 

by ISABEL ARMAS GUTIERREZ 

Thesis Director: 

 Ilya Raskin 

 

Rutgers Scarlet Lettuce (RSL), a dark red lettuce variety with an exceptionally high 

content of health-promoting polyphenols, was selected as the starting material to 

develop new non-transgenic varieties of lettuce with improved nutritional 

content, through the use of ethyl methanesulfonate (EMS) seed mutagenesis 

followed by phenotype screening. The project focused on identification of a green 

phenotype which retained the high polyphenol content of its red RSL parent. An 

in-house approach for simple, efficient and large-scale production, identification 

and chemical analysis of mutagenized candidate plants was established and 

optimized. This approach generated a large seed collection from 2000 individual 

M2 families with the potential to express both dominant and recessive mutations, 

which are being screened for traits of interest. A number of green plants were 

identified and chemically characterized and one of them was found to retain the 

high polyphenol trait. Successful self-pollination of this plant produced a collection 

of 10000 seeds of green high polyphenol lettuce. Analysis of their phytochemical 

profile suggests accumulation of colorless anthocyanin precursors brought on by 

blocking a later step in the anthocyanin biosynthetic pathway. 
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BACKGROUND AND RESEARCH GOALS 

Lettuce (Lactuca sativa L.) is a leafy herbaceous annual plant of the family Asteraceae, 

grown worldwide for its consumption, most commonly raw as a salad green. It is a self-

fertilized diploid species (2n= 18)1, first domesticated in the Eastern Mediterranean2. A 

hardy cool weather crop, it grows best at temperatures between 15 and 20 °C, under full 

sun, and in loose well-drained soils with a pH between 6 and 6.73. The leaves form either 

a dense head or loose rosette with a very short stem during its vegetative phase, its height 

and diameter measuring between 15 and 30 cm; once the plant reaches the maturity 

phase it bolts, developing a flower stalk up to 1 m high, and is no longer suitable for 

consumption due to its bitter flavor. The most popular varieties include romaine, loose leaf 

and head lettuce, and its leaves are most commonly green but sometimes red or 

variegated4. It is commonly sold either as whole heads or as pre-washed baby greens. 

From an industrial perspective, the Food and Agriculture Organization of the United 

Nations estimated worldwide production of lettuce (combined with chicory) to be almost 

25 million metric tons in 20125, with the USA ranking as the second highest producer (17%) 

and exporter (19%) worldwide4. In the USA lettuce is the second leading vegetable crop in 

terms of production value, with production in 2012 valued at nearly $1.9 billion4 and 28 

pounds consumed per capita in the year 20106.  

Considering its wide consumer base, lettuce seems like an ideal candidate for the 

delivery of nutrients and other compounds of interest to the population. However lettuce 

is not often associated with health-promoting properties, and despite its popularity it is 

not as rich in certain nutrients as other less popular leafy greens: 100 g of green leaf lettuce 
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provide just 15% of the recommended daily intake of vitamin C versus 47% in the case of 

spinach, 72% in the case of watercress and 200% in the case of kale. For calcium these 

values are 4% versus 10%, 12% and 15%, respectively. The trend is similar for other 

nutrients and the differences are even higher when considering the more popular iceberg 

lettuce instead7. In combination with the current consumer awareness of the importance 

of healthier eating and the growing interest for functional foods, this can potentially 

translate into a niche market for nutritionally enhanced lettuce, such as varieties naturally 

biofortified in vitamins, minerals, or phytoactives. 

Phytoactive compounds are plant secondary metabolites which accumulate in plant 

tissues in high amounts and therefore can constitute a significant part of diets rich in fruits 

and vegetables, although unlike traditional micronutrients they are not strictly essential8,9. 

Among phytoactives, polyphenols are a structural class of organic chemicals characterized 

by having at least one aromatic ring with one or more hydroxyl groups attached. This 

chemical structure lends polyphenols the ability to scavenge free-radicals, and a strong 

correlation between polyphenol content and in vitro antioxidant activity has been well 

established8,10,11. There is also a growing body of evidence that polyphenols, possibly 

through their antioxidant and antiinflammatory effects, play an important role in the 

beneficial effects of a diet rich in fruits and vegetables, having been shown to reduce the 

risk of chronic non-communicable diseases such as diabetes, cardiovascular disease, 

cancer or stroke8,12ς21. The development and consumption of functional foods enriched in 

polyphenols could therefore play a part in the prevention of chronic metabolic disease 

worldwide, and there is a projected increase in demand for food rich in antioxidants22. 
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Rutgers Scarlet Lettuce (RSL) comprises a number of high polyphenol dark red lettuce 

varieties recently developed through somaclonal variation followed by selection in tissue 

culture. The total polyphenol content of RSL is among the highest ever reported for 

common fruits and vegetables ς 8.7 mg gallic acid equivalents (GAE) per g of fresh weight 

(FW), versus 5.3, 6.6 or 7.1 mg GAE/g FW in cultivated blueberries, blackberries and 

cranberries, respectively, and approximately 1.3 mg GAE/g FW in normal lettuce 

varieties11,12. RSL has been shown to inhibit glucose production when tested on rat H4IIE 

hepatoma cells and to improve glucose metabolism and attenuate liver lipid accumulation 

when tested on high-fat diet-induced obese mice13. Regular consumption of RSL as part of 

the diet may therefore contribute to the prevention and treatment of metabolic syndrome. 

However, despite its health benefits and its development through non-transgenic 

techniques, from the marketing perspective the striking deep burgundy color of its leaves 

may still pose consumer resistance.  

The three phenolic compounds which accumulate in the highest amounts in the leaves 

of RSL are chlorogenic acid, quercetin 3-malonyl glucoside and cyanidin 3-malonyl 

glucoside12 ς representing the polyphenol classes of hydroxycinnamic acids, flavonols and 

anthocyanins, respectively (Fig. 1). Anthocyanins are water-soluble pigments found in the 

plant cell vacuole, which appear pink, red, purple, blue or colorless depending on the pH 

of the medium, and which give blueberries, red grapes and many other fruits and 

vegetables their characteristic bright color23. Functionally, anthocyanins serve as 

protective compounds against DNA damage caused by free radicals and UV radiation, and 

are therefore synthesized by plants in response to environmental stresses24ς29, as well as 
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to provide bright colors for attraction of pollinators and seed dispersers. Structurally, 

anthocyanins are glycosides of anthocyanidins, which have the typical C6ςC3ςC6 or 

flavonoid skeleton structure containing a heterocyclic benzopyran ring, a fused aromatic 

ring and a phenyl constituent8 (Fig. 2). 

 

 

The biosynthesis of anthocyanidins and their stabilization as glycosylated 

anthocyanins takes place via the flavonoid pathway8,23,30 ς a long, complex process which 

Fig. 2. Chemical structure of the flavonoid 

skeleton and the most common 

anthocyanidins. (A) The C6ςC3ςC6 structure of 

flavonoids denotes two six-carbon aromatic 

rings connected by a three-carbon bridge. The 

heterocyclic benzopiran ring or C-ring and the 

aromatic ring or A-ring are fused and 

connected to the phenyl constituent or B-ring. 

(B) The most common anthocyanidins only 

differ in their substitutions at C3 and C5. In 

plant tissues anthocyanidins are invariably 

found as sugar conjugates known as 

anthocyanins, commonly glycosylated on C3
8. 

(A) (B) 

Fig. 1. Chemical structure of the most abundant polyphenols in Rutgers Scarlet Lettuce. (A) Chlorogenic acid, 

up to 27.6 mg/g dry weight in RSL12, refers to a mixture of hydroxycinnamic acids most commonly present in 

the form of conjugates such as caffeoylquinic acid8. (B) Quercetin malonyl-glucoside and (C) cyanidin 

malonyl-glucoside are present in RSL in levels up to 35.7 mg/g dry weight and 20.5 mg/g dry weight 

respectively12. 
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to 35.7 mg/g dry weight and 20.5 mg/g dry weight respectively12. 
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(Figure adapted from Crozier et al., 20098) 
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is mediated by ultraviolet radiation (Fig. 3). Transcription of fundamental structural genes 

in the pathway such as phenylalanine ammonia lyase (PAL), chalcone synthase (CHS), 

ŦƭŀǾŀƴƻƴŜ оʲ-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR) and anthocyanidin 

synthase (ANS), requires sufficient levels of stimulation by UV-A or UV-B24,27,31,32. When 

under adequate lighting conditions, anthocyanins accumulate in the plant cell vacuole, 

predominantly in the epidermis of leaves and petals and the skin of fruits8 ς and it has been 

observed that when growing pigmented crops such as eggplant, primula flowers or red 

lettuce under UV absorbing materials, poor pigmentation develops24. 

As demonstrated in grapes, mutations in genes which code a key step in the 

conversion from the colorless precursor to colored anthocyanin eliminate the pigment and 

produce a colorless revertant33. The step in the pathway which leads to transformation of 

the last colorless precursors into an anthocyanidin is mediated by anthocyanidin synthase 

(ANS), a highly specific enzyme encoded by one single active gene23,30. Other genes encode 

similarly specific enzymes which mediate anthocyanidin glycosylation (flavonoid 

glucosyltransferase, UFGT), methylation (O-methyltransferase, OMT) or acylation 

(anthocyanin acyltransferase, ACT), steps which are required for anthocyanin stability and 

accumulation. Additionally a few enzymes mediate controlled anthocyanin degradation, 

and a number of transcription factors, such as VvmybA1, regulate the whole process23. A 

mutation in any of these genes would block anthocyanin production or stability, potentially 

leading to a redirection of the pathway and the accumulation of upstream colorless 

precursors, thus producing a high polyphenol colorless mutant. 
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The goal of this research was to develop an easily marketable and green-colored high 

polyphenol lettuce variety by blocking the later steps of the flavonoid pathway in RSL to 

produce a green revertant plant that retains its high phenolic content as described. Given 

that the dark red color of RSL is due to the abundance of only one type of anthocyanin ς 

the very abundant cyanidin 3-malonyl glucoside and minor amounts of its direct precursor 

cyanidin 3-glucoside ς, this could be theoretically achieved by knocking out Ans or Ufgt, or 

by altering the expression of the key regulator VvmybA1, among other possibilities. In 

Fig. 3. Basic flavonoid pathway for the biosynthesis of cyanidin 3-malonyl glucoside. The main anthocyanin 

present in Rutgers Scarlet Lettuce, cyanidin malonyl-glucoside, is synthesized by glycosylation of the cyanidin 

precursor with a malonyl-glucoside moiety. Chlorogenic acid is synthesized from p-Coumaryl-CoA or its 

precursors, and quercetin malonyl-glucoside is synthesized from dihydroquercetin. CHS, chalcone synthase; 

/ILΣ ŎƘŀƭŎƻƴŜ ƛǎƻƳŜǊŀǎŜΤ CоΩIΣ ŦƭŀǾƻƴƻƛŘ оΩ-ƘȅŘǊƻȄȅƭŀǎŜΤ CоIΣ ŦƭŀǾŀƴƻƴŜ оʲ-ƘȅŘǊƻȄȅƭŀǎŜΤ CоΩрΩIΣ ŦƭŀǾƻƴƻƛŘ 

оΩΣрΩ-hydroxylase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; UFGT, flavonoid 

glucosyltransferase.  

 

(Figure adapted from Crozier et al., 20098) 

 

 

    

 

 

 

 

 

 
 

 

 

 



7 

 

order to circumvent the regulatory hurdles faced by genetically engineered products it was 

decided to follow a breeding approach, inducing genetic variability through random 

mutagenesis and then visually selecting the trait of interest ς green leaves or sectors ς 

among mutagenized plants growing under adequate lighting conditions for good 

anthocyanin biosynthesis. Given that random mutagenesis may potentially  also produce 

green candidate plants with a low phenolic content by blocking an early step in the 

biosynthesis pathway instead of a later step, the identification of any green plants must be 

followed by the measurement of their total phenolic content and the characterization of 

their chemical profile. Once the desired phenotype has been confirmed it would be 

necessary to obtain viable seeds from the plant, confirm the transmission and segregation 

of the trait, and if needed carry out rounds of selection across generations until the trait 

becomes sufficiently stable.  

Overall, as this approach was likely to require screening of thousands of plants before 

producing results, from a practical standpoint the project focused on the development of 

a long-term in-house setup for simple and efficient production, identification and 

phytochemical characterization of candidate green plants obtained from RSL. 
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PART I ς OPTIMIZATION OF CONDITIONS FOR MUTATIONAL BREEDING OF LETTUCE  

SECTION A ς EVALUATION OF MUTAGEN TYPE AND DOSE 

Introduction 

The introduction of genetic variation is a crucial element for the development of new 

plant varieties through selective breeding, more so given that most crop species have had 

a large of portion of their genetic material fixed through centuries of selection. Random 

genetic variation is routinely introduced through treatments which induce DNA damage 

and mutation, such as ionizing radiation, chemical mutagens or somaclonal variation in 

tissue culture. This approach has been used for many decades to successfully develop 

thousands of new crop varieties with useful traits, from disease resistance to nutritional 

enhancement, for most commonly used species and all around the world1,34,35. 

For the purpose of the current research the first goal is to determine the most 

advantageous mutagen to use in order to introduce genetic variation into Rutgers Scarlet 

Lettuce (RSL) for subsequent screening and selection, and which optimal dose of said 

mutagen must be used to introduce the maximum amount of genetic variation which is 

compatible with healthy plant development and viable seed set. Out of the mutagens most 

commonly used and those more readily available for the study, it was decided to evaluate 

the effects of gamma radiation and ethyl methanesulfonate (EMS) on RSL. 

Gamma radiation is a type of ionizing radiation produced by the decay of high energy 

atomic nuclei such as the radioisotopes 60Co and 137Cs. The extremely high frequency of 

gamma rays allows them to penetrate tissue and ionize molecules, causing a spectrum of 

biological effects36. Most typically gamma radiation induces DNA damage through random 
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double-strand breaks (DSBs) and single-strand breaks (SSBs), although abasic sites, cross-

linking and a variety of base modifications are also abundant; and it is common for such 

damage to appear in clusters making it harder for the cell to repair36,37, leading to very 

strong genotoxicity. 

EMS is an organic compound with formula CH3SO3C2H5 that acts as an alkylating agent 

of DNA, and which has been found to be strongly mutagenic on a wide variety of biological 

systems38. It induces random point mutations through the reaction of its ethyl group with 

the bases in the DNA, most commonly guanine. The modified bases are incorrectly 

recognized during cellular replication, leading to nucleotide substitution, point insertions 

or deletions, and in some cases SSBs as well38 at a rate of 5x10 ς4 to 5x10 ς2 per gene, 

without substantial killing39. 

The mutagenic potential of ultraviolet (UV) radiation, which is not commonly used in 

crop mutational breeding, was also tested as part of this study due to its convenience 

versus dependence on external gamma irradiation facilities or its safety versus handling a 

potentially carcinogenic solution such as EMS. UV radiation comprises the region of the 

electromagnetic spectrum between 100 and 400 nm, and its relatively low energy and 

frequency makes it unable to ionize atoms. It can however still induce DNA damage, most 

commonly through the formation of pyrimidine dimers which lead to point mutations 

during replication, but also through cross-linking or producing SSBs28,37. UV-B, which 

corresponds to the 315ς280 nm range of the spectrum, is the main responsible for 

inducing these effects in nature, and UV-C, comprising the 100-280 nm range of the 

spectrum27,37, causes DNA damage so efficiently that it is commonly used as a germicide.  
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Unlike gamma radiation and EMS, which can induce damage in the plant embryo DNA 

by penetrating through the seed coat, allowing the seeds to be treated directly, the low 

penetration potential of UV radiation makes treatment of seeds insufficient to induce 

biological effects. Therefore UV treatment requires irradiation after germination, which 

can then be followed by cell de-differentiation and shoot regeneration in tissue culture to 

visualize phenotypical changes in plantlets regenerated from any mutated cells.  

Materials and methods 

Chemicals and reagents 

Murashige & Skoog40 modified basal salts with Gamborg vitamins, micropropagation 

grade agar, 6-ōŜƴȊȅƭŀƳƛƴƻǇǳǊƛƴŜ ǎƻƭǳǘƛƻƴΣ ʰ-naphthaleneacetic acid solution and indole-

3-butyric acid solution were purchased from PhytoTechnology Laboratories (Overland 

Park, KS, USA). Ethyl methanesulfonate solution and sucrose were purchased from Sigma 

(St. Louis, MO, USA). 

Gamma irradiation treatment 

Seeds of loose leaf ΨRutgers Scarlet Lettuce NFRΩ provided by Shamrock Seed Company 

(Salinas, CA, USA) were treated in a gamma irradiator (Radiation Machinery Corporation, 

Parsippany, NJ, USA) located in the Rutgers Environmental Health and Safety department 

(Piscataway, NJ, USA). Irradiation was provided by 137Cs at a nominal center-line dose rate 

of approximately 190 cGy/minute until the desired irradiation dose was reached. Four 

independent experiments evaluating the effects of gamma irradiation doses between 10 

and 1000 Gy were carried out. 

 



11 

 

Ethyl methanesulfonate treatment 

Batches of approximately 1000 g of seeds of loose leaf ΨRutgers Scarlet Lettuce NFRΩ 

provided by Shamrock Seed Company (Salinas, CA, USA) were placed inside 50 ml plastic 

centrifuge tubes containing 40 ml of EMS dilutions in distilled water. Seeds were soaked 

overnight at room temperature in a rotary shaker; after 12 h the EMS solution was 

decanted, seeds were washed five times with 50 ml of distilled water and were then 

blotted dry before sowing. Six independent experiments evaluating the effects of 

treatment at concentrations between 0.025% and 2% (v/v) EMS versus untreated plants 

were carried out. After determining an optimal dose range for EMS treatment of Rutgers 

Scarlet Lettuce, the effects of this dose range were tested on a number of green lettuce 

cultivars. Two additional experiments evaluating the effects of treatment at concentrations 

between 0.025% and 0.2% (v/v) EMS were carried out on seeds of the loose leaf green 

ƭŜǘǘǳŎŜ ŎǳƭǘƛǾŀǊǎ Ψ[ŜǘǘƻƴȅΩΣ ΨDǊŜŜƴ {ǘŀǊΩΣ Ψ¢ǿƻ {ǘŀǊΩΣ Ψ.ƭŀŎƪ {ŜŜŘŜŘ {ƛƳǇǎƻƴΩ ŀnd  

Ψ²ŀƭŘƳŀƴƴΩǎ 5ŀǊƪ DǊŜŜƴΩΣ ŀƴŘ ƻŦ the ǊƻƳŀƛƴŜ ƭŜǘǘǳŎŜ ŎǳƭǘƛǾŀǊǎ ΨDǊŜŜƴ ¢ƻǿŜǊǎΩΣ Ψtŀris 

²ƘƛǘŜΩ ŀƴŘ Ψ²ƛƴǘŜǊ 5ŜƴǎƛǘȅΩ όWƻƘƴƴȅΩǎ {ŜƭŜŎǘŜŘ {ŜŜŘǎ, Winslow, ME, USA; High Mowing 

Organic Seeds, Wolcott, VT, USA; Burpee Seeds, Warminster, PA, USA). 

UV irradiation treatment 

Seeds of loose leaf ΨRutgers Scarlet Lettuce NFRΩ provided by Shamrock Seed Company 

(Salinas, CA, USA) were surface sterilized by immersion in 70% ethanol for 1 min, followed 

by a 1.2% sodium hypochlorite solution for 12 min and rinsed three times with sterile 

distilled water. Sterile seeds were placed inside Petri dishes (VWR, Radnor, PA, USA)  



12 

 

containing 40 ml of solid MS germination medium40 (Table 1). Three days after germination 

seedlings were placed inside a C-10 dark cabinet and irradiated with a handheld 6W UVGL-

58 UV lamp (UVP, Upland, CA, USA) set to emit UV-B and UV-C between 254 and 320 nm. 

Four independent experiments evaluating the effects of UV exposure between 15 min and 

3 h were carried out. 

 Tissue culture conditions 

Immediately after UV irradiation the cotyledons were aseptically excised and placed 

inside Petri dishes containing 40 ml of solid MS shoot induction medium (Table 1), and 

were kept inside a GC-96 CW walk-in environmentally controlled growth chamber (EGC, 

Chagrin Falls, OH, USA) kept at 22 °C, under a PAR light intensity of 10.6 ± 1.7  mol/m2d 

provided by full spectrum Philips F32T8/DX fluorescent lamps (Philips, Andover, MA, USA) 

and a UV light intensity of 0.4 ± 0.1 mol/m2d provided by UV 26W Exo Terra Repti-Glo 

5.0/T8 fluorescent lamps (Rolf C. Hagen, Mansfield, MA, USA), and under a 16/8 h 

(light/dark) photoperiod. Petri dishes were kept protected from light for 2-3 weeks, to 

induce callus formation and to minimize light-driven DNA repair by photolyases37,41. After 

2-3 weeks, Petri dishes were uncovered and checked weekly for development of shoots, 

which typically started 4 weeks after explant excision. Explants with shoots were 

Media MS  Sucrose Cytokinins Auxins 

Germination 1/2x 1% - - 

Shoot induction 1x 3% 2 mg/l BA 0.1 mg/l NAA 

Root induction 1x 3% - 1 mg/l IBA 

Table 1. Original composition of RSL tissue culture media. MS, Murashige & Skoog modified basal salts with 

Gamborg vitamins; BA, 6-ōŜƴȊȅƭŀƳƛƴƻǇǳǊƛƴŜΤ b!!Σ ʰ-naphthaleneacetic acid; IBA, indole-3-butyric acid. All 

media pH was adjusted to 5.7, solidified with 0.7% agar and autoclaved at 121 °C and 103 kPa for 20 min. 
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subcultured into SteriCon-8 culture vessels (PhytoTechnology Laboratories, Overland Park, 

KS, USA) containing 80 ml of MS root induction medium (Table 1) until e roots developed. 

When plantlets reached a height of 5-7 cm they were transferred to growing mix.  

Plant growth conditions 

Gamma irradiated and EMS treated seeds were sown inside trays containing Sunshine 

Redi-earth Plug & Seedling Mix (Sun Gro Horticulture, Agawam, MA, USA) and kept in a GC-

96 CW walk-in environmentally controlled growth chamber (EGC, Chagrin Falls, OH, USA) 

in the Rutgers New Jersey Agricultural Experiment Station (NJAES) Research Greenhouse 

facility. Gamma or EMS treated plants which reached a height of 5-7 cm, as well as UV 

treated plantlets produced in tissue culture were transplanted into pots (diameter 10 cm, 

volume 414 cm3) containing Fafard Growing Mix 2 (Sun Gro Horticulture, Agawam, MA, 

USA) to observe their development. Growing conditions were 18/15 °C (day/night), 65% 

relative humidity, a PAR light intensity of 18.8 ± 1.4 mol/m2d and a UV light intensity of 0.4 

± 0.1 mol/m2d, both provided by Sylvania F96/T12/CW/VHO fluorescent lamps (Osram 

Sylvania, Danvers, MA, USA), and a 16/8 h (light/dark) photoperiod. Plants were hand 

watered as needed and supplemented with 300 ppm N of 20-20-20 general purpose 

fertilizer (Everris NA, Dublin, OH, USA) every two weeks. 

Experimental design and analysis of results 

The effect of each mutagen was evaluated in at least four independent experiments 

which tested progressively narrower ranges of doses, aiming to determine the upper dose 

limit to allow healthy plant development and viable seed set. In order to determine the 

effect of each mutagen treated plants were visually compared to untreated control plants 
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or cotyledon explants of the same age and kept under the same conditions. Any changes 

in germination percentage, growth speed and plant height were noted, and the frequency 

of phenotypical changes, and more specifically chlorophyll mutations ς a common marker 

used to assess mutagenic effectiveness ς were estimated by counting all affected leaves. 

Results 

Gamma irradiation treatment 

Gamma irradiation induced no changes on the germination rate of lettuce (Table 2). 

Doses of gamma irradiation between 10 and 200 Gy induced small decreases in plant 

height and growth speed when compared to untreated controls, and doses above 400 Gy 

arrested the development of seedlings right after germination of the pre-formed embryo 

(Fig. 4). Doses between 200 and 400 Gy induced inconsistent effects in different 

experiments, making it difficult to determine an upper limit dose of irradiation that still 

allowed healthy plant development (Fig. 5). No phenotypical changes except for plant 

height and growth speed were observed during the course of any of the experiments. 

Gamma irradiation 
(Gy) 

Germination %  EMS % (v/v) Germination % 

0 89.4  0 93.4 

10 86.2  0.1 92.6 

50 91.9  0.2 93.5 

100 99.2  0.3 89.3 

150 86.7  0.4 87.7 

200 84.3  0.6 84.7 

400 87.4  0.7 83.2 

600 85.7  0.8 58.7 

800 88.7  1 25.3 

1000 90.2  2 0.0 

Table 2. Effects of gamma radiation and EMS treatment on RSL seed germination. Germination rate was not 

affected by gamma irradiation of seeds, however their treatment with EMS induced a clear dose-response 

effect. n = 200 seeds were sown per treatment group. 
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Ethyl methanesulfonate (EMS) treatment 

EMS induced a very strong decrease in the germination rate of seeds treated with 

doses above 0.7% (Table 2) with no seeds at a dose of 2% (Fig. 4), as well a clear decrease 

in plant height and growth speed and abundant morphological changes in doses above 

0.2%, and especially above 0.4%, when compared to untreated control plants (Fig. 6). 

These plants looked overall unhealthy when compared to untreated plants and eventually 

their development was arrested: plants treated with doses 0.4% and above never reached 

Fig. 4. Effects of high doses of gamma 

radiation and EMS treatment on RSL 

seedling development. Very high 

doses of gamma irradiation allow 

germination of the pre-formed plant 

embryo present inside the seed, but 

development does not continue, 

suggesting the inhibition of apical and 

root meristems. Very high doses of 

EMS prevent germination altogether. 

Seedlings shown at day 14. Control 1000 Gy 2% EMS 

Fig. 5. Effects of moderate doses of gamma radiation on RSL 

seedling development. The upper limit dose of gamma 

irradiation to allow plant growth was initially estimated as 

200 Gy (left), however subsequent experiments showed 

some plant development after gamma irradiation with up to 

350 Gy (right). 

Control 200 Gy 

250 Gy 300 Gy 

350 Gy 400 Gy 

200 Gy 250 Gy 300 Gy 350 Gy 
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maturity, and even though some plants treated with doses between 0.2% and 0.4% were 

able to bolt, they produced sterile seeds only. A dose between 0.1% and 0.2% was 

determined as the upper limit to allow healthy plant development and viable seed 

production in RSL (Fig. 7) and similar results were obtained when testing the same range 

of doses on a variety of green lettuce cultivars (Table 3). Doses between 0.025% and 0.1% 

induced no differences in plant growth speed and only minor morphological changes. 

Control 0.2% EMS 0.3% EMS 0.4% EMS 0.5% EMS 0.6% EMS 

(A) 

(C) (B) 

Control ς day 14 0.6% EMS ς day 35 

Fig. 6. Effects of moderate EMS treatment on RSL development. (A) Treatment with EMS doses between 0.2% 

and 0.8% induced a clear dose-response effect on plant height, growth speed and abundance of 

morphological changes. (B) Control plants reached a height of 3 cm in two weeks, whereas 0.6% EMS treated 

plants took over four weeks to reach that same size, and (C) often displayed aberrant morphological features. 

Cultivar name 0.1% EMS 0.15% EMS0.2% EMS

RSL NFR 5.56 11.11 16.67

Lettony 3.4 3.1 5.6

Green Towers 3.1 6.3 9.7

Paris White 5.0 7.2 7.8

Winter Density 3.4 7.8 7.8

Cultivar name 0.1% EMS 0.15% EMS0.2% EMS

RSL NFR 0.56 1.67 1.11

Lettony 0.3 0.9 0.6

Green Towers 0.6 1.6 2.5

Paris White 1.3 1.6 2.2

Winter Density 0.9 4.4 3.4

Table 3. Phenotypic variation % 

observed in 1 month old EMS 

treated lettuce plants. All leaves 

showing phenotypical variation 

were collected from all plants and 

percentages were calculated using 

an average of 7 leaves per plant 

and n = 30 plants per treatment 

group. The total % of affected 

leaves (A) and total % of leaves 

with chlorophyll mutations (B) 

were estimated as measures of 

EMS mutagenic activity. 

(A) 

(B) 
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Control 0.1% EMS 

0.15% EMS 0.2% EMS 

(B) 

Control 0.1% EMS 0.15% EMS 0.2% EMS 

(A) 

(C) 

Fig. 7. Effects of low EMS treatment on lettuce development. (A) Treatment with EMS doses between 0.1% 

and 0.2% induced a slight height decrease as well as a small percentage of leaves with morphological changes 

and/or color sectors, but produced overall healthy plants. (B) All leaves showing phenotypical variation were 

collected from each treatment group at 1 month after germination to estimate the differences in EMS 

mutagenic activity. (C) Common changes observed were leaf growth in a curved shape, leaves with missing 

sections, midribs splitting into two, and chlorotic sectors. 




























































































































