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ABSTRACT 

Lactuca sativa (lettuce) in addition to being an important vegetable has been 

traditionally used for therapeutic purpose due to its valuable secondary metabolites. 

Rol genes of Agrobacterium are known to increase the synthesis of these versatile 

phytochemicals. This study was designed to enhance antioxidant and antidiabetic 

potential of lettuce by transformation using two constructs: harboring rol ABC genes 

and rol C gene separately. Transgene integration and expression was confirmed 

through PCR and semi-quantitative RT-PCR, respectively. Various in-vitro, in-vivo 

and cell line based assays were performed for comparison of transformed, 

untransformed and field grown plants of lettuce.  

Results showed 60% or 100% increase in total phenolic content for plants containing 

rol ABC genes or rol C gene, respectively compared to untransformed control plants. 

For total flavonoid content, 60% increase was noticed in both types of transformed 

plants. In contrast to control, total antioxidant capacity of plants transformed with rol 

ABC genes and rol C gene increased up till 110% and 70%, respectively. Total 

reducing power assay showed up till 125% higher activity in both rol ABC and rol C 

transformed plants compared to control. Results of lipid peroxidation, DPPH and 

DNA damage assays showed 50%, 80% and 60% increase of antioxidant activity for 

rol ABC and rol C plants, respectively, compared to untransformed plants.  

The extracts of both genes showed similar but significant enhancement behavior in 

hot plate analgesic and carrageenan induced hind paw edema test in rats. Up to 2 fold 

increase in activity was detected with 81% and 73% enhancement for the rol C and 

rol ABC genes respectively. These results suggest the dual inhibition nature and 

strong positive correlation between analgesic and anti-inflammatory activity. The 



ix 

 

transformants of rol C gene exhibited prominent antidepressant activity with 190% 

increase as compared to untransformed plants. As for as the anticoagulant activity is 

concerned, an 80% increase in activity was found for the rol C extracts only. No 

enhancement in antidepressant and anti-coagulant activity was detected in the rol 

ABC gene extracts. Additionally, current findings show that seed extracts have the 

highest antidepressant activity.   

In-vitro bioactivity testing showed that rol ABC and rol C significantly improved the 

ability of L. sativa for its antidiabetic potential. In α-glucosidase enzyme inhibition 

assay, the transfomants of rol C showed 64% increase while rol ABC transfomants 

showed 100% increase in activity. In the comparative study of transformed and 

untransformed plants, the transfomants of rol C showed 84% increase while rol ABC 

transfomants showed 85% increase in their ability to inhibit DPP-4 enzyme. In case of 

GLP-1 secretion, the transfomants of rol C showed the greatest increase in GLP-1 

level with 559% increase, on the other hand rol ABC transfomants showed 405% 

increase compared to the untransformed control plants.  

In the untargeted metabolomics study (LC-QTOF-MS), out of 5333 metabolites 

profiled and quantified, the levels of 3637 and 1792 significantly differed in rol ABC 

and rol C, respectively compared to untransformed plants. We identified 76 lettuce 

metabolites (including sesquiterpene lactones (12), non-phenolic (24), and phenolic 

(40) compounds) some of which changed by several folds. For example, the 

secondary metabolite ferulic acid methyl ester increased up to 115 fold. In conclusion, 

we propose that rol gene transformation significantly alters the metabolome of L. 

sativa and enhances its phytochemical, antioxidant, analgesic, anti-inflammatory and 

antidiabetic properties. 
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1.1 Origin and importance of lettuce 

Lactuca sativa L. is a leafy crop grown in approximately all continents. It is 

consumed mainly as fresh, raw salad vegetable (El-Said 2012). In addition some 

forms are also cooked (Kristkova et al. 2008). It is assumed to have commenced from 

the ancient Egyptians. Lettuce belongs to the family Compositae, the tribe Cichoreae 

and the genus Lactuca (Mohebodini et al. 2011). The genus Lactuca was reported to 

have about three hundred species (Ryder 1979). Many of these names were later 

identified to be synonymous (de Vries 1997). Earlier, Lindqvist (1960) recognised 

about a 100 species while Ferakova (1977) listed 70 species under the genus. Only L. 

saligna, L. serriola, and L. virosa share any sexual compatibility with L. sativa.  

Lettuce originated in the Mediterranean region and its cultivation may have started in 

Egypt as early as 4500 years BC (Lindqvist 1960). Lettuces were supposedly grown 

by Persians 500 years BC, and were brought into China during 600-900 AD. In 1494, 

Columbus introduced a non-heading type of lettuce to the New World. This type 

quickly formed a seed stalk and in fact did not become a stable food crop. Head 

lettuce in the United States was first reported in 1543. Salad lettuce was popular with 

the ancient Romans and Greeks and it arrived in the United States during colonial 

days (de Vries 1997). It has been assumed that cultivated lettuce has emerged from 

weeds of Lactuca serriola (de Vries 1997). Its origin has been explained by different 

theories which comprise of direct origin from Lactuca serriola, descent from wild 

Lactuca sativa and hybridization of different varieties. The gene flow between L. 

sativa and L. serriola has no barriers and both species are closely related (Lindqvist 

1960).  
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Lettuce is popular as low calories food consisting plenty of water and numerous 

nutrients. Nutritional value of lettuce is mainly based on morphological type, colour, 

and orientation of leaves (Sammour 2014). Lettuce is hierarchical at seven position as 

compared with other vegetables and fruits in terms of nutrient rich contents (Noia 

2014). Subject to the specie, lettuce is a rich source of vitamin K, vitamin 

C and Calcium, along with high proportion of vitamin A in dark green cultivars along 

with copper, and iron (Koopman et al. 1998). Depending upon the variety of lettuce, 

different lettuce has different dietary fibres like carbohydrates, proteins and a little 

amount of fats (Table 1.1; Website 1). About 95% of lettuce consists of water having 

varying amounts of iron, copper, sodium and phosphorus. Two key cultivars of lettuce 

consisting of Leaf lettuce and Cos lettuce have eminent levels of calcium, ascorbic 

acid and vitamin A (Pink & Keane 1993). 

1.2 Taxonomy of Lactuca 

The Linnaeus (1753) established genus Lactuca and which has a confused taxonomic 

history. The scientific classification for kingdom plantae down to Genus Lactuca L. is 

given in Table 1.2 (Website 2). The number of chromosome in lettuce is n = 9 (Ryder 

1979). Leaves of lettuce are found to be arranged in spiral form of a rosette round a 

small stem. Lettuce has 60 cm high tap root along with lateral roots which mainly 

grows in the upper soil levels. Colour of leaves differs from dark to light green and 

sometimes reddish due to high anthocyanin contents. Lettuce physical look differs 

depending on the arrangement of leaf folding, colour and shape. Inflorescence is 

formed when plant leads to the maturation stage by elongation of stems and branches 

formation. Each floret is a single, yellow ray type and due to the anthers and stigmas 

developing at identical times, the plant is primarily a self-fertilising species. 
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Pollination is carried out by solitary bees and thrips which results in about one percent 

sexual crossing (Ryder 1979). Ryder (1979) characterised lettuce into seven types 

based on their growth and shape, consisting (i) Crisphead, (ii) Loose leaf, (iii) 

Butterhead, (iv) Romaine, (v) Stem, (vi) Latin and (vii) Oilseed Group.  

Table 1.1 Nutrient data for lettuce  

Components Unit Butter 

Head 

Cos/ 

Romaine 

Iceberg Green 

Leaf 

Red 

Leaf 

Water g 95.63 94.61 95.64 94.98 95.64 

Protein g 1.35 1.23 0.9 1.36 1.33 

Energy kcal 13 17 14 15 16 

Total lipid (fat) g 0.22 0.3 0.14 0.15 0.22 

Fiber g 1.1 2.1 1.2 1.3 0.9 

Carbohydrate g 2.23 3.29 2.97 2.87 2.26 

Sugars g 0.94 1.19 1.97 0.78 0.48 

Minerals 

Iron, Fe mg 1.24 0.97 0.41 0.86 1.2 

Calcium, Ca mg 35 33 18 36 33 

Magnesium, Mg mg 13 14 7 13 12 

Potassium, K mg 238 247 141 194 187 

Phosphorus, P mg 33 30 20 29 28 

Sodium, Na mg 5 8 10 28 25 

Zinc, Zn mg 0.2 0.23 0.15 0.18 0.2 

Vitamins 

Thiamin mg 0.057 0.072 0.041 0.07 0.064 

Vitamin C mg 3.7 4 2.8 9.2 3.7 

Riboflavin mg 0.062 0.067 0.025 0.08 0.077 

Vitamin B-6 mg 0.082 0.074 0.042 0.09 0.1 

Niacin mg 0.357 0.313 0.123 0.375 0.321 

Folate, DFE µg 73 136 29 38 36 

Vitamin A, RAE µg 166 436 25 370 375 

Vitamin B-12 µg 0 0 0 0 0 

Vitamin E  mg 0.18 0.13 0.18 0.22 0.15 

Vitamin A, IU IU 3312 8710 502 7405 7492 

Vitamin K  µg 102.3 102.5 24.1 126.3 140.3 

Lipids 

Saturated g 0.029 0.039 0.018 0.02 0.017 

Monounsaturated g 0.008 0.012 0.006 0.006 0.005 

Polyunsaturated g 0.117 0.16 0.074 0.082 0.072 
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Table 1.2 Classification of Lactuca genus 

 

(i) Crisphead - Plants typically produce firm spherical heads composed of large cup 

shaped leaves. Modern cultivars yield heads weighing 500 - 1000 g. This type of 

lettuce is sometimes incorrectly called "iceberg", which belongs to the subtype 

Batavia (Ryder 1979). 

(ii) Loose leaf - Most commonly grown in home gardens. Leaves are rumpled, lobed 

and frilly, forming a flattened or open rosette. They range in colour from shades of 

green through to a reddish-bronze (Website 2). 

(iii) Butterhead - Originating in Europe, this lettuce has loosely folded open-heads 

with soft, thin leaves. Most are dark green, sometimes purple-red tinged and have 

creamy yellow interiors (Website 2). 



5 

 

(iv) Romaine - This type is also known as cos or Roman. Plants have elongated leaves 

forming a cylindrical shaped head that is compact at maturity. Leaf colour ranges 

from yellow to dark green, though the inner leaves are creamy pale. Heads can weigh 

up to 750 g (Website 2). 

(v) Latin - Plants are a cross between the cos and butterhead types, making loose 

heads with oval leaves (Ryder 1979). 

(vi) Stem - Referred to as asparagus lettuce or celtuce, a form of lettuce bred for its 

young fleshy stems (Deppe 1993). 

(vii) Oilseed Group - These types grow quickly over the rosette period and bolt 

timely. The seeds are pressed for edible oils (Ryder 1979). 

1.3 Distribution of Lactuca L. 

The taxa of Lactuca are mostly dispersed in Northern hemisphere, Mexico to North 

America, New Guinea to Asia, Africa to South Africa (Lack 2007). As far as Pakistan 

is concerned, 23 species of Lactuca genus have been described (Lebeda et al. 2004). 

These particular species are mostly found in the Northern areas of Pakistan namely 

Chitral, Gilgit, Astor, Swat, Kurram Valley and Kashmir and spread to the South 

areas like Sakesar and extended in Punjab Salt ranges which is in the middle of 

Pakistan. Some species of genus Lactuca are dispersed in the hilly areas of 

Balochistan and plain areas of Punjab (Bano & Qaiser 2011). 
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1.4 Lactuca sativa 

Lactuca sativa (lettuce) is a well-known edible crop that belongs to Lactuca genus 

and the family Asteraceae. “Lactuca” means ‘milk forming’ and “sativa” means 

‘common’ (Weaver & William 1997). Tshilai, lettuce and salad are the public names 

used for L. sativa. Lettuce has ornamental and commercial importance so it is grown 

at small scale in home gardens and large  scale production is carried out all around the 

world for economic purposes (Kristkova et al. 2008). It is a self-pollinated annual 

plant with 2n=18 chromosomes (Kristkova et al. 2008). It can be grown both under 

protected cultivation as well as in the open field (Filho et al. 1994). Seeds of lettuce 

have been used for oil production and its stalk is also eaten. The vegetable comprises 

vitamin C and B whereas seeds of lettuce hold vitamin E (de Vries 1997). 

1.5 Morphology of Lactuca sativa 

Lettuce is an annual or biennial lactiferous herb. It ranges in height from 6-12 inches 

or 15-30 cm. It has a diverse root system. These roots grow more in horizontal 

direction rather than vertical direction except taproot (Kristkova et al. 2008). Lettuce 

plant has a short thick stem of about 10-50 cm depending on the type of lettuce. The 

stem is branched at the apex (Kristkova et al. 2008). Lettuce plant has hairless leaves 

that may be smooth, crumpled (wrinkled) or savoy (wrinkled and curled). These 

leaves vary in colors ranging from a very dark green to a very light green color. There 

are few varieties of lettuce having yellow, red, gold or blue-teal leaves (de Vries 

1997). Different type of lettuce has different shapes, size and color of leaves. The 

loose-leaf lettuce grows in a cluster of tight rosette. Cos lettuce has extensive shady 

green leaves. The leaves of crisphead lettuce grow in a compact head shape while that 

of Butterhead lettuce grow in a loose head shape (Kristkova et al. 2008). 
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Lettuce flower head (capitula) bears multiple florets. Each floret has a different calyx 

(pappus), a corolla having five petals that is fused into a ligule and the reproductive 

parts. The reproductive parts are fused anthers that make a tube around a style and 

bipartite stigma. When the anther of the stamen shed pollen grains, the style of the 

carpel extends in order to allow the stigma to appear from the tube (de Vries 1997). 

The ovaries make compressed and obovate dry fruits having a length of 3-4 mm. Each 

side of the fruits bears 5-7 ribs and two rows of tiny white hairs at the tip. The pappus 

acts as a dispersal structure and remains at the apex of the fruit. A single seed is 

present in each fruit which may be yellow, white, brown or gray in color depending 

upon the type of lettuce (Kristkova et al. 2008). 

1.6 Grand Rapids 

Grand Rapids is a loose-leaf or cutting lettuce that doesn’t grow to form heads. 

Instead, it has elongated, broad or loose leaves with various shades of green that are 

curled at the edges. The leaves have diverse patterns and intensities of anthocyanin 

pigmentation. It shows some similarity in its leaf texture and shape of the midrib with 

Crisphead lettuce (Lindqvist 1960). It is very fast growing and has a higher heat 

tolerance. Also it shows resistant to tipburn i.e. breaking down of leaf margins due to 

calcium deficiency. It grows well both in vitro and in vivo and can be shipped over 

longer distances. This type of lettuce is cultivated in USA, Italy, France, Czech 

Republic and other European countries (de Vries 1997). It is also cultivated in 

Pakistan, India, Turkey and some other Asian countries (Soest & Boukema 1997). 

Figure 1.1 shows the tissue cultured Grand Rapids plant at different stage under 

investigation.  
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Figure 1.1 Grand Rapids at different stages under investigation 

1.7 Production of Lactuca sativa       

Lettuce is commercially important crop whose production is carried out at large scale 

(Kristkova et al. 2008). Highest production of lettuce is carried out along the world 

however major portion of crop production is utilized for local consumption (Table 

1.3; Website 3). Spain is the largest exporter of lettuce in the world and USA comes 

second (Website 4).  
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1.8 Medicinal uses of lettuce  

1.8.1 Constipation: Due to the presence of great concentration of dietary fibers in 

lettuce, it is usually advised for patients of constipation. These fibers help in 

digestion, and are good source of relief for patient suffering from stomach pains. 

People who consumed it regularly found themselves experiencing regular bowel 

movement. Some of its content also helps in acid indigestion and other nutritional 

complications (Website 5). 

1.8.2 Insomnia: Lettuce is recommended for the patients who suffer from mild-to-

moderate forms of anxiety and sleeping difficulties, as it contains a sleep-inducing 

substance in it. In ancient time its seed oil has been used in folk medicine as a 

sleeping aid and also to relieve pain and inflammation (Yakoot et al. 2011). 

1.8.3 Diabetes: Lettuce is highly recommended for the patients of diabetics as it 

contains very low carbohydrate content and higher concentration of magnesium 
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content in it. Due to its high magnesium content, it reduces the risk of type 2 diabetes 

because a recent meta-analysis found that greater the intake of magnesium, lesser will 

be the chance of type 2 diabetes (Larsson & Wolk 2007). Lettuce is also a good 

source of omega 3 polyunsaturated fatty acid, the α-linolenic acid (Liu et al. 2004). 

These fatty acid form phospholipids bilayer that is related to insulin sensitivity within 

skeletal muscle and control diabetics (Ford & Mokdad 2001).  

1.8.4 Digestive disorders: It is recommended to take lettuce before meal for the 

patients suffering from gastric pain and other digestive disorders, as it helps in 

digestion. Due to the presence of anti-inflammatory compound triterpene lactones 

(Araruna & Carlos 2010) in lettuce, it is used to reduce inflammation, enhance 

appetite and stimulate digestion (Sayyah et al. 2004).  

1.8.5 Cancer: Lactuca sativa is rich in antioxidants compounds such as quercetin, 

caffeic acid, vitamin C, carotenoids, phytols and polyphenols (Kim & Botella 2004). 

The key conjugates present in extracts of Lactuca sativa are 8-sulfate and 15-oxalyl 

constituents of the lactucin, guaianolide sesquiterpene lactones, lactucopicrin and 

deoxylactucin (Sessa et al. 2000). Due to the antioxidant property of these 

compounds, Lettuce has been described to inhibit chronic diseases such as cancer (Hu 

et al. 2002). 

1.9 Lettuce tissue culture 

Lettuce tissue culture and regeneration of adventitious shoots is considered to be 

highly genotype dependent (Hunter & Burritt 2004). Early studies investigated and 

optimised tissue culture parameters, including type and concentration of growth 

regulators, media composition, light and temperature (Sasaki 1975). Ampomah-
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Dwamena et al. (1997) selected twenty two lettuce species from diverse 

morphological locations and investigated for their regeneration capacity on Schenk 

and Hildebrandt (1972) medium supplemented with sucrose (3%), indoleacetic acid 

(0.1mg/l), 0.05 mg/l zeatin and 0.5 mg/l kinetin. They used Elf Bronze Mignonette as 

the standard genotype, allowing them to detect variations between experiments and to 

rank the genotypes. They did not find any statistical correlation between shoot index 

and callus index or between tissue culture performance and morphological grouping. 

Genotypes with good shoot regeneration included Iceberg and Bambino (Crisphead 

types), Sweet Butter and Cobham Green, Simpson Elite and Paris White and Rosalita. 

However, the type and composition of tissue culture medium and environmental 

parameters varies between studies, successful shoot regeneration can be accomplished 

using Murashige and Skoog (1962) medium with sucrose (3%), 0.5mg/l BAP, 0.04 

mg/l NAA and 0.8% agar. An incubation temperature of 25±2°C with a 16h 

photoperiod (50 µmol mo
2
 sol, Daylight fluorescent tubes) is satisfactory (Curtis et al. 

1994). 

1.10 Genetic transformation of plants 

Rapid methods of creating genetic variability in plant species, their selection and 

testing has been necessitated by the indispensable need for new and improved crop 

cultivars. Introduction of genes from other sources into plants require somatic cell 

techniques and these have included: Agrobacterium-mediated transformation, viral 

vectors, polyethylene glycol mediated transformation, electroporation, micro-injection 

and biolistics (Kumar & Davey 1991). DNA mediated gene transfer methods usually 

make use of isolated protoplasts to obtain transformed cells. Though stable 

transformed plants have been obtained with these methods in a number of species, the 
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major limitation is with plant regeneration in protoplasts cultures (Maisonneuve et al. 

1995). Agrobacterium-mediated transformation usually involves tissues which 

encounter little problem during regeneration but difficulties are encountered when 

used in some plant taxa, especially monocotyledonous species. However, it is the 

most widely used method of plant transformation (Grevelding et al. 1993). 

1.11 Agrobacterium mediated transformation 

Agrobacterium is a soil-borne organism which has long been identified to infect 

plants through wound sites. Two common species of Agrobacterium are known in this 

type of infection; Agrobacterium tumefaciens and A. rhizogenes causing crown gall 

and hairy root diseases respectively. A third species, Agrobacterium rubi, is 

mentioned but with little significance in the genetic engineering process (Grant et al. 

1991). The infections are characterised by a neoplastic growth-like proliferation of the 

wounded tissue by A. tumefaciens and hairy root formation at wounded sites of the 

tissue by A. rhizogenes. Susceptibility to Agrobacterium infection has been found in 

common crop plants such as potato, cotton, alfalfa, oilseed rape, sugar beet etc. 

Dicotyledonous plants are generally found to be receptive to the organism; in contrast 

many monocotyledonous plants remain recalcitrant to Agrobacterium infection. There 

are, however, reports of some monocotyledonous species transformed by 

Agrobacterium (Cleene & Ley 1976). The reason for this contrast in susceptibility, 

between dicotyledonous and monocotyledonous plants is not clear, but could be due 

to the inherent difference in production of compounds which are identified to trigger 

the transformation process (Potrykus 1990). 
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1.11.1 Ti plasmid 

Tumour (or hairy root) induction and opine synthesis during infection are associated 

with the presence within the Agrobacterium of a plasmid of about 200-250 kb in size; 

the tumour inducing, Ti plasmid found in A. tumefaciens. Four regions of homology 

exist in all strains of the Ti plasmid; these are the transferred DNA (T-DNA), the 

virulence region (vir), origin of replication and the conjugative transfer region (Lee & 

Gelvin 2008). During tumour formation, a defined sequence of Ti plasmid, the T -

DNA is transferred to the plant cell and integrated into the plant nuclear genome 

which can then be expressed. This transfer is mediated by the genes in the virulence 

region (de-La Riva et al. 1998). The T-DNA region is flanked by 25 bp direct repeats 

and the endpoints of integrated T-DNA in the plant genome are found close to these 

sequences. 

1.11.2 Transformation procedure 

Plant transformations using Agrobacterium have followed a common trend, with 

modifications based on several factors. The basic requirement is the establishment of 

contact between wounded explant surfaces and the Agrobacterium vector. The 

attachment to plant cells occur in a polar way by a single bacterium or in clusters, and 

this is mediated by the chromosomal virulence loci which are expressed in a 

constitutive fashion (Gheysen et al. 1989). Primary cell walls of rapidly dividing cells 

are preferred by the bacterium; compounds produced in only actively growing and 

wounded plant cells, such as acetosyringone, have been identified to be responsible 

for inducing virulence functions in Agrobacterium (Bolton et al. 1986). Induction of 

virulence gene expression occurs during co-cultivation of Agrobacterium with 

wounded plant cells and during incubation of the organism in plant cell exudates. T-
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DNA integration occur randomly into any chromosome but transcriptionally active 

regions are presumably more accessible and preferred (Bourras et al. 2012). The 

mechanism of T-DNA integration into plant cell DNA is thought to be analogous to 

recombination events including insertion of viral or transfected DNA in mammalian 

cell (Van Nierop et al. 2009). Co-cultivated explants are transferred to medium 

containing antibiotics, to suppress the growth of Agrobacterium and also select for 

cells that have been transformed. This is then followed by regeneration of transformed 

plants and subsequent confirmation of gene integration (Ohba et al. 1995). Putative 

transgenics, once obtained, are confirmed by detecting the existence and expression of 

the transferred gene in the plant genome. This step allows identification of plants that 

may have escaped through the selection process without the transferred gene. 

Common methods used to detect gene integration include molecular biology tools, 

such as Polymerase Chain Reaction (PCR) and Southern blot hybridization. 

1.11.3 Agrobacterium rhizogenes and rol genes 
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genes). Moreover, the plant oncogenes including rol A, rol B, rol C, and rol D 

responsible for hairy root syndrome (Ri phenotype) and are involved in the hormone 

metabolism (Casanova et al. 2005).  

 

1.11.3.1 Rol A  
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1.11.3.2 Rol B  

 

1.11.3.3 Rol C 
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1.12 Plant secondary metabolites and rol genes 
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recorded in rol B expressing calli. A 100 fold increased production of resveratrol, a 

stilbene, was demonstrated in Vitis amurensis cells upon transformation with rol B 

gene, which showed the effectiveness of this gene for the enhancement of secondary 

metabolite synthesis (Kiselev et al. 2007). These calli transformed with rol B gene 

gave upto 3.15% dry weight of resveratrol and the enhanced expression of rol B was 

correlated with the increased synthesis of this stilbene (Shumakova et al. 2011).  
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1.13 Lettuce transformation 

The various genetic transformation methods are of potential use in lettuce 

improvement, though few have been used routinely. Transgenic lettuce plants have 

been obtained though electroporation with plasmid DNA (Chupeau et al. 1989). The 

yield of transformed plants in this study was limited by the number of transformed 

protoplasts and by the rate of regeneration from selected colonies. Similarly, the 

potential use of other DNA mediated transfers to plants is hampered by plating 

efficiencies and regeneration difficulties associated with the use of protoplasts 

(Maisonneuve et al. 1995). These have rendered the use of Agrobacterium vectors, the 

most effective method for lettuce transformation (Dan et al. 2014). 

Lettuce is not a natural host for Agrobacterium species but its susceptibility to 

artificial inoculation of Agrobacterium species has allowed gene transfer via 

Agrobacterium (Michelmore et al. 1987). Several critical factors influence 

Agrobacterium transformation of lettuce. High bacterial concentrations result in 

submaximal rates of transformation while low concentrations may result in infrequent 

callus and rare regeneration. Two days of co cultivating explants with Agrobacterium 

has been found to be optimal for the lettuce cultivar Cobham Green and also with the 

cultivar Southbay (Michelmore et al. 1987). Prolonged co-cultivation periods result in 

overgrowth of bacterium and consequent reduction in shoot regeneration (Dan et al. 

2014). Kanamycin remains the most preferred antibiotic for selection in lettuce 

transformation. The intensity of selection has varied slightly among experiments. An 

optimal concentration of 50 mg/l was determined for selection in lettuce by 

Michelmore et al. (1987). Lower concentrations allowed the growth of untransformed 

control while higher concentrations inhibited tissue growth. In another experiment 
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involving a different lettuce genotype, 25 mg/l of kanamycin was sufficient to cause 

bleaching and subsequent death of untransformed tissues (Torres et al. 1993). A 

higher concentration of 100 mg/l of kanamycin was recommended as highly effective 

in selecting transformed shoots from non-transformed as compared with concentration 

of 50 mg/l (Curtis et al. 1994). The optimal intensity of selection may be dependent 

on the genotype and its response to the selective agent used. The timing of selection 

has been determined largely by the length of the co-cultivation period. However, the 

imposition of selection can be independent of co-cultivation period (Conner et al. 

1992). The effect of varying the timing of selection while controlling bacteria 

overgrowth has not been examined in lettuce transformation. 

Genotypic variation in response to transformation is evident in studies involving 

lettuce. Several lettuce cultivars belonging to the various morphological categories 

have been involved in the transformation studies mentioned. However, cultivars 

belonging to the crisphead category are found to be particularly recalcitrant to 

Agrobacterium transformation (Michelmore et al. 1987). Some crispheads have been 

transformed, though; these include Southbay, a crisphead cultivar, which had 

previously failed in response to other transformation protocols (Torres et al. 1993). A 

genotype independent transformation protocol for lettuce, recently reported, was used 

for thirteen cultivars belonging to various categories. Here, genotypic differences 

were also observed in their transformation response (Curtis et al. 1994). 

Genes that have been involved in lettuce transformation are mainly marker genes such 

as npt II, β-glucuronidase gene, chloramphenicol acetyltransferase gene (Chupeau et 

al. 1989; Torres et al. 1993; Michelmore et al. 1987). Other genes that have been 

transferred include: a stress and salicyclic acid inducible protein (Enomoto et al. 
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1990); a sweet protein, monellin, gene (Peñarrubia et al. 1992); rol AB genes from A. 

rhizogenes (Curtisa et al. 1996); and a coat protein gene for protection against lettuce 

mosaic potyvirus (Dinant et al. 1997). 

1.14 Introduction of commercially important genes into lettuce by Agrobacterium  

The use of recombinant DNA transformation technology has allowed specific 

characteristics of lettuce to be altered for agronomic use. The bialaphos resistance 

gene (bar) was incorporated into the cultiver Evola of lettuce by A. tumefaciens 

facilitated transformation (Mohapatra et al. 1999). Stable expression of the resistance 

gene was reported both in the T1 and T2 plant generations. Resistance was observed 

in seedlings cultivated in medium comprising 5 mg/l glufosinate ammonium and 

glasshouse-grown plants sprayed with 300 mg/l of the herbicide. Nagata et al. (2000) 

produced 6 glyphosate resistant transformed plants of the Lactuca sativa cv. South 

Bay. Plants were transformed with A. tumefaciens containing a plasmid with a gene 

encoding the enzyme 5-enolpyruvyl shikimate-3-phosphate synthase (EPSPS).  

Curtis et al. (1999) transformed the nitrate reductase (nia2) gene into the lettuce 

cultivars Cortina, Evola, Flora and Luxor. Transgenic status was confirmed by nitrate 

reductase enzymatic assay and by Southern hybridisation. However, the transgenic 

plants did not appear to show decrease in nitrate content as compared with field 

grown plants. Dubois et al. (2005) has transformed the Lactuca sativa cv. Jessy with 

the identical nia2 gene for nitrate reductase under the control of 35S promoter of 

cauliflower mosaic virus. They suggested the lack of expression was due to the 

presence of endogenous nitrate reductase mRNA inducing gene silencing.  
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Research has also been directed towards improving the foliar composition and shelf-

life of cultivated lettuce. Miraculin gene was cloned by Sun et al. (2006) isolated from 

the West African shrub Richadella dulcifica and introduced it into the Lactuca sativa 

cv. Kaiser by A. tumefaciens transformation. Transgenic plants expressing the gene 

actively accumulated the sweet enhancing protein, miraculin. Improvement of 

tocopherol composition in the lettuce cv. Chongchima was attempted by Cho et al. 

(2005). They used a gene coding γ-tocopherol methyltransferase from Arabidopsis 

thaliana to increase enzymatic potential and alteration of γ-tocopherol to the more 

powerful form. Improvement of plant element content represents an important step in 

the improvement of human nutrition, especially in developing countries.  

Macro- and micro-elements play important roles in enzyme activity, organ function 

and general health. Accumulation of increased zinc content was investigated by 

Xiaofeng et al. (2002) in the cv. Salinas 88. The mouse metallothionein mutant β-

cDNA was inserted using A. tumefaciens-mediated transformation. The amount of 

zinc in transformed plants was up to 0.4mg/g dry weight, significantly higher than in 

field grown plants. Goto et al. (2000) transformed the cv. Green Leaf with a plasmid 

containing a CaMV 35S promoter-soybean ferritin cDNA and the kanamycin (nptII) 

resistance gene. Transgenic plants contained 1.2-1.7 times greater iron content than 

wild-type plants. A plant weight gain of 27-42% was observed in transgenic plants 

during the early developmental stages, as was an increased rate of photosynthesis.  

Niki et al. (2001) introduced the pumpkin gibberellin (GA) 20-oxidase gene into the 

lettuce cv. Vanguard. Single gene copy was confirmed by Southern blot analysis, and 

transgenic plants segregated in a Mendelian fashion, suggesting the transgene was 

stable and dominant. Plants exhibited dwarf morphology and had reduced 
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concentrations of GAl and GA4, but increased concentrations of GA17 and GA25. 

Genetic manipulation of drought and saline tolerance in lettuce represents an 

important aim for the future of intensive agriculture with excessive irrigation and poor 

drainage causing increased soil salinisation. Park et al. (2005) incorporated the late 

embryogenesis abundant (lea) gene into lettuce from Brassica napus by 

Agrobacterium mediated transformation. 

Use of plants to synthesize pharmaceutically important recombinant proteins has 

gained much consideration in last decade. The technology is still in its infancy, but 

could potentially be scaled up to produce high value recombinant proteins. Negrouk et 

al. (2005) utilised lettuce to produce the pharmaceutically important humanized IgG1 

anti-tissue factor antibody. Commercially obtained lettuce heads were vacuum 

infiltrated with A. tumefaciens and incubated at 25 °C, with a 16 h photoperiod, for 3-

4 d. This optimised protocol allowed 20-80 mg of functional antibody per kg of fresh 

lettuce leaf tissue in less than 1 weak. A similar study was undertaken by Joh et al. 

(2005) using expression of the β-glucoronidase (gus) gene as a marker of 

transformation. Lettuce leaf discs of the cultivars. Hearts Delight and Green Forest 

were vacuum infiltrated with A. tumefaciens and incubated for 72 h at 22 °C in 

continuous darkness. Production of the gus protein was 0.16% based on dry weight of 

tissue. Incubation of leaf discs in continuous light resulted in more rapid protein 

synthesis, although the final protein content was not different from that in dark 

incubated samples. 

1.15 Why lettuce was chosen for this study? 

Lactuca sativa L. (Lettuce) is a well-known plant worldwide due to its use in the 

preparation of salad, soup and vegetable curries. Also, this plant exhibit excellent 
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medicinal properties. The latex sap of Lactuca sativa possess antifungal properties 

(Moulin et al. 1990). The seed oil is reported to have sedative, hypnotic, analgesic and 

anticonvulsant properties. Lactuca sativa is also proved to have hypoglycaemic effect 

(Sid et al. 1996). Lettuce is a important edible source of antioxidants. Lactuca sativa 

have been reported for their phenolic and flavonoid content as antioxidants in ten 

different cultivars consisting Lactuca sativa, Plantago coronopus, Cicorium intybus, 

Eruca sativa and Diplotaxis tenuifolia. Kaempferol, quercetin, apigenin, luteolin and 

crysoeriol have been reported in the above mentioned cultivars (Heimler et al. 2007). 

Ascorbic acid which is a natural antioxidant also has been reported in numerous 

varieties of Lactuca sativa (Martín-Diana et al. 2007). Its stems and leaves contain 

many active constituents like mannitol (diuretic and anti-coagulant) and lactucerin 

(analgesic and prevention of neurasthenia). Currently, extracts of lettuce is being used 

for treatment of rough skin, latexes, and sunburn creams (Odu & Okomuda 2013). 

Lettuce has been used for the expression of  foreign protein due to the following 

advantages (Guo 2006): 

i. The exogenous product of gene expression can be processed post 

transcriptionally in efficient, simple and safe way.  

ii. As lettuce is an edible crop so it can be consumed in raw or processed formed 

which come with the benefits of pain reliever, reduction of inflammation and 

treatment of disease like sleep disorder and analgesia.  

iii. Lettuce can be cultivated in large ecological environment of world due to its 

cold resistance and easily scale up property.  

iv. The transformation methodology of lettuce is fairly mature, which delivers 

positive environments for production of foreign protein. 
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v. The regeneration time of lettuce is shorter as compared to other plants which 

makes it a powerful plant bioreactor for the production of secondary 

metabolites and pharmaceuticals 

1.16 Aims and objectives 

This study was carried out with the following objectives: 

1. To establish an efficient and reproducible system for genetic transformation of 

Lactuca sativa L. (cv. Grand Rapids) by optimizing of the tissue culture based 

Agrobacterium mediated transformation system by using rol ABC and rol C 

genes.  

2. To confirm the transformation events through PCR and to determine the 

expression level of genes by semi quantitative RT- PCR. 

3. To evaluate transformed and untransformed plants for their various in vitro 

phytochemicals, antimicrobial, antioxidant and enzyme inhibition activities. 

4. To determine the analgesic, anti-inflammatory, antidepressant and 

anticoagulant effects in rat model in comparison of transformed and 

untransformed plants.  

5. To determine and compare the anti-diabetic effect of transformed and 

untransformed plants by using in-vitro alpha glucosidase and DPP4 assay 

along with GLP-1 (Glucagon-like peptide-1) secretion from STC-1 cells.  

6. To profile molecular and metabolic variations related with the genetic 

modification carried out by the transformation of lettuce with rol ABC and rol 

C genes.  



 

 

 

 

 

Tissue culturing and 

transformation of Lactuca sativa 

(cv. Grand Rapids) 

(Chapter # 2) 
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2.1 Introduction 

Intervention and epidemiological research have provided evidence of positive health 

effects of dietary vegetables and fruits (García-Macías et al. 2007), and the useful 

effects have been endorsed somewhat to secondary metabolites, together with 

flavonoids (Nijveldt et al. 2001). Consequently, enhancing the quantity of phenolic 

constituents in edible plants has potential for improving the health of the people. 

Although, phytochemical levels are comparatively less in lettuce, on the basis of fresh 

weight, the high antioxidant capacity of its phenolics, shown in scavenging peroxyl 

radicals, reveals the likelihood of enhancing the potential health benefits of lettuce by 

increasing the quantity of phenolic constituents (Caldwell 2003). 

L. sativa is a member of the Compositae which, while rarely a natural host for 

Agrobacterium spp., is susceptible to artificial inoculation by A. tumefaciens. 

Agrobacterium-mediated transformation is a routinely used method to influence the 

pathways that produce secondary plant metabolites (Mohammed & Abalaka 2011). 

Agrobacterium mediated transformation method as a means of integrating foreign 

genes into Lactuca species is known and has been effectively utilised (Michelmore et 

al. 1987; Curtis et al. 1994; Torres et al. 1993). The success of these genetic 

manipulation methods, as tools for crop improvement, depends on the regeneration 

response of plant genotypes in tissue culture. In such studies, the main objective is to 

attain mature plants with transferred genes or desired traits. Thus explants of different 

genotypes must have the regeneration potential to endure morphogenesis into whole 

plants.  

Various studies have proven rol genes are powerful activators of secondary 

metabolism in various families of plant (Bulgakov 2008). Rol A is generally regarded 
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as a DNA binding protein and activator of growth (Rigden & Carneiro 1999), rol B 

devouring tyrosine phosphatase potential which regulates signal transduction pathway 

of auxin (Filippini et al. 1994) and it is considered to be most powerful inducer of 

secondary metabolism. It increased the accomulation of resveratrol in Vitis amurensis 

(Kiselev et al. 2007) and anthraquinones in Rubia cardifolia (Shkryl et al. 2007).  Rol 

C gene has been reported to enhance the production of pyridine alkaloids, tropane 

alkaloids, ginsenosides, anthraquinones and indole alkaloids in transgenic plants 

(Bulgakov 2008). Moreover, the combined effect of the rol genes has been reported in 

several investigations using hairy root cultures, where the genes were expressed under 

the control of their native promoters, together with other T-DNA genes. These reports 

showed that there was an increase in the production of secondary metabolites in hairy 

roots in various transformed plants reviewed by Giri & Narasu (2000). However rol 

genes seem to affect plant morphology (Casanova et al. 2005). Previously lettuce has 

been transformed with rol AB genes which exhibited adverse phenotypic changes like 

shorter stems and internodal parts, reduction in inflorescence and leaf, leaf wrinkling 

and lower pollen viability (Curtisa et al. 1996). Giovannin et al. (1999) transformed 

Osteospermum ecklonis with rol genes and reported that rol ABC transformed plants 

showed increase in branch number and were lush green while those transformed with 

independent rol C gene promote early flowering and increase in flower numbers. So, 

in this study constructs containing rol ABC and rol C genes were chosen to transform 

Lactuca sativa L. (cv. Grand Rapids). The transformation events were confirmed 

through PCR and the expression level of genes were compared by semi quantitative 

RT- PCR.  
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2.2 Materials and methods 

2.2.1 Plant material 

In present research, the experimentations were performed using seeds of L. sativa (cv. 

Grand Rapids). Seeds of Grand Rapids were obtained from Awan Seeds Store, 

Rawalpindi, Pakistan. Theses seeds were kept in covered plastic envelopes and placed 

in air tight jars. These jars were stored at cool and dry place with temperature less 

than 20°C and relative humidity not exceeding 30%. 

2.2.2 Culture media 

In the present experimental work, tissue culturing was conducted using two different 

media such i) ½ strength MS (Murashige and Skoog) medium (Murashige & Skoog 

1962), ii) MS medium and iii) LR (lettuce regeneration medium), whereas Luria 

Broth (LB) and Luria Agar (LA) medium were used for the growth of bacteria. Agar 

is added at a concentration of 10 g/l to solidify the medium. The chemical 

composition of the above media is given in table 2.1.  

2.2.2.1 Pre-culturing medium 

MS medium (0.44%) and sucrose (3%) were added to 100ml de-ionized water. After 

mixing the contents, the pH was adjusted to 5.8 with drops of 0.1 N NaOH or HCl 

followed by the addition of 1% agar for solidification of media. The flasks were then 

cotton plugged and autoclaved for 20min at 121 °C and 15psi. After sterilization the 

mediium was cooled at 50 °C in a LFH. Syringe filtered 0.1mg/l of NAA and 0.5mg/l 

BAP was then added to above medium. About 40-45 ml of medium was added in each 
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9cm petri-plate and allowed to solidify within LFH. Finally, the petri plates were 

sealed with parafilm and kept in growth room till further use. 

Table 2.1 Chemical composition of culturing media 

Sr. 

No. 
Medium Components Conc./liter 

1 ½MS 

MS basal salts 2.2 g 

Sucrose 30 g 

Agar 10 g 

2 MS 

MS basal salts 4.4 g 

Sucrose 30 g 

Agar 10 g 

3 LR 

MS 4.4 g 

BAP 0.005 g 

NAA 0.001 g 

Sucrose 30 g 

Agar 10 g 

4 LB 

Tryptone 1 g 

Yeast extract 0.5 g 

Sodium Chloride 1 g 

2.2.2.2 Co-cultivation medium 

Medium for co-cultivation was prepared by adding 250mg/l of acetosyringone in 

autoclaved simples MS medium. This medium was then poured in petri-plate and 

allowed to solidify under LFH, followed by closing with parafilm and kept in the 

growth room for further use. 

2.2.2.3 Selection medium 
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Medium for selection was prepared by dissolving 50mg/l of Kanamycin to autoclaved 

LR medium. It was then transferred in petri-plates and allowed to solidify in LFH. 

Petri-plates wrapped with parafilm were stored at 4°C in a refrigerator until use. 

2.2.3 Surface sterilization and inoculation of seeds 

Prior to germination, surface sterilization of seeds was carried out. Seeds were dipped 

in 70% solution of ethanol for 1 minute and then in sodium hypochlorite (10%) for 45 

sec by continuous shaking with forceps in LFH. Then seeds were rinsed thrice with 

autoclaved water. After sterilization, seeds were inoculated in petri-plates containing 

½ MS medium under aseptic conditions. The petri-plates were sealed with parafilm 

and kept in growth room for 12-14 days at 26±2°C under 16 h of photoperiod, 

illumination of 45µE/ ms
 
and relative humidity (60%).  

2.2.4 Transformation of Lactuca sativa 

Transformation parameters for Lactuca sativa (cv. Grand Rapids) optimized in our 

laboratory by Asif (2013) were used in this study. The transformation experiments 

was carried out with two different types of explants consisting nodes and cotyledons 

with A. tumefaciens (GV3101) containing rol ABC and rol C genes. Nodes and 

cotyledons (5-10mm) were used for transformation from 15 days old tissue cultured 

seedlings of Lactuca sativa. In transformation experiment, 40-50 control nodes and 

cotyledons were also used without co-cultivation with A. tumefaciens.  

2.2.4.1 Bacterial strains and plasmids 

A. tumefaciens (GV3101) comprising plasmid pPCV002-ABC and pPCV002-

CaMVC kindly provided by Dr. Spena, Max-Planck-Institut fur Zuchtungsforschung, 
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5000 Koin 30, FRG (Spena et al. 1987) were used for agrobacterium transformation. 

The T-DNA region of the construct pPCV002-ABC confined the coding sequence of 

rol ABC gene under the control of native promoter and that of pPCV002-CaMVC 

coding region of rol C gene which was under the control of CaM35S promoter. T-

DNA of pPCV002-ABC and pPCV002-CaMVC also contained the NPTII (neomycin 

phosphotransferase) gene with NOS terminator sequences (Fig 2.1).  

Fig 2.1 Vectors (pPCV002-ABC and pPCV002-CaMVC) used in the transformation 

of Lactuca sativa L. (Fig. taken from Spena et al., 1987). Abbreviations: 35S, 

cauliflower mosaic virus 35S promoter; T, cauliflower mosaic virus 35S terminator; 

kb, kilobase; BL and BR, left- and right border sequences of vector T-DNAs; pg5, 

truncated promoter of TL-DNA gene 5; pNOS, promoter of nopaline synthase gene; 

pAocs, polyadenylation sequence of octopine synthase gene; NPT-II, neomycin 

phosphotransferase gene of transposon Tn5. 

A. tumefaciens comprising the plasmids pPCV002-ABC and pPCV002-CaMVC were 

cultured overnight in LB. After inoculation, these bacterial cultures were kept at 25ºC 

and 110rpm in a shaking incubator. Bacterial cells were harvested by centrifugation at 

3500 rpm for 10 min and pellets were re-suspended in MS medium without plant 

growth regulators (Murashige & Skoog 1962) to a density of about 5×10
10

 CFU/ml.  

2.2.4.2 Pre-culturing of explants 
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Nodes and cotyledons (0.5-1 cm in length) of 7 days old seedlings of in vitro grown 

lettuce were cut with a scalpel blade under an LFH and placed on the pre-culturing 

medium in petri plates for one day before infection.  

2.2.4.3 Co-cultivation 

A. tumefaciens (GV3101) consisting plasmid pPCV002-ABC and pPCV002-CaMVC 

was grown overnight at 37
o
C in four 100 ml flasks, each containing 50 ml of LB 

medium supplemented with kanamycin (50 mg/l). Theses medium were inoculated 

with bacterial cultures and then were maintained at 25
o
C and 210 rpm overnight in 

shaker. The optical density (OD600) of Agrobacterium cells was adjusted at 0.6 with 

liquid MS medium. After one day of pre-culturing, theses explants were dipped in the 

bacterial suspensions of GV3101 for ten minutes. Afterward, the treated explants 

were dried on sterile filter paper followed by keeping on co-cultivation medium. In 

each plate 10-15 explants were co-cultivated. The plates with explants were placed at 

25
o
C in dark for 2 days. 

2.4.4 Selection and regeneration  

Explants were co-cultivation for two days, then washed with liquid MS medium 

having 500 mg/l cefotaxime alone, then washed with liquid MS medium containing 

250 mg/l cefotaxime and 250 mg/l vancomycin in combination to kill bacteria, 

followed by blotting on sterile filter paper. All mentioned antibiotics were first filter 

sterilized and then added into the medium. The above washed explants were then 

shifted to the magenta jars consisting LR medium supplemented with kanamycin (50 

mg/l). These plates were then kept at 25
o
C, 16 h of photoperiod and 60% relative 

humidity. 
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These magenta jars with washed explants were incubated at 25ºC, 16h photoperiod, 

with illumination of 45 µE/ms/s and 60% of relative humidity. The explants were 

regularly transferred to fresh selection medium on weekly basis for the first month. 

From the second month, regenerated plants were subcultures in two week interval. 

After three months, the concentration of cefotaxime was decreased to 20mg/Ll. 

Transformation efficiency was calculated for kanamycin resistant plants and also for 

PCR positive plants.  
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2.2.5 Molecular analysis 

For confirmation of the integration and transformation of the desired genes, molecular 

analysis was performed through PCR. The transformed plants of Agrobacterium 

tumefaciens GV3101 containing plasmid pPCV002-ABC and pPCV002-CaMVC 

were confirmed by PCR analysis of rol A, B and C genes. For this purpose genomic 

DNA of transformed plants were isolated along plasmid DNA from the used strains of 

A. tumefaciens. 

2.2.5.1 Extraction and purification of plasmid DNA 

Plasmid DNA was isolated by alkaline lyses midiprep method described earlier 

(Sambrook et al. 1989) with little modifications. In this method of plasmid isolation, 

glycerol culture of bacterium containing desired plasmid was refreshed by streaking 

on LB agar containing ampicillin for selection. A single colony was taken and grown 

in LB media containing ampicillin at 28°C overnight with vigorous shaking. Then 15 

ml of overnight grown culture was transferred to a falcon tube and centrifuged at 

14,000 rpm for 10 minutes at 4°C. Supernatant was discarded and pellet was allowed 

to dry. Bacterial pellet was suspended in 200 µl of ice-cold alkaline lysis solution 1 by 

pipetting up and down. 400 µl freshly prepared alkaline lysis solution II was added to 

the pellet and was mixed gently by inverting several times and tubes were stored on 

ice for 3 minutes. Then 300 µl of ice-cold alkaline lysis solution III was added to the 

pellet and was mixed by inverting for 3 to 5 minutes. Tubes were centrifuged at 

14,000 rpm for 5 minutes in a microcentrifuge. An equal volume of 

phenol:chloroform (1:1) was added to the supernatant (600 µl) collected in the fresh 

tube. Organic and aqueous phases obtained due to Phenol-Chloroform solution were 

mixed by vortexing followed by centrifugation at 14,000 rpm for 5 minutes. Only the 
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upper layer was collected and transferred to a fresh tube. Further 600 µl of 

isopropanol was added to the tube to precipitate the nucleic acid. Solution was mixed 

by brief vortexing and allowed to stand for 20 minutes at -20°C. Precipitated nucleic 

acid was collected by centrifugation at 14,000 rpm for 5 minutes at 4°C. Supernatant 

was removed by gentle aspiration and tubes were stand in inverted position on a tissue 

paper to allow all of the fluid to drain away. A total of 1 ml of 70% ethanol was added 

to the pellet followed by centrifugation at maximum speed for 2 minutes at room 

temperature in a microcentrifuge. Supernatant was removed by gentle aspiration. 

Tubes were allowed to air dry as possible by placing tubes in inverted position for 15 

minutes. Plasmid DNA pellet was dissolved in proper amount of TE buffer (pH 8.0) 

and mixed by pipetting up and down for few seconds and tubes were stored at -20°C 

for further use. Ingredients of the alkaline lysis solution are described in Table 2.2.  

2.2.5.2 Isolation of genomic DNA  

Plant genomic DNA was extracted by using cetyltrimethylammonium bromide 

(CTAB) procedure as reported by Clarke (2009) with some modifications. DNA was 

isolated from transgenic and non-transgenic control plants by grinding frozen 

seedlings in liquid nitrogen to very fine powder using ice cold pestle and mortar. As 

soon as tissues were ground, 700 µl CTAB Buffer (Table 2.2) which was previously 

pre-heated in water bath at 65°C for 30 min, was added to the sample. Samples were 

incubated for 65°C for 1 hour in shaking incubator. After incubation, samples were 

allowed to cool down at room temperature and placed for 10 minutes at room 

temperature. Further, 700 µl pre-chilled chloroform was added to the samples and was 

shaken by inverting it time to time for 30 minutes and centrifuged it for 15 minutes at 

10000 rpm at 20°C. Supernatant was taken and transferred it to new sterilized 
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eppendorf tube while pellet was discarded. Chilled isopropanol (100%) up to 1 ml 

was added to the samples in order to precipitate samples. Tubes were centrifuged for 

10 minutes at 10,000 rpm at 20°C and pellet was washed twice with 70% ethanol and 

centrifuged for 5 minutes at 10,000 rpm at 20°C. Pellet was allowed to air dry by 

placing it for 20 minutes inverted over tissue paper. Pellet was dissolved by adding 

proper amount of TE buffer and was stored at -20°C 

Table 2.2 Solutions for DNA and plasmid isolation 

S/No. Buffer Components Concentration 

1 CTAB buffer 

CTAB 2% 

Tris HCl (pH 8) 100 mM  

EDTA 0.5 M 

NaCl 1400 mM                  

PVP (40 KDa) 1% 

2 Solution 1 

Glucose 50 mM 

Tris 25 mM (pH 8.0) 

EDTA 10 mM (pH 8.0) 

3 Solution 2 
SDS 1% 

NaOH 0.2 N 

4 Solution 3 Sodium Acetate 3 M 

5 TE 
Tris 10 mM pH 8.0 

EDTA 1 mM 

2.2.5.3 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed to analyse the PCR products. For this 

1.5% agarose gel was prepared by melting 1.5g of agarose powder in 100ml of 1 X 

TBE buffer (Table 2.3) in microwave oven. 2µl (0.5µg/µl) ethidium bromide solution 
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was added in the gel to stain the DNA. 5µl of PCR product was mixed with 2µl of 

bromophenol blue dye (0.25% bromophenol blue and 40% sucrose). Electrophoresis 

was carried out in Biored gel tank at 90 volts for 70 minutes in 1X TBE running 

buffer. After the electrophoresis completed the amplified product was visualized by 

placing the gel under UV-Trans illuminator (Life Technology, USA). The 

concentration of DNA was measured by simply visual comparison to the DNA ladder 

on an agarose gel. The bands of resulting gel electrophoresis were compared and 

DNA ladder was used as standard and the concentration of DNA was measured (Fig. 

2.2).  

Table 2.3 Composition of 10X TBE buffer 

Sr. No. Component Concentration 

1 Tris 890 mM 

2 Boric acid 25 mM 

3 EDTA 0.1 mM (pH 8.3) 

 
Fig 2.2 DNA Ladders for agarose gel electrophoresis. 

2.2.5.4 PCR analysis of the transformants 
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completion of PCR reactions, the amplified products were analyzed on 1% agarose / 

ethidium bromide gel using a horizontal electrophoresis apparatus. 

Table 2.4 Optimum conditions for gene amplification using PCR  

Gene Primer sequence 
Product 

size  

PCR Conditions 

Temp Time Cycle 

NPTII 

 

5´AAGATGGATTGCACGC

AGGTC3´ 

5´GAAGAACTCGTCAAGA

AGGCG3´ 

 

780 bp 

94°C 5min 1 

94°C 

54°C 

72°C 

35 sec 

35 sec 

45 sec 

35 

72°C 10 min 1 

rol A 

5´AGAATGGAATTAGCCG

GACTA3´ 

5´GTATTAATCCCGTAGGT

TTGTT3´ 

308 bp 

94°C 5min 1 

94°C 

53°C 

72°C 

35 sec 

35 sec 

45 sec 

35 

72°C 10 min 

1 

 

rol B 

 

5´ATGGATCCCAAATTGCT

ATTCCTTCCACGA3´ 

5´TAGGCTTCTTTCTTCAG

GTTTACTGCAGC3´ 

 

779 bp 

94°C 5min 1 

94°C 

55°C 

72°C 

35 sec 

35 sec 

45 sec 

35 

72°C 10 min 1 

rol C 

 

5´GAAGACGACCTGTGTTC

TC3´ 

5´CGTTCAAACGTTAGCCG

ATT3´ 

 

540 bp 

94°C 5min 1 

94°C 

54°C 

72°C 

35 sec 

35 sec 

45 sec 

35 

72°C 10 min 1 

2.2.5.5 RNA isolation 
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Total RNA was extracted by previously described method (Logemann et al. 1987) 

with modification from the leaf samples (100 mg) of Lactuca sativa was ground to a 

fine powder under liquid nitrogen with help of mortar and pestle. The powder was 

transferred into 1 ml of pre-warmed RNA extraction buffer (Table 2.5) and incubated 

at 65°C for 15 minutes in water bath with vigorous shaking several times. The 

mixture was added to an equal volume of saturated Phenol/chloroform/ 

isoamylalcohol (25:24:1), vortexed for 20 sec and then incubated at room temperature 

for 5 min. 

After centrifugation for 15 minutes with 4000 rpm at room temperature supernatant 

was shifted to a new tube and purified again with an equal volume of chloroform: 

isoamylalcohol (24:1 v/v). Centrifugation was carried out for 5 minutes at 4000 rpm 

and this step was repeated until a clean interface was observed. Supernatant was 

transferred to a new falcon tube and 0.25 volumes of 10 M Lithium chloride was 

added, mixed and stored overnight at 4°C. RNA was recovered by centrifugation at 

4000 rpm for 30 minutes at 4°C.  

Table 2.5 Composition of RNA extraction buffer 

Sr. No. Component Concentration 

1 CTAB  2 % (w/v) 

2 NaCl  2 M 

3 Tris-HCl  100 mM (pH 8.0) 

4 EDTA  20 mM 

5 Sodium dodecyl sulphate  1 % (w/v) 

6 Polyvinylpyrrolidone  4% (w/v) 

7 Β-mercaptoethanol (added just before use) 2 % (v/v) 
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The pellets were washed with 70% ethanol, air-dried and dissolved in 100μl 

autoclaved deionized water. RNA was stored at -80°C until use. The concentration of 

RNA was measured by simply visual comparison to the DNA ladder on an agarose 

gel.  

2.2.5.6 DNase treatment  

The RNA samples were treated with DNase to make sure no genomic DNA was left 

in the samples. Five μg total RNA from each sample was treated with the DNase I 

(Thermo Scientific, UK) in the following protocol:  

 A 50μl reaction containing the following ingredients was carried out 

 5 μg RNA + DEPC treated H
2
O to 35 μl  

 5 μl 10X reaction buffer with MgCl2  

 5 μl (5 U) DNase I  

 Incubation was done at 37ºC for 30 min.  

 Then 5 μl of 50 mM EDTA was added and incubated for 10 min at 65°C. 

 After that reaction mixture was centrifuged in 1.5 min at 10,000 x g and 

transferred the RNA to a clean tube. 

 The prepared RNA was used as a template for reverse transcriptase.  

2.2.5.7 cDNA synthesis  

cDNA (complementary DNA) was synthesised using reverse transcriptase enzyme in 

RevertAid RT Kit for RT-PCR (Thermo Scientific, UK). This enzyme translates RNA 

to DNA and creates one DNA strand complementary to the RNA strand which is 

called cDNA in hybridization of RNA. RNA strand is then denatured by RNase H, 

leaving single stranded cDNA ready for PCR. So, the total RNA of the plant was 
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extracted which served as template for cDNA synthesis. From this total RNA, mRNA 

makes up about 1-5% which is very interesting fragments for the expression learning. 

Similar to polymerase, reverse transcriptase also needs a primer to initiate DNA 

synthesis. Three reported alternative primer methods are  

 

The protocol was as follows:  

 RNA/primer mixtures:  

 5 μl (5 μg) total RNA  

 1 μl random hexamers (50 ng/μl)  

 6 μl DEPC treated water  

 Incubated for 5 min at 65ºC for and then placed on ice for 1 min.  
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 Then a mixture of the following components was prepared and added to 

each reaction:  

 4 μl 5X reaction buffer  

 1 μl RiboLock RNase inhibitor (20 U/µl)  

 2 μl 10 mM dNTP Mix  

 1 μl RevertAid RT (200 U/µl) 

 Incubated for 5 min at 25 °C followed by 60 min at 42 °C.  

 The reaction was stoped at 70ºC for 10 min and chilled on ice.  

 

2.2.5.8 Semi quantitative RT- PCR 

Semi-quantitative RT-PCR is a PCR reaction using cDNA as template. This method is 

said to be semi-quantitative because the expression of a gene can be quantified to a 

certain degree. The amount of mRNA of the gene of interest present, defines the 

amount of template for the PCR amplification, and is represented in the intensity of 

the fragment on the agarose gel. It can be seen if a fragment (representing a certain 

mRNA) is present or absent. Differences in fragment intensity between to fragments 

can also be seen, and the degree of difference can to a certain degree be calculated 



44 

 

using the Gel doc computer program. But when the differences are small, they are 

hard to distinguish. And the band intensity may vary between gels, which makes 

comparison of different gels harder. This means that differences in expression of 

different genes or the same gene from different individuals can to a certain degree be 

seen using this method.  

Semi quantitative reverse transcriptase PCR was carried to analyse expression of rol 

A, rol B and rol C gene. Total RNA of transformed and untransformed plants was 

extracted according to the procedure reported by Shirzadegan et al. (1991). After 

extraction, RNA was treated with DNAse to confirm complete elimination of DNA. 

The quantity and purity was determined spectrophotometrically by measuring 

absorbance at 260nm and 280nm, also by running RNA samples on 1.5% agarose gel. 

Then for 60 minutes 1-2 μg of RNA was reverse transcribed at 42ºC in a 20μl reaction 

mixture comprising 200 units of RevertAid M-MuLV (Moloney murine leukemia 

virus) reverse transcriptase (Fermentas) according to the manufacturer’s guideline in 

the presence of RNAse inhibitor. PCR was carried out with rol A, rol B and rol C 

gene primers as performed previously by using 1μl of cDNA as template. The 

products of PCR were evaluated by gel electrophoresis on 1.5% agarose gel 

containing ethidium bromide and photographed under UV light. 

2.3 Results 

The aim of the this study was to optimize the transformation conditions for Lactuca 

sativa (cv. Grand Rapids) with A. tumefaciens (GV3101) harbouring the rol ABC and 

rol C genes. Molecular analysis was carried out for confirmation of transgene 

integration through PCR and semi quantitative RT- PCR.  
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2.3.1 Regeneration and transformation 

The transformation conditions for Lactuca sativa (cv. Grand Rapids) were previously 

optimized in our laboratory (Asif 2013). Explants (nodes and cotyledons) were taken 

from 7 days old seedlings of in vitro grown lettuce plants and pre-cultured on 

specified pre-culturing medium for 1 day. After that, plants were shifted on co-

cultivation media along with bacterial culture. Two days after infection, plants were 

shifted to selection medium (Fig 2.3).  

 

 

 

Fig 2.3  Lactuca sativa L: untransformed plants (a) and kanamycin resistant plants (b 

and c). 

 

(a) (b) 

(c) 
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Lactuca sativa (cv. Grand Rapids) was successfully transformed with Agrobacterium 

tumefaciens (GV3101) harbouring the rol ABC and rol C genes. Three independent 

transformation experiments were carried out and 200 explants were used per 

transformation event. Transformation efficiency was calculated to be 60% (Fig 2.4), 

out of the regenerated plants three healthy transgenic lines of each gene were used for 

further analysis. Phenotypic alterations in plant growth were observed in all 

transgenic plants. All transformed plants, indicated a reduction in inflorescence and 

stem heights as compared with untransformed plants (Fig 2.5). In addition, slight 

wrinkling was observed in rol ABC transformed plants while leaf wrinkling was 

absent in the transgenics of rol C gene.  
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Fig 2.4 Transformation efficiency of Lactuca sativa   
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Fig 2.5  Lactuca sativa L: tranformant of rol ABC (a), its callus (b), untransformed (c, 

d), its callus (e) and transformant of rol C (f) its callus (g).  

 (a)  (b) 

 (e) 

 (f) 

 (c) 

 (d) 

(g) 
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2.3.2 Molecular analysis 

2.3.2.1 Isolation of genomic DNA 

For PCR analysis, plant genomic DNA was isolated using CTAB method from the 

aerial parts of the transformed plants. DNA isolated from this method was run on the 

agarose gel electrophoresis and examined under U.V transilluminator. Fig 2.6 

represents the genomic DNA isolation from the transformed and untransformed plant 

material.  

  L unT    1      2   3     4           5   6 

 

Fig 2.6 Genomic DNA of rol ABC (1-3) and rol C (4-6). Lane L corresponds to the 

1Kb ladder DNA (Fermentas) while unT stands for untransformed plant of Lactuca 

sativa. 

2.3.2.2 PCR amplification 

PCR carried out for the rol gene transformants of Lactuca sativa (cv. Grand Rapids) 

showed the amplified products of 308bp for rol A, 779bp for rol B, 540bp of rol C 

gene and 780bp of nptII gene as shown by Fig 2.7 (a-e). Similar amplified products 

were obtained from plasmid DNA of GV3101-ABC and GV3101-CaMVC 

respectively. Untransformed plant was unable to show the presence of these genes in 

its genome.  
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Fig 2.7 PCR amplified products of rol ABC and rol C. (a, b & c) 1-3 represents rol 

ABC transgenic plants, (d) 1-3 represent rol C transgenics plants whereas (e) 

represents NPTII gene amplification for the rol ABC (1-3) and rol C (4-6) transgenic 

plants. unT stands for untransformed plant of Lactuca sativa. Lane “P” refers to the 

plasmid DNA and lane “L” corresponds to the 1Kb ladder DNA (Fermentas).  

2.3.2.3 Isolation of total RNA 

For semi quantitative reverse transcriptase PCR analysis, total RNA was extracted by 

previously described method (Logemann et al. 1987) with modification from the 

leaves of the transformed plants Fig 2.8. RNA isolated from this procedure was run on 

agarose gel (1%) and examined under U.V transilluminator.  

 (a) 

 (b) 

 (c) 

 (e) 

 (d) 
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Fig 2.8 Total RNA of Lactuca sativa transformed with rol ABC (1-3) and rol C (4-6).  

 

2.3.2.4 Semi-quantitative RT-PCR 

 

Semi quantitative RT-PCR confirmed that the genes were expressed in all regenerated 

plants Fig 2.9 (a-d). For each reaction, RNA sample without reverse transcription was 

used as negative control (NC) and GADPH was used as positive control.  

       L GADPH NC1 NC2 NC3   1  2 3 unT  

500 bp 

 

250 bp 

 

                   

 

             

             308bp rol A 

 

               L  GADPH NC1 NC2 NC3   1 2   3 unT  

 

750 bp 

 

500 bp 
  

           

              779bp rol B 

                 

                 L GADPH unT   1     2      3 NC1 NC2 NC3  

750 bp  

 

500 bp 

 

                   

 

 

            540bp rol C 
                                                                          

                                L   NC1 NC2 NC3         1      2       3   unT GDPH  

 

750 bp 

 

500 bp 
 

                   

            540bp rol C 

Fig 2.9 Semiquantitative RT-PCR showing the relative expression of rol ABC and rol 

C. (a, b & c) 1-3 represents rol ABC transgenic plants and (d) 1-3 represent rol C 

transgenics plants. NC is reaction for each of the RNA samples without reverse 

transcription of respective gene and GADPH (496 bp) was used as positive control for 

the semi quantitative RT-PCR. Lane L corresponds to the 1Kb ladder DNA 

(Fermentas). unT stands for untransformed plant of Lactuca sativa. 

 (b) 

 (a) 

 (c) 

 (d) 



51 

 

The result exhibited that the expression of rol A  gene in each line was not uniform, 

the transgenic lines rol ABC1 and rol ABC2 both showed higher expression 

compared to rol ABC3 (Fig 2.9a). The rol B gene also showed the same pattern of 

expression (Fig 2.9b) as shown in case of rol A gene. In comparison, different 

transgenic lines of rol C gene had almost similar expression levels (Fig 2.9c). In case 

of rol C independent construct the transgenic line rol C1 exhibited highest expression 

while rol C2 showed moderate and rol C3 showed lowest expression (figure 2.9d). 

2.3.2.5 Acclimatization 

Transformed rooted plantlets of Lactuca sativa (cv. Grand Rapids) were transferred to 

small plastic pots comprising a mixture of peat moss and soil. Plants were then shifted 

in larger clay pots in growth room at 26±2ºC, 16 h of photoperiod, illumination of 45 

µEm-² s-¹ and relative humidity (60%) before shifting to the harsher conditions of the 

green house environment. Out of 20 plants transferred to pots, only 10 seedlings were 

able to survive the growth room conditions, so the percentage of seedlings 

acclimatized to the outer environment was about 50%. Rest of the seedlings could not 

withstand in the growth room.  

2.4 Conclusion  

The present report explains an efficient protocol for Agrobacterium tumefaciens 

mediated transformation of Lactuca sativa, Kanamycin resistant plants were 

confirmed by PCR and transformed plants were analysed by reverse transcriptase 

PCR to confirm the expression of rol genes. The amplification of transcripts with 

desired fragment size was observed in all samples of transgenic lines.  
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3.1 Introduction 

Lettuce is a common leafy vegetable used in salads since ancient times (Harlan 1986). 

However, only in recent years its value in human diet has been recognized as it is 

consist of a number of health-promoting and nutritive compounds for example 

phenolic compounds, calcium, vitamin A, C, E and iron which prevent various 

chronic diseases (Caldwell 2003; Nicolle et al. 2004). Most of them are found in 

lettuce and have effective antioxidant properties (Caldwell 2003). Additional, many of 

the lettuce verities are abundant in health-promoting compounds and derivatives (Liu 

et al. 2007). Moreover, based on the total phenolic content, lettuce has higher 

scavenging activity especially for peroxyl radical, which is one of the reactive oxygen 

species (ROS), than many other fruits and vegetables (Caldwell 2003). 

A number of phytochemicals including secondary metabolites and vitamins have 

antioxidant properties, which help in fending off the injury caused by stress-induced 

ROS. ROS are known to damage a number of cell components including membranes 

in both plants and animals (El-beltagi & Mohamed 2013). Thus, the accumulation of 

antioxidants has a distinct adaptive advantage in plants. Typical phytochemicals with 

antioxidant properties are vitamins such as α-tocopherol, ascorbic acid, and 

carotenoids and phenolic compounds (Blokhina et al. 2003) 

Furthermore, phytochemicals appear to function in a similar fashion in humans as 

they do in plants. Humans are routinely exposed to highly oxidative environment 

resulting from the normal metabolic processes, which can often lead to harmful 

oxidative stress (Boyer & Liu 2004). Oxidative damage may cause many degenerative 

diseases in humans such as cancer, cardiovascular disease, Alzheimer disease, and 

cataracts (Ames et al. 1993). Numerous epidemiological studies have reported that 
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daily intake of vegetables and fruits rich in phytochemicals, has health benefits in the 

prevention of chronic diseases, including cardiovascular disease and several types of 

cancer (Arai et al. 2000; Jang et al. 1997). Many phenolics such as hydroxycinnamic 

acids (chlorogenic acid and caffeic acid) and flavonoids (chicoric acid, quercetin-3-O-

glucosie, and luteolin-7-O-glucoside), present in most vegetables, have been reported 

for their strong antioxidant potential (Graefe & Veit 1999; Olthof et al. 2001). 

Phytochemicals include a vast array of compounds including secondary metabolites 

like terpenoids, phenolics, alkaloids and vitamins (Blokhina et al. 2003). Many 

researchers have reported various biological functions for phytochemicals in plants. 

For instance, secondary metabolites of plants have been studies extensively for their 

response against biotic and abiotic stresses (Kliebenstein 2004). In this chapter, we 

evaluated the seed and leaf extracts of field grown Lactuca sativa (cv. Grand Rapids) 

along with the extracts of tissue cultured and transformants of rol ABC and C genes 

for its various phytochemicals, antimicrobial, antioxidant and enzyme inhibition 

properties. 

3.2 Materials and methods  

The detail of plant material has been described in methodology section 2.2 of Chapter 

2.  

3.2.1 Preparation of the extracts 

The plant leaves (field grown, tissue cultured untransformed and transformed) and 

seed were washed with distilled water and were air dried in shade for 5 weeks at room 

temperature. The leaves were then grinded to powder and 10 g was macerated in with 

the 200 ml solvent consisting of hexane. Three times soaking was done followed by 
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vortex and sonication for five minutes each. After 1 hour, solvents were filtered from 

plant material by using Whatman # 1 filter paper and filtrate was dried under vacuum 

hood at 40°C. The residue from the above extraction was soaked by using the solvents 

chloroform, methanol and water sequentially (Fig 3.1). Therefore, filtrates obtained 

after each times soaking, were named as hexane, chloroform, methanol and aqueous 

extracts of Lactuca sativa. The extracts were kept at -20°C for further processing.  

 
Fig 3.1 Flowsheet diagram for preparation of extracts from Lactuca sativa  

3.2.2 Antimicrobial assays 

3.2.2.1 Antibacterial assay 

Antibacterial activity was determined by disc diffusion method reported by Valgas et 

al. (2007). Two of the strains were Gram positive [(Micrococcus luteus ATCC 

10240), (Staphylococcus aureus ATCC 6538)] and three were Gram negative 

[(Bordetella bronchiseptica ATCC 4617), (Salmonella typhimurium ATCC 14028) 

and (Enterobacter aerogenes ATCC 13048)]. These bacterial strains were grown in 
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nutrient broth (NB) which was prepared by dissolving 8 g/l in autoclaved distilled 

water and pH was adjusted at 7 and was autoclaved. The cultures were then 

transferred to NB under LFH to evade contamination. The bacterial cultures were then 

incubated for 24 hours at 37ºC.  

 

3.2.2.2 Antifungal assay 

Antifungal activity of all the extracts was determined against five fungal strains 

including Aspergillus niger (FCBP 0198), Mucor species (FCBP 0300), Aspergillus 

flavous (FCBP 0064), Fusarium solani (FCBP 0291) and Aspergillus fumigatus 

(FCBP 66). The fungus was cultured on Sabouraud Dextrose Agar (SDA) medium at  
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3.2.3 Antioxidant determination 

3.2.3.1 Total phenolic content (TPC) 

The TPC were quantified according to the method reported by Liu et al. (2007) with 

modifications by using Folin-Ciocalteu reagent. In experiment 4 µl (50 mg/ml in 

DMSO) of each extract was transferred into each well of 96-well plate and 98 µl of 

Folin-Ciocalteu reagent (10-fold diluted with water) was added and mixed. The 

resulting reaction mixture was kept at room temperature for five minutes and then 98 

µl 6 % sodium carbonate was added and mixed gently. The resulting mixture was kept 

at 25
o
C for 90 min and the absorbance was taken at 725 nm with microtiter plate 

reader (Elx 800). The TPC were expressed as Gallic acid equivalents and DMSO was 

used as negative control.   
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3.2.3.2 Total flavonoid content (TFC) 

For TFC estimation, aluminium chloride colorimetric method was followed (Moein et 

al. 2008) with modifications. The samples 4 µl (50 mg/ml in DMSO) were 

independently mixed with 10 µl of 10% aluminium chloride, 10 of 1 M potassium 

acetate and 176 µl of autoclaved distilled water in each well of 96-well plate. This 

reaction mixture was kept at room temperature for 30 minutes. Absorbance of the 

mixture was at at 405 nm with microtiter plate reader (Elx 800). The TFC were 

expressed as Quercetin equivalents and DMSO was used as negative control.  

3.2.3.3 Total antioxidant capacity (TAC) 

TAC was calculated by phosphomolybdenum method described by Phatak & Hendre 

(2014) with modifications. In reaction mixture 4 µl (50 mg/ml in DMSO) of extract 

was added with 196 µl of reagent solutions (4 mM ammonium molybdate, 28 mM 

sodium phosphate and 0.6 M sulfuric acid). Then mixture was incubated at 95
o
C for 

90 min in water bath. Absorbance was taken at 630 nm with microtiter plate reader 

(Elx 800) after cooling reaction mixture at room temperature. In blank reaction 4 µl of 

DMSO was used instead of extract. TAC of each extract was expressed as ascorbic 

acid equivalent.  

3.2.3.4 Total reducing power (TRP) 

TRP was determined by the method established by Moein et al. (2008). The TRP of 

the extracts were determined by using 20 µl (50 mg/ml in DMSO) of extract mixed 

with 490µl of 0.2M of phosphate buffer and 490 µl of potassium ferricyanide (1%). 

The reaction mixture was maintained for 20 minutes at 50
o
C. Then 500 µl of 10% 

trichloroacetic acid was added to the reaction mixture; the mixture was then 
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centrifuged for 10 minutes at 3000 rpm. Then 500 µl of the upper layer of the mixture 

was taken in new eppendorf and 100 µl of 0.1% ferric cyanide was added. 

Absorbance was measured at 630 nm with microtiter plate reader (Elx 800). Blank 

was prepared by adding 100 µl of DMSO instead of the extract. TRP of each extract 

was expressed as ascorbic acid equivalent.  

3.2.3.5 DPPH free radical scavenging assay 

 

Percentage scavenging (%) = [1-absorbance of extract/absorbance of control] x100 

3.2.3.6 DNA damage assay 

Extracts of lettuce were tested for their DNA protection property according to method 

reported by Ismail et al. (2015). A solution of H2O2 (30%) was prepared from 36% 

commercial H2O2 solution. A sodium phosphate buffer of pH 7.4 was prepared by 
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mixing 0.18% of NaH2PO4 and 0.55% of Na2HPO4 in 100 ml of deionized water. 

Solution of ferrous sulphate was freshly prepared by dissolving 0.05g of FeSO4 in 100 

ml of deionized water. Commercial plasmid pBR322 was obtained from Fermentas 

(Germany). pBR322 This plasmid (0.5µg/ml) was 3-fold diluted (0.5µg/ml/3µl) with 

50mM phosphate buffer (pH 7.4). Positive control (P) was prepared by adding 3µl of 

plasmid (diluted) DNA and 12µl of above prepared buffer in small PCR tubes to mark 

the volume 15µl while negative control (N) was prepared by adding 3µl of plasmid 

(diluted) DNA, 4 µl of 30% H2O2, 3µl FeSO4 and 5µl of DMSO were mixed in PCR 

tube to make the reaction mixture of 15µl. To check the pro-oxidant effect of extract 

on DNA a control (X) was prepared by adding 3µl plasmid, 5µl of extract (1000 

µg/ml) and 7µl of buffer in PCR tube to make the final volume of reaction mixture up 

to 15 µl. 3µl plasmid was shifted to each PCR tube, 5µl of stock solution of the 

extract at four concentrations (1000, 100, 10 and 1 µg/ml) and then 3µl of 2mM 

FeSO4 and 4µl of H2O2 (30%) were added in the final reaction mixture respectively. 

All mixtures were incubated in dark for 1 hour at 37 ºC and then the mixture was run 

on 0.9% agarose gel to check the DNA protective/damaging effect. 

(a) Agarose gel electrophoresis 
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3.2.3.7 Lipid peroxidation assay 

The lipid peroxidation activity was determined using method reported by Gülen et al. 

(2008) with modifications. Lipid peroxidation was induced in liposomes prepared 

from egg lecithin through ultrasonic irradiation by adding 490 μl of 400 mM 

FeCl3 and 490 μl of 200 mM ascorbic acid. In this mixture 20 μl of the each sample 

was added with the final concentration of 1000, 500 and 250 µg/ml. DMSO served as 

negative control. The samples were incubated for 60 minutes at 37°C. Then 1 ml of 

stopping solution comprising 0.375% (w/v) thiobarbituric acid, 1.5% (v/v) 

trichloroacetic acid and 0.25 M HCl was added in the mixture to inhibit the reaction. 

These reaction mixtures were incubated in a boiling water bath for 15 minutes, cooled 

and centrifuged. Then 200 µl of the solution was picked and placed in each well of 

96-well plate. Absorbance (Abs) was measured at 532 nm with microtiter plate reader 

(BioTek, Elx 800). The % inhibition and IC50 was calculated by formula 

Percentage inhibition = [Abs. control – Abs. sample / Abs. control] x100 
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3.2.4 Enzyme inhibition assays 

3.2.4.1 α-glucosidase inhibition assay 

α-glucosidase inhibition activities of lettuce extracts were measured in a 96-well 

microtiter plate by following method reported by Jabeen et al. (2014). The α-

glucosidase enzyme solution (2 μl), 10 μl PNPG (p-nitrophenyl-α-D-glucopyranoside) 

substrate solution (20 mM in phosphate buffer), test sample (5 μl) and buffer (68 μl) 

were added and mixed in a 96 well microtiter plate. The initial reading was taken at 

405 nm immediately and then reaction mixture was incubated at 37ºC for thirty min. 

After incubation 100 µl of 0.5 mM sodium bicarbonate solution was added to stop the 

reaction. The increase in absorbance (Abs) due to the hydrolysis of PNPG by α-

glucosidase was measured at the wavelength of 405 nm with a microtiter plate reader 

(BioTek, Elx 800). Acarbose (1mg/ml) and DMSO were used as positive and negative 

controls respectively. The experiments were performed in triplicate and percentage 

inhibition was calculated by following formula 

Percentage inhibition = [Abs. control – Abs. sample / Abs. control] x100 

3.2.4.2 α-amylase inhibition assay 

This assay was performed in a 96 well plate to screen the plant extracts for their 

potential to inhibit α-amylase by the method reported by Keerthana et al. (2013) with 

little modifications. In experiment 40 µl of starch (0.5 mg/ml), 20 µl of extract and 30 

µl of potassium phosphate buffer pH 6.8 in all the wells. To this 10 µl of enzyme (0.2 

U) in phosphate buffer (0.1M) at pH 6.8 was added to each wells and incubated for 30 

at 50 °C. After incubation 20 µl (1 M HCl) was added in the mixture to stop the 

reaction. Then 100 µl of iodine reagent (5 mM KI and 5 mM I2) was added for colour 
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development and the absorbance (Abs) at 540 nm was measured using microplate 

reader (BioTek, Elx 800). Acarbose (1 mg/ml) served as positive control while 

DSMO was used as negative control. Development of dark blue colour represents the 

presence of starch while a yellow colour represents the absence of starch. Meanwhile  

presence of brownish colour represents partially degraded starch. The experiments 

were performed in triplicate and percentage inhibition was calculated by following 

formula 

Percentage inhibition = [Abs. control – Abs. sample / Abs. control] x100 

3.2.3.3 Butylcholinesterase inhibitory assay 

Butyrylcholinesterase (BuCh) inhibition was performed by using the Ellman’s method 

(Jabeen et al. 2014) with slight modification. The assessment was carried out in 96 

well plates using the colorimetric method. The experiment consisted of 25 μl of BuCh 

enzyme solution, at final assay concentration of 0.08 U/ml; 25 µl of 15 mM BuCh 

prepared in phosphate buffer (0.1M) pH 8; 50 μl of 0.1 M sodium phosphate buffer 

pH 8; 125 μl of DTNB at a final concentration of 3mM prepared in 0.1 M sodium 

phosphate buffer pH 8 and 25 μl of the test sample (dissolved in DMSO) with 

different concentrations between 20-500 µM. The reactants were mixed and incubated 

for 30 min at 37°C. The experiment DMSO was used as negative and galantamine 

hydrobromide (Sigma) was used as positive controls respectively. Change in 

absorbance (Abs) at 415 nm was measured on microplate reader (Elx 800). The 

experiments were performed in triplicate and percentage inhibition was calculated by 

following formula 

Percentage inhibition = [Abs. control – Abs. sample / Abs. control] x100 
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3.3 Statistical analysis 

The data was analysed using one-way ANOVA (Analysis of Variance) followed by 

Turkey multiple comparison test. Results are represented as mean ± S.D. and p < 0.05 

is considered to be significant. IC50 value was found out by table curve software. 

3.4 Results 

For biological evaluation, extracts were prepared as stock of 50 mg/ml in distilled 

water. Results of only methanol and aqueous extracts has been described below 

because no activity was found for hexane and chloroform extracts.  

3.4.1 Antibacterial assay 

Extracts of Lactuca sativa were tested for their bactericidal activity by using disc 

diffusion method. Results were measured in terms of zones of inhibition zones and 

are presented in Table 3.1. Results showed that aqueous extracts of field grown plant 

and seed have significant antibacterial activity against M. luteus, E. aerogenes and S. 

aureus. On the other hand tissue culture untransformed (unT) extracts have not 

antibacterial activity against any tested bacterial strains. But the plant transformed 

with rol C gene contain bacterial inhibition potential at the highest concentration of 

1000 µg/ml with the zone of inhibition about 4-5 mm against E. aerogenes and B. 

bronchi. On the other hand the rol ABC transformed extracts showed antibacterial 

activity only against E. aerogenes with 4 mm zone of inhibition at 1000 µg/ml.  
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Table 3.1 Antibacterial activity of Lactuca sativa extracts  

Sr. 

No. 
Extract 

Zone of inhibition (mm) at 1000 µg/ml 

M. 

luteus 

E. 

aerogenes 

B. 

bronchi 

S. 

typhi 

S. 

aureus 

1 Field grown plant (MeOH) - - - - - 

2 Field grown plant (Aq) 16 16 - - 15 

3 Seed (MeOH) - - - - - 

4 Seed (Aq) 5 15 - - 10 

5 Untransformed (MeOH) - - - - - 

6 Untransformed (Aq) - 5 5 - - 

7 rol C1 (MeOH) - 5 4 - - 

8 rol C2 (MeOH) - 5 4 - - 

9 rol C3 (MeOH) - 5 5 - - 

10 rol C1 (Aq) - 5 4 - - 

11 rol C2 (Aq)  4 5 - - 

12 rol C3 (Aq) - 5 4 - - 

13 rol ABC1 (MeOH) - 4 - - - 

14 rol ABC2 (MeOH) - 4 - - - 

15 rol ABC3 (MeOH) - 4 - - - 

16 rol ABC1 (Aq) - 4 - - - 

17 rol ABC2 (Aq) - 4 - - - 

18 rol ABC3 (Aq) - 5 - - - 

19 Kanamycin 28 26 27 26 22 

- = No activity; MeOH = methanolic extract, Aq = aqueous extract, S. typhi; 

Salmonella typhimurium B. bronci: Bordetella broncistepica S. aureus: 

Staphylococcus aureus, E. aerogenes: Enterobactor aerogenes, M.luteus: 

Micrococcus luteus  

3.4.2 Antifungal assay 

All the extracts were screened for their antifungal potential; using disc diffusion 

method against five fungal strains consisting Mucor species, Aspergillus niger, 
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Aspergillus fumigatus, Aspergillus flavous and Fusarium solani. The results 

represented that none of the extract contain antifungal activity.   

3.4.3 Total phenolic content (TPC) 

The result showed that the highest total phenolic content were calculated from the 

aqueous extracts. Seeds and field grown lettuce have slightly higher phenolic content 

then then tissue culture untransformed plants Fig 3.2a. But the comparison of 

untransformed and rol gene transformants of Lactuca sativa (cv. Grand Rapids) has 

shown that transformation has increased TPC (Fig 3.2b). TPC were expressed as 

milligrams of gallic acid equivalents per 1 g of plant dry weight. The result states that 

there is 2 and 1.6 fold increase of TPC in extracts of rol C and rol ABC  respectively 

in comparison of untransformed extracts.  

3.4.4 Total flavonoid content (TFC) 

Results demonstrated significant amount of total flavonoid content (TFC) in aqueous 

extract of field grown plant (Fig 3.3a) while in comparison of untransformed and rol 

gene transformants of Lactuca sativa (cv. Grand Rapids) both type of rol genes 

transformants  have showed same level of expression by an increase of 1.6 fold than 

that of untransformed (Fig 3.3b). TFC was expressed as milligrams of quercetin 

equivalents per 1g of plant dry weight. 
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Fig 3.2 Total phenolic content (TPC) of Lactuca sativa, (a) field grown plant (FGP) 

and seed sextracts (b) transformant of rol ABC (1-3), transformant of rol C (1-3) and 

untransformed (unT). Where MeOH: methanolic extracts and Aq: aqueous extracts. 

Values are expressed in mean of three ± S.D. * p < 0.05, ** p < 0.01 statistically 

significant (n). 

(a) 

(b) 
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Fig 3.3 Total flavonoid content (TFC) of Lactuca sativa, (a) field grown plant (FGP) 

and seed sextracts (b) transformant of rol ABC (1-3), transformant of rol C (1-3) and 

untransformed (unT). Where MeOH: methanolic extracts and Aq: aqueous extracts. 

Values are expressed in mean of three ± S.D. * p < 0.05, ** p < 0.01 statistically 

significant. 

3.4.5 Total antioxidant capacity (TAC) 

TAC of L. sativa extracts was determined spectrophotometrically by 

phosphomolybdenum method, which is centred on the reduction of Mo (IV) to Mo 

(V) by the sample antioxidant constituents and the following formation of green 

(a) 

(b) 
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Mo/phosphate (V) compounds at acidic pH. This is a quantitative method as 

antioxidant efficiency is represented as the number of ascorbic acid  equivalents per 1 

g of plant dry weight (Prieto et al. 1999). Results indicated that field grown extracts 

have higher TAC than the seed (Fig. 3.4a). On the other hand transformants of rol 

ABC extracts had 2.1 fold increase; while rol C had 1.5 fold increase in TPC as 

compared to untransformed (Fig. 3.4b).  
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Fig 3.4 Total antioxidant capacity (TAC) of Lactuca sativa, (a) field grown plant 

(FGP) and seed sextracts (b) transformant of rol ABC (1-3), transformant of rol C (1-

3) and untransformed (unT). Where MeOH: methanolic extracts and Aq: aqueous 

extracts. Values are expressed in mean of three ± S.D. * p < 0.05, ** p < 0.01 

statistically significant. 

(a) 
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3.4.6 Total reducing power (TRP) 

TRP of the sample is the indicator of its antioxidant capacity.  In this assay, the 

existence of antioxidants in the samples would result in the reducing of Fe 
+
2 from 

Fe 
3+

 by donating an electron (Meir et al. 1995). The results represented that all 

extracts had shown good TRP activity (Fig 3.5) expressed as the number of ascorbic 

acid equivalents per 1g of plant dry weight. Seed extracts showed the highest TRP. 

When the TRP was compared to untransformed extract 2.2 and 2 fold increase in 

reducing power was measure for the transformants of rol ABC and rol C respectively.  
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Fig 3.5 Total reducing power (TRP) of Lactuca sativa, (a) field grown plant (FGP) 

and seed sextracts (b) transformant of rol ABC (1-3), transformant of rol C (1-3) and 

untransformed (unT). Where MeOH: methanolic extracts and Aq: aqueous extracts. 

Values are expressed in mean of three ± S.D. * p < 0.05, ** p < 0.01 statistically 

significant. 
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3.4.7 DPPH free radical scavenging assay 

The screening of the lettuce extracts using the DPPH free radical method seemed to 

be effective for the determination of comparative enhancement of antioxidant activity 

in the transfomants of rol C and rol ABC (Table 3.2).  

Table 3.2 DPPH free radical scavenging activity of Lactuca sativa 

Sr.

No. 
Extract 

Percentage scavenging 

IC50    µg/ml 1000 

µg/ml 
500 µg/ml 250  µg/ml 125 µg/ml 

1 FGP (MeOH) 88.5±5.0* 81.4±4.1* 56.4±2.8* 38.1±22* 188.1±3.4* 

2 FGP (Aq) 80.8±2.2* 70.5±3.2* 48.9±2.4* 32.7±2.1* 246.7±4.2* 

3 Seed (MeOH) 86.6±3.1* 80.1±2.3* 65.5±3.6* 39.5±2.0* 164.9±4.6* 

4 Seed (Aq) 87.1±4.2* 71.9±2.1** 45.7±2.4* 28.4±2.9* 262.1±3.2* 

5 unT (MeOH) 81.9±3.5 52.1±1.5 40.8±1.3 13.4±1.5 394.1±4.1 

6 unT (Aq) 78.5±4.2 50.2±1.2 38.7±1.7 10.2±1.6 430.5±4.3 

7 rol C1 (MeOH) 85.3±2.5* 65.5±2.8* 42.9±2.9* 30.2±2.6* 283.2±2.3* 

8 rol C2 (MeOH) 82.1±2.0* 60.2±4.5* 40.5±2.2* 33.1±2.4* 302.8±2.5* 

9 rol C3 (MeOH) 87.1±2.5* 68.8±4.1* 45.8±2.6* 32.2±3.8* 256.4±4.4* 

10 rol C1 (Aq) 82.5±2.7* 58.4±2.5* 37.4±3.2* 28.5±2.4* 338±4.8* 

11 rol C2 (Aq) 79.9±1.2** 57.4±3.2* 37.9±3.0* 31.8±3.2* 334.3±2.7* 

12 rol C3 (Aq) 85.4±5.0* 65.8±3.6* 42.6±2.6* 30.7±3.8* 281.7±1.8** 

13 rol ABC1 (MeOH) 87.7±3.1* 70.6±4.0* 61.1±3.8* 17.7±1.2** 245.9±2.4* 

14 rol ABC2 (MeOH) 83.2±1.2** 69.5±3.7* 55.5±3.9* 15.2±1.4** 275±2.8* 

15 rol ABC3 (MeOH) 85.5±1.6** 65.5±3.8* 50.2±3.3* 20.1±1.7** 287.6±2.9* 

16 rol ABC1 (Aq) 85.1±2.7* 68.2±1.2** 59.6±2.5* 14.5±2.5* 264.9±4.7* 

17 rol ABC2 (Aq) 80.5±2.6* 67.5±1.6** 52.5±2.7* 10.2±2.9* 304.4±2.4* 

18 rol ABC3 (Aq) 82.9±3.7* 63.5±1.4** 47.5±2.1* 16.9±2.1* 314.9±2.8* 

Where FGP: field grown plant, unT: untransformed, MeOH: methanolic extracts and 

Aq: aqueous extracts. Values are expressed in mean ± S.D. * p < 0.05, ** p < 0.01 

statistically significant. 
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Ascorbic acid served as positive control showed IC50 for DPPH radical (0.01 mg/ml). 

Significant DPPH radical scavenger activity was evident for all transformed extracts 

than that of untransformed (Table 3.2). The extracts of rol ABC transformants showed 

the highest DPPH radical scavenging capacity with IC50 of 0.21 mg/ml which is 2.1 

fold increase of activity in comparison of untransformed with IC50 of 0.43 mg/ml. 

While the extracts of rol C transformants (IC50 of 0.27 mg/ml) showed 1.6 fold 

increase of as compared to transformed extracts.  

3.4.8 DNA damage assay 

DNA damage assay is based on the ability of extracts to protect the attack of •OH 

generated from the Fenton reaction which breaks super coiled plasmid DNA into open 

circular or linear form. The scavenging effect of untransformed and transformed 

extracts was further evaluated by examining the intensity of bands formed on 1% 

agarose gel and are shown in Fig 3.6. All the transformed extracts exhibited 

significant protection at 1000 and 100 µg/ml concentrations; while good protection at 

10 µg/ml. The quantification of relaxed form of DNA indicated there was a 2 increase 

in DNA protection activity as compared to untransformed plants.  

       L             P             X               1             2              3             4 

 

a: Effect of extracts of untransformed plant on pBR322 plasmid DNA [Lane#L=DNA 

ladder (1Kb), P=pBR322 plasmid, X=pBR322 plasmid treated with FeSO4 and H2O2 

(positive control), 1=pBR322 plasmid + 1000 µg/ml of untransformed; control for the 

pro-oxidant effect of the extract on DNA, 2=plasmid + 1000 µg/ml of untransformed 

+ FeSO4 + H2O2, 3=plasmid + 100 µg/ml of untransformed + FeSO4 + 

H2O2,4=plasmid + 10 µg/ml of untransformed + FeSO4 + H2O2] 
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          L          P         X         1           2         3          4          5         6           7          8 

 
b: Effect of extracts of rol C1 and rol C2 plants on pBR322 plasmid DNA 

[Lane#L=DNA ladder (1Kb), P=pBR322 plasmid, X=pBR322 plasmid treated with 

FeSO4 and H2O2 (positive control), 1=pBR322 plasmid + 1000 µg/ml of rol C1; 

control for the pro-oxidant effect of the extract on DNA, 2=plasmid + 1000 µg/ml of 

rol C1 + FeSO4 + H2O2, 3=plasmid + 100 µg/ml of rol C1 + FeSO4 + H2O2,4=plasmid 

+ 10 µg/mL of rol C1 + FeSO4 + H2O2, 5=pBR322 plasmid + 1000 µg/ml of rol C2; 

control for the pro-oxidant effect of the extract on DNA,6=plasmid + 1000 µg/ml of 

rol C2 + FeSO4 + H2O2,7=plasmid + 100 µg/ml of rol C2 + FeSO4 + H2O2,8=plasmid 

+ 10 µg/ml of rol C2 + FeSO4 + H2O2] 

       L          P         X           1          2          3           4          5          6           7          8 

 
c: Effect of extracts of rol C3 and rol ABC1 plants on pBR322 plasmid DNA 

[Lane#L=DNA ladder (1Kb), P=pBR322 plasmid, X=pBR322 plasmid treated with 

FeSO4 and H2O2 (positive control), 1=pBR322 plasmid + 1000 µg/ml of rol C3; 

control for the pro-oxidant effect of the extract on DNA, 2=plasmid + 1000 µg/ml of 

rol C3 + FeSO4 + H2O2, 3=plasmid + 100 µg/ml of rol C3 + FeSO4 + H2O2,4=plasmid 

+ 10 µg/ml of rol C3 + FeSO4 + H2O2, 5=pBR322 plasmid + 1000 µg/ml of rol 

ABC1; control for the pro-oxidant effect of the extract on DNA,6=plasmid + 1000 

µg/ml of rol ABC1 + FeSO4 + H2O2,7=plasmid + 100 µg/ml of rol ABC1 + FeSO4 + 

H2O2,8=plasmid + 10 µg/ml of rol ABC1 + FeSO4 + H2O2] 

    L          P           X          1           2          3           4          5            6         7          8 

 
d: Effect of extracts of rol ABC2 and rol ABC3 plants on pBR322 plasmid DNA 

[Lane#L=DNA ladder (1Kb), P=pBR322 plasmid, X=pBR322 plasmid treated with 

FeSO4 and H2O2 (positive control), 1=pBR322 plasmid + 1000 µg/ml of rol ABC2; 

control for the pro-oxidant effect of the extract on DNA, 2=plasmid + 1000 µg/ml of 

rol ABC2 + FeSO4 + H2O2, 3=plasmid + 100 µg/ml of rol ABC2 + FeSO4 + 

H2O2,4=plasmid + 10 µg/ml of rol ABC2 + FeSO4 + H2O2, 5=pBR322 plasmid + 

1000 µg/ml of rol ABC3; control for the pro-oxidant effect of the extract on 

DNA,6=plasmid + 1000 µg/ml of rol ABC3 + FeSO4 + H2O2,7=plasmid + 100 µg/ml 

of rol ABC3 + FeSO4 + H2O2,8=plasmid + 10 µg/mL of rol ABC3 + FeSO4 + H2O2] 

 

 



73 

 

L          P         X           1           2           3           4           5           6            7          8 

 
e: Effect of methanolic and aqueous extracts of field grown plant on pBR322 plasmid 

DNA [Lane#L=DNA ladder (1Kb), P=pBR322 plasmid, X=pBR322 plasmid treated 

with FeSO4 and H2O2 (positive control), 1=pBR322 plasmid + 1000 µg/ml of 

methanolic extracts of field grown plant; control for the pro-oxidant effect of the 

extract on DNA, 2=plasmid + 1000 µg/ml of methanolic extracts of field grown plant 

+ FeSO4 + H2O2, 3=plasmid + 100 µg/ml of methanolic extracts of field grown plant + 

FeSO4 + H2O2,4=plasmid + 10 µg/ml of methanolic extracts of field grown plant + 

FeSO4 + H2O2, 5=pBR322 plasmid + 1000 µg/ml of aqueous extracts of field grown 

plant; control for the pro-oxidant effect of the extract on DNA,6=plasmid + 1000 

µg/ml of aqueous extracts of field grown plant + FeSO4 + H2O2,7=plasmid + 100 

µg/ml of aqueous extracts of field grown plant + FeSO4 + H2O2,8=plasmid + 10 µg/ml 

of aqueous extracts of field grown plant + FeSO4 + H2O2] 

 

     L           P         X          1           2           3          4           5          6           7          8 

 
f: Effect of methanolic and aqueous extracts of seed on pBR322 plasmid DNA 

[Lane#L=DNA ladder (1Kb), P=pBR322 plasmid, X=pBR322 plasmid treated with 

FeSO4 and H2O2 (positive control), 1=pBR322 plasmid + 1000 µg/ml of methanolic 

extracts of seed control for the pro-oxidant effect of the extract on DNA, 2=plasmid + 

1000 µg/ml of methanolic extracts of seed + FeSO4 + H2O2, 3=plasmid + 100 µg/ml of 

methanolic extracts of seed + FeSO4 + H2O2,4=plasmid + 10 µg/ml methanolic 

extracts of seed + FeSO4 + H2O2, 5=pBR322 plasmid + 1000 µg/ml of aqueous 

extracts of seed; control for the pro-oxidant effect of the extracts on DNA,6=plasmid 

+ 1000 µg/ml of aqueous extracts of seed + FeSO4 + H2O2,7=plasmid + 100 µg/ml of 

aqueous extracts of seed + FeSO4 + H2O2,8=plasmid + 10 µg/mL of aqueous extracts 

of seed + FeSO4 + H2O2] 

 

Fig 3.6(a-f) DNA protection activity of Lactuca sativa, untransformed (a), 

transformant of rol C (b-c), transformant of rol ABC (c-d), methanolic and aqueous 

extracts of field grown plant (e) and seed (f).  
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3.4.9 Lipid peroxidation assay 

In this assay thiobarbituric acid reacts specifically with MDA (malondialdehyde), 

which is a side  product of lipid peroxidation to give a red chromogen, which may 

then be determined spectrophotometrically (Dotan et al. 2004). Based on the results 

obtained from the DPPH assay, lettuce extracts were tested for lipid peroxidation 

inhibition by the thiobarbituric acid assay. All the transfomants of rol C, rol ABC and 

untransformed extracts showed significant antioxidant activity (Table 3.3). A 1.3 fold 

increase in activity was absorbed in the transformants of both genes as compared to 

untransformed and Vitamin E was used as a positive control (IC50 3.8 µg/ml).   

Table 3.3 Lipid peroxidation activity of Lactuca sativa 

Sr. 

No. 
Extract 

Percentage inhibition 
IC50    µg/ml 

1000 µg/ml 500 µg/ml 250 µg/ml 

1 FGP (MeOH) 74.3±1.5** 53.7±4.5* 37.1±3.5* 412.4±4.5* 

2 FGP (Aq) 71.1±2.3* 52.9±3.5* 34.3±4.2* 448.5±5.0* 

3 Seed (MeOH) 65.7±1.6** 46.9±2.8* 28.6±2.1* 560.6±2.3* 

4 Seed (Aq) 62.9±1.8** 53.4±1.2** 22.9±3.8* 562.0±4.1* 

5 unT (MeOH) 58.3±1.5 43.7±3.5 16.9±2.4 712.8±3.2 

6 unT (Aq) 56.2±1.6 41.8±1.9 13.1±1.5 765.5±2.8 

7 rol C1 (MeOH) 66.3±2.8* 48.9±2.1* 25.7±2.2* 555.1±2.2* 

8 rol C2 (MeOH) 64.3±3.8* 47.1±2.2* 21.4±2.0* 604.0±1.0** 

9 rol C3 (MeOH) 64.9±2.5* 46.6±2.5* 22.6±1.8** 597.7±2.2* 

10 rol C1 (Aq) 65.1±1.9** 47.5±2.0* 24.8±1.9** 579.7±2.7* 

11 rol C2 (Aq) 63.2±1.1** 46.1±2.7* 20.1±1.4** 626.8±2.2* 

12 rol C3 (Aq) 62.5±2.8* 45.3±3.5* 20.5±2.5* 638.8±2.0* 

13 rol ABC1 (MeOH) 63.0±3.6* 48.9±3.4* 21.4±2.7* 602.2±2.0* 

14 rol ABC2 (MeOH) 60.1±2.5* 43.1±4.1* 18.6±0.9** 690.0±1.5** 

15 rol ABC3 (MeOH) 65.9±1.1** 48.9±1.2** 24.3±3.4* 564.8±1.8** 

16 rol ABC1 (Aq) 62.5±2.5* 47.2±1.0** 20.1±2.1* 625.2±1.0** 

17 rol ABC2 (Aq) 64.1±2.8* 42.5±2.1* 23.1±1.2** 635.3±3.4* 

18 rol ABC3 (Aq) 64.5±2.6* 47.2±2.8* 22.4±0.8** 597.5±3.1* 

Where FGP: field grown plant, unT: untransformed, MeOH: methanolic extracts and 

Aq: aqueous extracts. Values are expressed in mean ± S.D. * p < 0.05, ** p < 0.01 

statistically significant. 

https://www.google.co.uk/search?rlz=1C1ARAB_enGB629GB629&espv=2&biw=1280&bih=923&q=thiobarbituric+acid&spell=1&sa=X&ei=Wa4GVd2SGci4UeLygrAC&ved=0CBoQvwUoAA
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3.4.10 α-glucosidase inhibition assay  

Extracts of L. sativa were tested for their ability to inhibit α-glucosidase enzyme. The 

experiment was performed at three concentrations consisting of 1000, 500 and 250 

µg/ml. Field grown plant extracts (MeOH and Aq) had highest percentage inhibition 

with IC50 value > 1000 µg/ml. It can be seen from the results that all the extracts of 

transfomants and untransformed plants showed a very slight increase in the activity 

(Table 3.4). Acarbose was used as a positive control (IC50 9.5 µg/ml).  

Table 3.4 α-glucosidase inhibition activity of Lactuca sativa 

Sr. 

No. 
Extract 

Percentage inhibition 
IC50    µg/ml 

1000 µg/ml 500 µg/ml 250 µg/ml 

1 FGP (MeOH) 55.8±2.5** 8.4±0.5* 0 922.7±4.5* 

2 FGP (Aq) 53.9±3.4* 4.7±0.2* 0 956.1±3.5* 

3 Seed (MeOH) 10.3±2.1* 1.5±0.1* 0 Not active 

4 Seed (Aq) 7.9±0.8* 2.3±0.2* 0 Not active 

5 unT (MeOH) 26.9±2.1 0.7±0.1 0 1428.1±2.9 

6 unT (Aq) 24.5±1.1 0.4±0.1 0 1443.5±3.8 

7 rol C1 (MeOH) 43.1±3.1* 11.5±1.2** 0 1204.4±4.2* 

8 rol C2 (MeOH) 42.4±3.4* 15.7±1.1** 0 1354.8±4.9* 

9 rol C3 (MeOH) 40.2±2.8** 18.5±0.8* 0 1352.5±5.0* 

10 rol C1 (Aq) 42.8±4.6* 12.5±1.2** 0 1129.7±2.8** 

11 rol C2 (Aq) 41.2±3.7* 13.8±3.2** 0 1160.9±1.9** 

12 rol C3 (Aq) 38.1±2.4** 16.2±2.1** 0 1333.7±3.2* 

13 rol ABC1 (MeOH) 35.4±3.3* 3.8±2.2* 0 1366.1±3.5* 

14 rol ABC2 (MeOH) 30.5±2.5** 4.5±0.5** 0 1417.9±4.2* 

15 rol ABC3 (MeOH) 32.2±2.0** 1.2±0.1** 0 1492.4±2.8** 

16 rol ABC1 (Aq) 34.1±1.8** 2.1±0.5** 0 1224.2±4.8* 

17 rol ABC2 (Aq) 30.9±1.5** 0.8±0.1** 0 1285.8±2.9** 

18 rol ABC3 (Aq) 28.5±1.7** 2.8±0.2** 0 1304.1±1.8** 

Where FGP: field grown plant, unT: untransformed, MeOH: methanolic extracts and 

Aq: aqueous extracts. Values are expressed in mean ± S.D. * p < 0.05, ** p < 0.01 

statistically significant. 
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3.4.11 α-amylase inhibition assay 

L. sativa extracts were tested for their ability to inhibit α-amylase enzyme. The 

experiment was performed at three concentrations consisting of  1000, 500 and 250 

µg/ml. It can been seen from the results that field grown plant and seed extracts had 

significant enzyme inhibition activity. The transfomants of rol C and rol ABC showed 

2 fold increase in the activity from the untransformed tissue culture extracts which is 

highly significant (Table 3.5). Overall it can be seen that MeOH extracts have higher 

activity than the aqueous extracts. Acarbose was used as a positive control (IC50 

21.3 µg/ml). 

Table 3.5 α-amylase inhibition activity of Lactuca sativa 

Sr. 

No. 
Extract 

Percentage inhibition IC50    

µg/ml 1000 µg/ml 500 µg/ml 250 µg/ml 

1 FGP (MeOH) 85.9±3.2** 73.1±2.8** 23.3±2.3** 342.6±4.5* 

2 FGP (Aq) 81.5±2.8** 70.1±3.7** 36.7±1.8** 313.2±3.6* 

3 Seed (MeOH) 82.9±4.2** 66.8±3.9** 34.7±2.5** 347.7±3.2* 

4 Seed (Aq) 83.6±4.1** 60.7±5.0** 23.3±2.6** 382.3±2.6* 

5 unT (MeOH) 58.7±2.8 30.5±4.5 16.7±3.6 848.1±4.9 

6 unT (Aq) 56.2±2.9 28.1±3.8 14.9±3.1 892.9±5.0 

7 rol C1 (MeOH) 65.5±3.6** 52.1±4.5** 15.9±3.2** 474.1±3.9* 

8 rol C2 (MeOH) 68.9±3.8** 50.1±4.8** 25.8±3.8** 496.6±2.8* 

9 rol C3 (MeOH) 72.7±4.6** 55.1±4.2** 34.4±3.9** 418.1±2.8* 

10 rol C1 (Aq) 63.6±3.8** 48.8±4.0** 23.2±2.5** 520.1±2.0* 

11 rol C2 (Aq) 67.8±4.2** 48.9±5.0** 24.1±3.6** 519.5±1.9* 

12 rol C3 (Aq) 71.8±2.8** 55.0±3.5** 33.1±2.8** 424.9±1.8* 

13 rol ABC1 (MeOH) 74.2±4.9** 57.1±2.8** 22.7±3.4** 421.5±1.2* 

14 rol ABC2 (MeOH) 70.5±5.0** 51.5±2.2** 15.6±2.1** 482.6±4.2* 

15 rol ABC3 (MeOH) 71.7±2.5** 55.2±1.7** 10.5±1.9** 430.4±3.7* 

16 rol ABC1 (Aq) 72.5±1.8** 55.4±1.9** 20.1±1.8** 434.3±3.0* 

17 rol ABC2 (Aq) 70.1±2.8** 50.9±2.8** 14.2±1.6** 489.6±1.8* 

18 rol ABC3 (Aq) 70.8±1.1** 54.2±4.2** 10.2±2.5** 545.1±2.8* 

Where FGP: field grown plant, unT: untransformed, MeOH: methanolic extracts and 

Aq: aqueous extracts. Values are expressed in mean ± S.D. * p < 0.05, ** p < 0.01 

statistically significant. 
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3.4.12 Butyrylcholinesterase inhibition assay 

Extracts of L. sativa were tested for butyrylcholinesterase inhibition. The experiment 

was performed at three concentrations consisting of 1000, 500 and 250 µg/ml. It can 

been show from the results that methanolic extract of field grown plant had highest 

percentage inhibition with the IC50 value of 401.5 µg/ml followed by field grown 

plant Aq, seed Aq and seed MeOH respectively. All of rol C and rol ABC 

transfomants showed a very slight increase in the activity from the untransformed 

tissue culture extracts which is not significant (Table 3.6). Galantamine hydrobromide 

was used as a positive control (IC50 7.5 µg/ml). 

Table 3.6 Butyrylcholinesterase inhibition activity of Lactuca sativa 

Sr. 

No. 
Extract 

Percentage inhibition 
IC50     

µg/ml 
1000 

µg/ml 
500 µg/ml 250 µg/ml 

1 FGP (MeOH) 78.5±4.2* 58.9±4.5* 11.4±1.6* 401.5±4.6* 

2 FGP (Aq) 65.6±3.8* 33.5±3.4* 4.4±0.5* 720.5±5.2* 

3 Seed (MeOH) 50.3±3.3* 11.4±1.2* 1.6±0.2* 996.1±5.6* 

4 Seed (Aq) 62.7±2.6* 22.2±2.1* 6.8±0.6* 784.9±3.4* 

5 unT (MeOH) 22.9±2.0 5.1±0.4 0 1674.2±2.8 

6 unT (Aq) 20.1±1.2 3.5±0.9 0 1567.5±5.1 

7 rol C1 (MeOH) 28.6±1.9* 2.3±0.2* 0 1586.1±2.3* 

8 rol C2 (MeOH) 25.2±2.6* 8.4±0.8* 0 1822.6±4.7* 

9 rol C3 (MeOH) 26.9±1.5* 10.5±1.1* 0 1918.7±2.4* 

10 rol C1 (Aq) 25.4±1.3* 6.1±0.4* 0 1504.4±2.9* 

11 rol C2 (Aq) 23.9±1.4* 8.7±1.3* 0 1920.4±3.8* 

12 rol C3 (Aq) 24.8±1.9* 5.6±1.0* 0 1662.1±4.7* 

13 rol ABC1 (MeOH) 37.2±3.5* 1.2±0.2* 0 1161.2±4.2* 

14 rol ABC2 (MeOH) 34.1±3.4* 5.2±0.7* 0 1202.6±4.0* 

15 rol ABC3 (MeOH) 30.5±2.8* 10.2±1.0* 0 1343.9±4.6* 

16 rol ABC1 (Aq) 36.5±1.2* 4.2±0.6* 0 1332.3±2.8* 

17 rol ABC2 (Aq) 33.4±0.9* 4.9±0.8* 0 1645.4±2.8* 

18 rol ABC3 (Aq) 29.8±2.5* 9.6±1.1* 0 1442.5±1.9* 

Where FGP: field grown plant, unT: untransformed, MeOH: methanolic extracts and 

Aq: aqueous extracts. Values are expressed in mean ± S.D. * p < 0.05, ** p < 0.01 

statistically significant. 
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3.5 Conclusion  

In vitro biological assays were carried out for independent transgenic lines in 

comparison with untransformed plants to determine the enhancement level of 

secondary metabolites. Our results show that transformation with rol genes had an 

enhancing effect on phytochemicals and antioxidant potential as compared to 

untransformed plants. Generally, total phenolic content showed 100% and total 

flavonoid showed 60% increase in transgenic plants. Total antioxidant capacity and 

total reducing power was increased up to 125% while DPPH, lipid peroxidation and 

DNA protection assay had shown 100% enhancement in the transformed plants. The 

overall results showed that transformed plants are rich in radical scavengers such as 

flavonoids, phenolic acid derivatives. Additionally, α-amylase and α-glucosidase 

inhibition assay showed 52% enhancement in transformed plants suggesting their 

antidiabetic property.  
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4.1 Introduction 

The seed oil of Lactuca sativa (lettuce) has been reported for sedative, hypnotic, 

analgesic and anticonvulsant properties (Yakoot et al. 2011). Phenolic and flavonoids 

compounds, which are commonly distributed in plants, have been stated to exert free 

radical scavenging capabilities, anti-carcinogenic, anti-inflammatory, and anxiolytic 

properties (Seeram et al. 2008; Harsha & Anilakumar 2013)] Previously, considerable 

pharmacological studies have been carried out to evaluate therapeutic significance of 

the crude extracts of Lactuca sativa which showed its anticonvulsant, sedative-

hypnotic and antioxidant properties (Hefnawy & Ramadan 2013). The plant extracts 

has been used for the cure of stomach problems to enhance appetite, to stimulate 

digestion, and relieve inflammation (Sayyah et al. 2004). In addition, anti-

inflammatory and anti-nociceptive activities of the seed extracts have also been 

evaluated (Sayyah et al. 2004). Inflammation is normally characterized by pain, heat, 

swelling and redness. Depression is common in chronic pain patients and it has been 

suggested that depression and pain share similar neurochemical mechanisms (Micó et 

al. 2006). It has been reported that certain antidepressant drugs afforded an integral 

alleviation of pain (Krell et al. 2005).  

The hot plate assay is a simple method of the pain reaction in animals by which 

effectiveness of analgesics can be tested by measuring the heat induced pain response. 

The application of such stimuli evokes a behavioral response which results in the 

withdrawal of foot which varies inversely with the intensity of the stimulus. If an 

increase in latency is observed in the experimental treatment, then the treatment is 

said to be anti-nociceptive or analgesic. Conversely, if a condition such as an 

inflammation of the paw, serves to decrease the response latency, it is said to induce 
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hyperalgesia (Allen & Yaksh 2004). Inflammation is a condition comprising of 

increase in the amount of leukocytes and various complex mediator molecules (Ravi 

et al. 2009). The most common screening method of acute inflammation has been the 

prevention of edema induced by carrageenan in rats. It is believed that the COX 

(cyclooxygenase) enzyme involved in inflammation can be inhibited by NSAIDs 

(Nonsteroidal anti-inflammatory drugs) to reduce the edema. But NSAIDs have some 

side effects like renal and gastric toxicity (Vane & Botting 1998). Medicinal plants 

are believed to be cost-effective and harmless source of novel biochemical 

constituents with strong therapeutic properties.  

The forced swimming test (FST), described initially by Porsolt et al. (1977), is the 

frequently used model for evaluating antidepressant property. The basic principle of 

the assay is that rats ultimately develop immobility when they are released in water 

containing cylinder after they stop active escape behaviors, like swimming or 

climbing. During the FST, reduction in the immobility time, delay of its onset and 

increase of escape activities can be observed after the treatment of antidepressant 

agents (Cryan et al. 2005).  

Anticoagulants play an essential role as mediators for the treatment and prevention of 

thromboembolic disorders (Hirsh et al. 2005). Due to their pharmacological 

possessions, plants can serve as the sources for the investigation of new compounds 

with anticoagulant properties. There is convincing scientific indications representing 

that the use of phytochemicals with anticoagulant effects and dietary anticoagulants 

can eventually eliminate or reduce the risks of thromboembolic diseases (Okwu 

2008).  
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In this chapter, field grown leaves, seeds, tissue cultured untransformed and 

transformed extracts of Lactuca sativa (cv. Grand Rapids) were investigated for their 

anti-inflammatory, analgesic, anticoagulant and antidepressant effects in rat model.  

4.2 Materials and methods 

The detail of plant material and extract preparation has been described in 

methodology section 2.2 of Chapter 2 and 3.2.1 of Chapter 3 respectively. 

4.2.1 Preparation of standard and test drugs 

Stock solution of 100 mg/ml for extracts and 10 mg/ml for the standard drugs was 

prepared in 10% DMSO with saline water. All the samples were administrated orally 

with the concentration of 1.0 g/kg, 0.5 g/kg and 0.25 g/kg for extracts and 10 mg/Kg 

for standard drugs of the rat body weight.  1% stock of carrageenan was prepared in 

saline and 100 µl of this solution was injected in the left hind paw of rat to cause 

inflammation.  

4.2.2 Animals and treatment groups 

Adult albino rats of weights between 120-150 g of either sex were used for the 

experiment. They were kept in standard aluminum cages and bred with standard diet 

with water ad libitum in the Primate facility of Faculty of Biological Sciences, Quaid-

I-Azam University, Islamabad, Pakistan. The study was legitimated by the 

Institutional Animal Ethics Committee and all precautions were followed to diminish 

animal suffering. In each experiment, rats were divided into following groups having 

five rats in each treatment and extracts were administered orally in each group. 

Group-I: Control (saline in 10% DMSO, 10 ml/kg)  
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Group-II: Positive control (specific drug to model, 10 mg/kg) 

Group-III: Methanol extract of field grown plant of L. sativa (1.0 g/kg). 

Group-IV: Seed methanol extract of L. sativa (1.0 g/kg). 

Group-V: Aqueous extract of field grown plant of L. sativa (1.0 g/kg). 

Group-VI: Seed aqueous extract of L. sativa (1.0 g/kg). 

Group-VII: Untransformed methanol extract of L. sativa (1.0 g/kg) 

Group-VIII: Untransformed methanol extract of L. sativa (0.5 g/kg) 

Group-IX: Untransformed methanol extract of L. sativa (0.25 g/kg) 

Group-X-XII: rol C methanol extract of L. sativa (1-3, 1.0 g/kg) 

Group-XIII-XV: rol C methanol extract of L. sativa (1-3, 0.5 g/kg) 

Group-XVI-XVIII: rol C methanol extract of L. sativa (1-3, 0.25 g/kg) 

Group-XIX-XXI: rol ABC methanol extract of L. sativa (1-3, 1.0 g/kg) 

Group-XXII-XXIV: rol ABC methanol extract of L. sativa (1-3, 0.5 g/kg) 

Group-XXV-XXVII: rol ABC methanol extract of L. sativa (1-3, 0.25 g/kg) 

 

4.2.3 Hot plate analgesic assay 

This method is based on induction of pain by heat and was first described by Eddy 

and Leimbach (1952). DMSO (10%) was used as negative control while Aspirin (1 

mg/Kg) was used as positive control to compare the analgesic effect. Prior to 

treatment paw licking or jumping response was determined by placing the rats on hot 

plate set at 55±2ºC and initial reaction time (Ti) was determined by taking the average 

of two readings. After 30 minutes of dosage, each animal was engaged on a hot plate 

and the basal reaction time was obtained by observing jump response or hind paw 

licking (either appears first) was taken as end point (Tf). The reaction time in seconds 
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was recorded at the interval of 0.5, 1 and 2 h of drug administration with a cut off 

period of 30 sec. Percentage analgesic activity was calculated by the formula: 

                                  [ (
     

  
)       ] 

4.2.4 Carrageenan induced hind paw edema test 

L. sativa was evaluated for its anti-inflammatory property by using carrageenan 

induced hind paw edema assay (Winter et al. 1962). The results were compared to 

DMSO (negative control) and Diclofenac potassium (positive control). After one hour 

of dosage, edema was induced by injecting 100 µl of carrageenan (1 % in saline) into 

the subplanter region of left hind paw. The paw volume was measured immediately 

before and after the carrageenan injection by using Plethysmometer (UGO Basile 

7140) which served as the control readings of paw. Regular interval readings (one 

hour each) were taken by measuring paw volume up to four hours. The percentage 

edema inhibition was determined by the formula: 

                          [ (
   

 
)       ] 

Where “X” is edema of control rats and “Y” is edema of treatment rats. 

4.2.5 Forced swimming test 

The anti-depressant activity of L. sativa was determined by the forced swimming test 

described previously (Slattery & Cryan 2012). The rats were enforced to swim inside 

a vertical cylinder filled with water. Deprived of getting away, the ensuing anxiety 

produces vigorous swimming action to escape by climbing or diving the walls of the 

cylinder. When the rats stop all activities except those essential for survival (keeping 
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the head above the water), this was assigned as provoked depression. On the first day 

rats were placed in the cylinder individually and were forced to swim inside a vertical 

cylinder (18 cm diameter, 40 cm height and 15 cm holding of water maintained at 25 

ºC).  After 5-6 min the animal becomes stable and stays stationary for almost 80% of 

the time. After 15 minutes the rats were evacuated from water and permitted to dry 

before being come back to their home enclosures. This process is called pre-

swimming. On the next day, oral dose was given to rats, according to their respective 

groups as mentioned earlier. DMSO (10%) was used as negative control and 

Fluoxetine-HCl (1 mg/Kg) was used as positive control. After 30 minutes of dosage, 

rats were again placed in the water filled cylinder maintained at 25 ºC and the camera 

was placed to the side of the cylinder. Video recording was started before placing the 

rats into the cylinder and then the rats were placed in the cylinder and the timer was 

switched on. After 6 min, recording was stopped; the rats were evacuated from tank, 

dried with towels and placed to their home cages. The water was changed after every 

2 rats so that the image produced should be clear and sharp to distinguish the rats 

behaviors. Using a cumulative stopwatch total immobility time was recorded during 

the last 4 minutes of a total 6 minutes video.  

4.2.6 Anticoagulant assay  

Anticoagulant activity is the time required for blood to clot without the presence of 

any substance. Anticoagulant activity was measured by the capillary tube method as 

reported previously (Prasad et al. 2012). The tail of the rat was cleaned with spirit and 

then was pricked by the lancet. The tail was squeezed to obtain a larger drop of blood 

to be filled into a capillary tube. Time was noted when blood drop appeared from the 

cut tail. The capillary tubes were sealed and immersed in water bath at 37ºC. After 
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one minute the tube was removed from water bath and small pieces of the tube were 

broken at every 10 second until a fibrin thread is seen between the two broken ends. 

The time interval between the appearance of the blood drop and the thread formation 

was the clotting time. 

4.2.7 Statistical analysis 

The data was analyzed using Analysis of Variance (ANOVA) followed by Turkey 

multiple comparison test. Results are represented as mean ± S.D. and p < 0.05 is 

considered to be significant. 

4.3 Results  

Here we report L. sativa as a herbal extract for its anti-inflammatory, analgesic, anti-

coagulant and anti-depressant activities of the seeds and leaf extracts.. Initially, 

methanolic and aqueous extracts were tested for the potential activities to determine 

the more efficient solvent system. The result showed that the aqueous extracts 

exhibited slightly higher activities than the methanolic extracts. As the quantity of the 

transformed plant material was limited so we have performed assays only on the 

aqueous extracts. Overall analyses show interesting and promising results which 

elucidate the importance of lettuce as a traditional medicine. 

4.3.1 Hot plate analgesic assay 

In hot plate assay, transformed rol ABC and rol C genes showed significant 

enhancement in analgesic activity (Fig 4.1). A gradient increase in activity was 

observed up to 1 h of treatment followed by decrease in activity at 2 h (Table 4.1). 

Saline and aspirin were used as negative and positive control which showed 20% and 
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95% activity respectively. Among these, leaf extracts were more prominent in 

reducing analgesia than the seed extracts. The untransformed plant (unT) showed 48% 

analgesic activity. Each transgenic line of both genes revealed more or less same 

activity suggesting the particular effect of that gene. Significant activity was displayed 

by the transformants of rol ABC2 extracts exhibiting 75% reduction in analgesia 

which is about 1.6 fold higher than that of untransformed. While the transformants of 

rol C1 extracts showed 82% analgesic activity indicating 1.7 fold increase; in 

comparison with untransformed plants.  

4.3.2 Anti-inflamatory assay  

The anti-inflammatory effects of Lactuca sativa (cv. Grand Rapids) transformed with 

rol ABC and rol C genes have been investigated along with the extract of field grown 

plant of and seed (Fig 4.2). The change in edema volume (Table 4.2) and percentage 

inhibition in edema was determined at 1, 2, 3 and 4 h after the injection of 

carrageenan. A gradient increase in activity was observed with time, being highest at 

4 h. Diclofenac potassium and saline served as positive and negative controls with 

inhibition of 96% and 0% respectively. As shown in Fig 4.2a, leaf extracts exhibited 

maximum percentage inhibition of inflammation. Additionally, the results discovered 

that aqueous extracts were more active in reducing the inflammation than the MeOH 

extracts. The maximum activity (81%) was exhibited by extracts of rol C1 gene as 

compared to untransformed extracts (46%).  The extracts of rol ABC2 showed 73% 

reduction in edema. Overall, 1.8 and 1.6 fold enhancement was found for rol C and 

rol ABC transformants.  
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Table 4.1 Latency period in hot plate analgesic assay 

Group 

No. 
Treatment  

Latency period (sec) ± S.D. 

0 h 0.5 h 1 h 2 h 

I Saline (10 ml/Kg) 5.3±0.51 5.6±0.49 5.4±0.55 5.1±0.53 

II Aspirin (10 mg/Kg) 9.4±0.61 14.9±0.81** 17.8±0.89** 15.4±0.68** 

III FGL MeOH (1.0 g/Kg) 9.7±0.56 13.9±0.78* 17.5±0.85* 15.8±0.64* 

IV FGL Aq (1.0 g/Kg) 9.5±0.55 14.6±0.59** 17.6±0.43* 15.7±0.75* 

V Seed MeOH (1.0 g/Kg) 6.8±0.35 9.2±0.28** 11.4±0.62* 10.1±0.71** 

VI Seed Aq (1.0 g/Kg) 7.2±0.51 9.9±0.29* 12.2±0.48* 10.9±0.62* 

VII unT Aq (1.0 g/Kg) 7.6±0.8** 8.7 ± 0.8* 10.2 ± 1.2* 9.3 ± 1.2* 

VIII unT Aq (0.5 g/Kg) 7.3 ± 0.6* 8.3 ± 0.7** 9.7 ± 0.9* 8.8 ± 1.5* 

IX unT Aq (0.25 g/Kg) 5.5 ± 0.5* 5.7 ± 0.4** 6.3 ± 0.5* 5.9 ± 0.8* 

X rol C1 Aq (1.0 g/Kg)  18.8±0.9* 26.5 ± 1.9** 29.8 ± 2.4* 28.4 ± 3.5** 

XI rol C1 Aq (0.5 g/Kg) 16.9±1.1* 24.1 ± 2.2** 27.1 ± 2.6* 25.6 ± 3.1** 

XII rol C1Aq (0.25 g/Kg) 14.9±1.2** 18.5 ± 1.8** 21.1 ± 2.4* 19.4 ± 2.5** 

XIII rol C2 Aq (1.0 g/Kg) 18.9±0.8** 25.4 ± 2.3** 28.8 ± 2.8* 27.1 ± 3.5** 

XIV rol C2 Aq (0.5 g/Kg) 16.8±0.7* 23.1 ± 2.2* 26.4 ± 2.9* 24.3 ± 3.1* 

XV rol C2 Aq (0.25 g/Kg) 11.1±0.2** 13.2 ± 1.8* 15.6 ± 1.4* 14.1 ± 2.1* 

XVI rol C3 Aq (1.0 g/Kg) 17.9 ± 1.3* 23.4 ± 1.9* 26.1 ± 2.5* 24.2 ± 2.9* 

XVII rol C3 Aq (0.5 g/Kg) 16.2 ± 1.2* 22.1 ± 2.4* 24.9 ± 2.1* 23.1 ± 2.4* 

XVIII rol C3 Aq (0.25 g/Kg) 12.4 ± 1.2* 14.6 ± 1.7* 17.5 ± 2.1* 15.2 ± 1.2** 

XIX rol ABC1 Aq (1.0 g/Kg) 7.5 ± 1.5* 10.5 ± 1.1* 12.2 ± 1.8* 11.7 ± 1.5** 

XX rol ABC1 Aq (0.5 g/Kg) 6.9 ± 0.5** 9.8 ± 1.2* 11.5 ± 1.1* 10.5 ± 1.7* 

XXI rol ABC1 Aq (0.25 g/Kg) 4.2 ± 0.1* 5.1 ± 0.7** 6.3 ± 1.3* 5.3 ± 0.9* 

XXII rol ABC2 Aq (1.0 g/Kg) 6.9 ± 0.5* 9.6 ± 1.3* 11.4 ± 1.2* 10.2 ± 1.6* 

XXIII rol ABC2 Aq (0.5 g/Kg) 6.1 ± 1.2* 7.9 ± 1.1* 10.1 ± 1.5** 8.4 ± 0.8* 

XXIV rol ABC2 Aq (0.25 g/Kg) 4.4 ± 0.9** 4.8 ± 0.9* 5.9 ± 0.7** 4.9 ± 1.2* 

XXV rol ABC3 Aq (1.0 g/Kg) 8.9 ± 0.8** 11.4 ± 1.1* 13.5 ± 1.5* 11.7 ± 1.3* 

XXVI rol ABC3 Aq (0.5 g/Kg) 8.2 ± 1.2* 10.3 ± 1.2* 12.8 ± 1.4** 10.5 ± 1.6* 

XXVII rol ABC3 Aq (0.25 g/Kg) 3.3 ± 0.1* 4.0 ± 0.4* 4.8 ± 1.1** 4.2 ± 0.7** 

Values are expressed in mean ± S.D. * p < 0.05, ** p < 0.01 statistically significant as 

compared to control group. Where FGL; field grown leaf, Aq: aqueous extracts, 

MeOH: methanolic extracts and unT: untransformed.  
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Fig 4.1 Analgesic activity of Lactuca sativa extracts: (a) methanolic (MeOH) and aqueous (Aq) extracts of field grown plant (FGP) and seed (b) 

comparison of aqueous extracts of transformed and untransformed plants (unT). Values are expressed in mean of five ± S.D. * p < 0.05, ** p < 

0.01 statistically significant as compared to control group. 
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Table 4.2 Edema volume in anti-inflammatory assay 

Group 

No. 

Treatment  Edema volume (ml)
a
 ± S.D. 

1 h 2 h 3 h 4 h 

I Saline (10 ml/Kg) 0.49±0.02 0.6±0.03 0.68±0.02 1.15±0.02 

II Diclofenac potassium (10 

mg/Kg) 
0.38±0.01** 0.25±0.02** 0.17±0.01** 0.06±0.01** 

III FGP MeOH (1.0 g/Kg) 0.48±0.05* 0.49±0.05* 0.38±0.06** 0.33±0.04** 

IV FGP Aq (1.0 g/Kg) 0.48±0.08* 0.47±0.08** 0.42±0.06* 0.40±0.07* 

V Leaf Aq (1.0 g/Kg) 0.48±0.02* 0.42±0.03* 0.28±0.05* 0.26±0.03* 

VI Seed Aq (1.0 g/Kg) 0.47±0.08* 0.44±0.05* 0.42±0.07* 0.39±0.08* 

VII unT Aq (1.0 g/Kg) 7.6 ± 0.8** 8.7 ± 0.8* 10.2 ± 1.2* 9.3 ± 1.2* 

VIII unT Aq (0.5 g/Kg) 7.3 ± 0.6* 8.3 ± 0.7** 9.7 ± 0.9* 8.8 ± 1.5* 

IX unT Aq (0.25 g/Kg) 5.5 ± 0.5* 5.7 ± 0.4** 6.3 ± 0.5* 5.9 ± 0.8* 

X rol C1 Aq (1.0 g/Kg)  18.8 ± 0.9* 26.5 ± 1.9** 29.8 ± 2.4* 28.4 ± 3.5** 

XI rol C1 Aq (0.5 g/Kg) 16.9 ± 1.1* 24.1 ± 2.2** 27.1 ± 2.6* 25.6 ± 3.1** 

XII rol C1Aq (0.25 g/Kg) 14.9 ± 1.2** 18.5 ± 1.8** 21.1 ± 2.4* 19.4 ± 2.5** 

XIII rol C2 Aq (1.0 g/Kg) 18.9 ± 0.8** 25.4 ± 2.3** 28.8 ± 2.8* 27.1 ± 3.5** 

XIV rol C2 Aq (0.5 g/Kg) 16.8 ± 0.7* 23.1 ± 2.2* 26.4 ± 2.9* 24.3 ± 3.1* 

XV rol C2 Aq (0.25 g/Kg) 11.1 ± 0.2** 13.2 ± 1.8* 15.6 ± 1.4* 14.1 ± 2.1* 

XVI rol C3 Aq (1.0 g/Kg) 17.9 ± 1.3* 23.4 ± 1.9* 26.1 ± 2.5* 24.2 ± 2.9* 

XVII rol C3 Aq (0.5 g/Kg) 16.2 ± 1.2* 22.1 ± 2.4* 24.9 ± 2.1* 23.1 ± 2.4* 

XVIII rol C3 Aq (0.25 g/Kg) 12.4 ± 1.2* 14.6 ± 1.7* 17.5 ± 2.1* 15.2 ± 1.2** 

XIX rol ABC1 Aq (1.0 g/Kg) 7.5 ± 1.5* 10.5 ± 1.1* 12.2 ± 1.8* 11.7 ± 1.5** 

XX rol ABC1 Aq (0.5 g/Kg) 6.9 ± 0.5** 9.8 ± 1.2* 11.5 ± 1.1* 10.5 ± 1.7* 

XXI rol ABC1 Aq (0.25 g/Kg) 4.2 ± 0.1* 5.1 ± 0.7** 6.3 ± 1.3* 5.3 ± 0.9* 

XXII rol ABC2 Aq (1.0 g/Kg) 6.9 ± 0.5* 9.6 ± 1.3* 11.4 ± 1.2* 10.2 ± 1.6* 

XXIII rol ABC2 Aq (0.5 g/Kg) 6.1 ± 1.2* 7.9 ± 1.1* 10.1 ± 1.5** 8.4 ± 0.8* 

XXIV rol ABC2 Aq (0.25 g/Kg) 4.4 ± 0.9** 4.8 ± 0.9* 5.9 ± 0.7** 4.9 ± 1.2* 

XXV rol ABC3 Aq (1.0 g/Kg) 8.9 ± 0.8** 11.4 ± 1.1* 13.5 ± 1.5* 11.7 ± 1.3* 

XXVI rol ABC3 Aq (0.5 g/Kg) 8.2 ± 1.2* 10.3 ± 1.2* 12.8 ± 1.4** 10.5 ± 1.6* 

XXVII rol ABC3 Aq (0.25 g/Kg) 3.3 ± 0.1* 4.0 ± 0.4* 4.8 ± 1.1** 4.2 ± 0.7** 

Values are expressed in mean ± S.D. * p < 0.05, ** p < 0.01 statistically significant as 

compared to control group. 
a
Difference in initial paw volume and after carrageenan injection. 

Where FGL; field grown leaf, Aq: aqueous extracts, MeOH: methanolic extracts and unT: 

untransformed.  
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Fig 4.2 Anti-inflamatory activity of Lactuca sativa extracts: (a) methanolic (MeOH) and aqueous (Aq) extracts of field grown plant (FGP) and 

seed (b) comparison of aqueous extracts of transformed and untransformed plants (unT). Values are expressed in mean ± S.D. * p < 0.05, ** p < 

0.01 statistically significant as compared to control group while PC is diclofenac potassium.
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4.3.3 Anti-deprassant assay  

The potential antidepressant effect of Lactuca sativa (cv. Grand Rapids) transformed 

with rol ABC and rol C genes was studied in the forced swimming test and result are 

represent in Fig 4.3. In this test, the duration of immobility time in comparison with 

saline (negative control; 184±4.5 sec) and fluoxetine-HCl (positive control; 14±0.5 

sec) were evaluated. A significant reduction in immobility time was observed for all 

the extracts when compared to negative control. The immobility by the seed extracts 

was greater than that of the leaf extracts. Highly significant decrease in immobility 

time (32±1.5 sec) was found for the extracts of rol C when compared to 

untransformed extracts (136±2.5 sec; Fig 4.3b). The transformants of rol ABC did not 

show any enhancement in activity.  

4.3.4 Anticoagulant assay 

The present study was performed to estimate the ability of Lactuca sativa (cv. Grand 

Rapids) transformed with rol ABC and rol C genes on blood clotting time which is a 

qualitative determination of factors convoluted in the intrinsic pathway (Raaof et al. 

2013). The mean clotting time of negative control (10% DMSO) and positive control 

(Aspirin), which were 54 sec and 122 sec, respectively, were used as lower and upper 

limit for the determination of coagulant effect. The most significant activity was 

shown by the MeOH leaf extract while the clotting time in seed extracts was less than 

the negative control indicating their coagulation nature which can be utilized for the 

treatment of disease like hemophilia (Fig 4.4). The extracts of rol C gene (C1) 

exhibited highest anticoagulant property with the clotting time of 186 ± 3.4 sec as 

compared to untransformed extracts (140± 2.8 sec; Fig 4.4).  
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Fig 4.3 Anti-deprassant activity of Lactuca sativa extracts: (a) methanolic (MeOH) and aqueous (Aq) extracts of field grown plant (FGP) and 

seed (b) comparison of aqueous extracts of transformed and untransformed plants (unT). Values are expressed in mean ± S.D. * p < 0.05, ** p < 

0.01 statistically significant as compared to control group while PC is Fluoxetine HCl. 
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Fig 4.4 Anti-coagulant activity of Lactuca sativa extracts: (a) methanolic (MeOH) and aqueous (Aq) extracts of field grown plant (FGP) and 

seed (b) comparison of aqueous extracts of transformed and untransformed plants (unT). Values are expressed in mean ± S.D. * p < 0.05, ** p < 

0.01 statistically significant as compared to control group. 
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The result showed delay in formation of hemostatic plug which suggest that the plant 

has effect on coagulation system (Astuti et al. 2013). The extracts of rol C gene 

revealed significant reduction in the clotting time (Fig 4.4b) which reflect that there 

was an enhancement in one or more of the clotting factors involved in the intrinsic 

pathway which eventually leads to supplementary clot formation (Raaof et al. 2013). 

4.4 Conclusion  

The present experimental findings of different extracts suggest that L. sativa is a 

broad spectrum pharmaceutical crop conforming significant analgesic, anti-

inflammatory, anti-depressant and anti-coagulant properties that has potential to 

replace synthetic drugs. The transgenic lines showed significant enhancement 

compared to untransformed plants. Although for all the assays, the highest activity 

was calculated at 1 g/kg of extract but the activity at the 0.5 g/kg the activity was 

significantly considerable. So it can be concluded that 0.5 g/kg would be the optimal 

concentration to attain the substantial activity. Overall, the transformants of rol ABC 

exhibited 60% enhancement while the transformants of rol C showed 80% increase in 

activity as compared to untransformed plants.  
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5.1 Introduction 

Diabetes mellitus is a chronic disorder characterised by blood glucose levels 

persistently above normal, most often due to a lack of insulin production from the 

pancreas and/or peripheral tissues becoming resistant to insulin. Diabetes is associated 

with many complications including increased risk of heart attack, stroke, neuropathy, 

amputation, retinopathy, kidney failure and reduced life expectancy (Morrish et al. 

2001). Diabetes is characterised into two major types. Type 1 diabetes (insulin-

dependent diabetes; T1DM) occurs mainly in childhood but can start at any age and is 

a result of autoimmune destruction of pancreatic ß-cells leading to reduced insulin 

production (Atkinson & Maclaren 1994). Type 2 diabetes (non-insulin dependent 

diabetes; T2DM) occurs mainly in older populations, however with increasing obesity 

the age of incidence is decreasing. T2DM accounts for around 90% of diabetic 

sufferers and is characterised by insulin resistance, defective ß-cell function and a 

relative insulin deficiency (Saad et al. 1991). T2DM is associated with sedentary 

lifestyles and an unbalanced or unhealthy diet. In 2010 approximately 285 million 

people had diabetes worldwide, with approximately 439 million sufferers expected by 

2030 (Shaw et al. 2010). Currently, treatment for diabetes accounts for 12% of the 

world’s total health expenditure (Zhang et al. 2010). There have been recent advances 

in treatment for T2DM, however these are costly and are not without adverse effects, 

therefore requirements for safe, affordable and innovative treatments are essential for 

managing the burden of this escalating epidemic disease. 

The currently available drugs for treatment of type 2 diabetes normalise blood glucose 

levels by enhancing insulin secretion and improving insulin sensitivity by reducing 

absorption of glucose from intestinal tract or/and glucose endorsement by peripheral 

tissues. Different drugs are available which lowers the glucose level, e.g. insulin 
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sensitizers (metformin, biguanides, thiazolidinediones), insulin secretagogues 

(meglitinides, sulfonylureas) and α-glucosidase inhibitors (acarbose, miglitol) (Luna 

& Feinglos 2001). New peptide analogues which mimic the actions of incretin 

hormone (termed incretin mimetics) include exenatide and liraglutide. Also there are 

incretin enhancers which are inhibitors of dipeptidyl peptidase (DPP-4) such as 

vildagliptin and sitagliptin. All of the above drugs have proven efficacy in treating 

T2DM.   

In many countries medicinal plants have been used to control diabetes mellitus 

traditionally. “Qurs Tabasheer” which is a Unani preparation of five herbs [Gule 

Surkh (Rosa damascena flower), Tukhme Khurfa (Portulaca oleracea 

seed), Tabasheer (dried exudate of Bambusa arundinasia), Gulnar (Punica granatum 

flower), Tukhme Kahu (seeds of Lactuca sativa L.)] was tested in STZ injected 

diabetic rats and significant reduction of blood glucose level, triglycerides, total 

cholesterol, fructose-1-6-biphosphatase and glucose-6-phosphatase was observed 

(Ahmed et al. 2013). This traditional composition suggested the anti-diabetic activity 

of lettuce which has resulted in more interest in the validation of anti-diabetic 

property. Therefore, in a study, rutgers scarlet lettuce extracts were assessed for 

glucose inhibition and a significant dose dependent inhibition was observed (Cheng et 

al. 2014).  Some materials (lignin and sesquiterpene lactone) isolated from Lactuca 

indica significantly reduced serum glucose levels (Hashem et al. 2012). The above 

cited literature represents that lettuce possesses antidiabetic potential which needs to 

be explored in more precise way. Based on the above literature this work was planned 

to determine and compare the anti-diabetic effect of Lactuca sativa plants transformed 

with rol ABC and rol C genes along with field grown plants and seeds by using in-
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vitro α-glucosidase and DPP4 assay along with GLP-1 (Glucagon-like peptide-1) 

secretion from STC-1 cells.  

5.2 Materials and methods  

The detail of plant material and extract preparation has been described in 

methodology section 2.2 of Chapter 2 and 3.2.1 of Chapter 3 respectively. 

5.2.1 α-glucosidase inhibition 

Lettuce extracts were investigated for α-glucosidase inhibition activity by the method 

reported previously (Panwar et al. 2014). Briefly, crude enzyme was prepared from 

rat intestinal acetone powder (Sigma, UK) with 50mM citrate buffer (pH 6.0) in a 1:9 

(w/v) ratio and supernatant obtained was used as the crude enzyme solution for 

assays. Lettuce extracts were dissolved in PBS buffer pH 7.4 which was prepared by 

mixing KCl (0.2 g), NaCl (8.0 g), Na2HPO4 (1.44 g) and KHPO4 in 1 l of distilled 

water. For experiment in 300 µl of substrate (maltose, starch, sucrose or lactose) 

solution (10 mg/ml) 150 µl of lettuce extracts was added with the final concentration 

of 1.0, 0.5 and 0.25 mg/ml. Then 10 µl of crude enzyme was mixed and the resulting 

solution was incubated at 37°C. The sample solution was analysed for glucose content 

every 30 min over a period of 90 min on a PGM7 Micro-Stat Analyser (Analox 

Instruments Ltd, UK). Acarbose (1 mg/ml; Sigma-Aldrich, UK) and PBS were used 

as positive and negative controls respectively.  

5.2.2 Kinetic studies of Lactuca sativa induced inhibition 

For kinetic studies, varying concentrations of maltose (2.5, 5, 10 and 20 mg/ml) were 

incubated with α-glucosidase in the absence of inhibitor (buffer only) and with lettuce 
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extract (1 mg/ml) for 60 min at 37°C. End product glucose was measured on a pGM7 

Micro-Stat Analyser (Analox Instruments Ltd, UK). Data were presented as a 

Lineweaver Burke plot to determine the type of enzymatic inhibition. 

5.2.3 Thermal stability of enzyme activity in Lactuca sativa  

To check the thermal stability of L. sativa enzymatic activity, plant extracts (1 mg/ml) 

were subjected to varying temperature (37, 50, 100, 150 and 200 mg/ml) and were 

incubated with α-glucosidase in the absence of inhibitor (buffer only) and with 

maltose (10 mg/ml) for 60 min at 37°C. End product glucose was measured on a 

pGM7 Micro-Stat Analyser (Analox Instruments Ltd, UK).  

5.2.4 Measurement of DPP-4 activity  

Lettuce extracts were investigated for in vitro DPP-4 inhibition fluorometrically using 

a method previously described by Fujiwara and Tsuru (1978) for measurement of free 

7-amino-4-methyl-coumarin (AMC) produced from the substrate of DPP-4 which is  

Gly-Pro-AMC. Experiments were performed in 96 well plates with opaque walls and 

transparent bottoms. Extracts of transformed and untransformed lettuce were prepared 

in 50 mM HEPES buffer at pH 7.4 (Table 5.1). In each well 20 µl of purified DPP-4 

(1 U/ml), 20 µl of extract and 30 µl of 1 mM AMC substrate was mixed and plates 

were incubated at 37 °C with gentle agitation. After one hour 100 µl of acetic acid (3 

mM) was added in each well to stop reaction and plates were immediately read using 

a Tecan Saffire desktop fluorometer (Reading, UK) at emission and excitation 

wavelengths of 430 and 351 nm, respectively. Extracts were tested at the 

concentration of 1.0, 0.5 and 0.25 mg/ml and Berberine (15 mM) was used for 

positive control due to its potent DPP-4 inhibition activity (Al-masri et al., 2009).  
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HEPES buffer served as negative control and percentage inhibition was calculated by 

the given formula. Finally IC50 values were calculated which represents the 50% 

inhibition of DPP-4 activity.  

             (
     

  
)        

Where “Fc” is florescence of negative control and “Fs” is florescence of sample.  

Table 5.1 Composition of 50 mM HEPES buffer 

Sr. No. Component Concentration 

10X salt stock solution 

1 NaCl 1.4 M 

2 KCl 45 mM 
3 CaCl2 12 mM 

4 MgCl2 12 mM 

50X HEPES stock solution 

5 HEPES 1 M 

Working stock 

6* 50ml 10X salt stock solution + 10ml 50X HEPES stock solution + 10 mM 

glucose and raise the volume up to 100ml with distilled water and adjust 

the pH at 7.4 

*Buffer composition should be made up fresh on each experimental day.  

5.2.5 Determination of GLP-1 secretion from STC-1 cells 

STC-1 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

comprising of 4.5 g/l D-glucose with L-glutamine, without sodium pyruvate (Gibco, 

Paisley, UK) and supplemented with 17.5% foetal bovine serum, 100 U/ml penicillin 

and 100 µg/ml streptomycin. Cells were incubated in a 5% CO2 humidified 

atmosphere at 37°C and used between passage numbers 20-50 when 70-90% 

confluence had been reached. For GLP-1 secretion about two million cells per well 

seeded into 12 well plates with 1 ml of DMEM (supplemented 17.5% Foetal Bovine 

Serum and pen/strep) were used and incubated for 18 h at 37°C and 5% CO2. After  
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5.2.6 Cytotoxicity assay 

STC-1 cells were seeded at 50,000 per well and incubated overnight to allow 

attachment. Medium was removed and 100 μl of plant extract (1 mg/ml) was added to 

each well. After 2 h incubation 10 μl of alamar blue was mixed to each well. After 1 h 

incubation, absorbance was taken at 570 nm. 
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5.2.7 Statistical analysis 

All statistical analysis was performed using GraphPad Prism 5.0 software (California, 

USA) and data are expressed as mean ± standard deviation (S.D). All statistical 

analysis was carried out using ANOVA with Tukey’s Multiple Comparison Test to 

compare differences between groups (*p<0.05).  

5.3 Results 

5.3.1 Inhibition of α-glucosidase by lettuce extracts 

Lactuca sativa (cv. Grand Rapids) extracts were screened for their potential to inhibit 

α-glucosidase enzyme prepared from rat intestinal acetone powder (Sigma, UK). At 

1
st
 instant different solvent extracts (hexane, chloroform, methanol and aqueous) of 

field grown plant (1 mg/ml) and seed (1 mg/ml) of Lactuca sativa were tested for 

their α-glucosidase inhibition property by using different substrate e.g. maltose, 

starch, sucrose and lactose (Fig 5.1 and 5.2). The field grown plant showed inhibition 

in methanolic (32%) and aqueous (38%) extracts while seeds showed 20% inhibition 

only in aqueous extracts (Fig 5.3). It was interesting to note that all of the extracts 

showed activity only against maltose as substrate while no activity was observed for 

the rest of the substrates. The transfomants of rol C showed 85% increase in MeOH 

and 64% increase in aqueous extracts while rol ABC transfomants showed 100% 

increase in MeOH and 76% increase in aqueous extracts as compared to 

untransformed plants (Fig 5.3). Overall it can be concluded that transformants of 

MeOH extracts have higher increase than the aqueous extracts and activity was in 

concentration dependant manner. 
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Fig 5.1 α-glucosidase inhibition by field grown Lactuca sativa extracts with different substrate. Acarbose (1mg/ml) was used as positive control. 
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Fig 5.2 α-glucosidase inhibition by seed extracts of Lactuca sativa with different substrate. Acarbose (1mg/ml) was used as positive control.
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Fig 5.3 Percentage inhibition of α-glucosidase inhibition of Lactuca sativa (a) 

inhibition by methanolic (MeOH) and aqueous (Aq) extracts of field grown plant 

(FGP) and seed at concentration of 1 mg/ml, (b) inhibition by methanolic extracts of 

plant, (c) inhibition by aqueous extracts of plant. Bars represent mean ± S.D. 

Acarbose (1mg/ml) was used as positive control and data was analysed by comparing 

with untransformed plant extracts (*p<0.05, **p<0.01).  
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5.3.2 Lineweaver Burke plot of Lactuca sativa induced inhibition 

To determine the type of inhibition displayed by L. sativa, the initial velocity of the 

enzyme was measured at various substrate concentrations. In the presence of L. 

sativa, Vmax is changing with changing Km as can be clearly observed in the 

Michaelis-Menten curve and Lineweaver plot. In other words, referring to the 

Lineweaver plot, -1/km was affected by addition of the inhibitor, indicating that L. 

sativa acts as a mixed (competitive + non-competitive) type of inhibitor of α-

glucosidase.   
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Fig 5.4 Pharmacokinetic nature of Lactuca sativa (a) Michaelis-Menten curve and (b) 

Lineweaver Burk plot of α-glucosidase inhibition by L. sativa (1 mg/ml) at varying 

concentrations of maltose in the presence and absence of L. sativa to determine the 

kinetic nature of its inhibition. Where FGP is field grown plant and PBS is phosphate 

buffer saline.    
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5.3.3 Thermal stability of enzyme activity in Lactuca sativa  

To check the thermal stability of L. sativa enzymatic activity, plant extracts (1 mg/ml) 

were subjected to varying temperature and the results showed that activity is not being 

affected by the temp which mean the enzyme inhibition activity is thermo stable (Fig 

5.5).   

 

Fig 5.5 Thermal stability of enzyme inhibition activity of Lactuca sativa extracts 

(1mg/ml). Data was analysed by comparing with negative control (**p<0.01). 

5.3.4 DPP-4 inhibition studies 
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85% increase in aqueous extracts as compared to untransformed plants (Fig 5.7). 

Overall it can be concluded that rol ABC transfomants have higher increase than the 

rol C transfomants in concentration dependant manner. 

 

 

Fig 5.6 DPP-4 inhibition by Lactuca sativa. (a) percentage inhibition by different 

solvent extractions of field grown plant extract (b) percentage inhibition by different 

solvent extractions of seed extracts. Bars represent mean ± S.D. Berberine (1mg/ml) 

was used as positive control. Percentage inhibition was calculated and data was 

analysed by comparing with negative control (*p<0.05, **p<0.01).   
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Fig 5.7 DPP-4 inhibition of transformed and untransformed extracts of Lactuca 

sativa. (a) percentage inhibition by methanolic extracts of plant at different 

concentrations and (b) percentage inhibition by aqueous extracts of plant at different 

concentrations. Bars represent mean ± S.D. Berberine (1mg/ml) was used as positive 

control. Percentage inhibition was calculated and data was analysed by comparing 

with negative control (*p<0.05, **p<0.01). For each group unT: untransformed tissue 

culture plants.  
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5.3.5 Determination of GLP-1 secretion from STC-1 cells 

In order to determine the effect of L. sativa on GLP-1 secretion, STC-1 cells were 

incubated with HEPES buffer along with plant extracts (1mg/ml). Our findings have 

shown that aqueous extracts of field grown plant and seed have increased the GLP-1 

secretion with 32.1 and 17.2 pg/ml GIP/million cells/h respectively (Fig 5.8b). It was 

also observed that the transfomants of rol C showed the greatest increase in GLP-1 

levels from basal level 1.8 pM/million cells /h to 43.3 pM/million cells/h which 

corresponds to highly significant increased GLP-1 secretion with 559% in MeOH and 

510% increase in aqueous extracts as compared to untransformed control plants. On 

the other hand rol ABC transfomants showed 155% increase in MeOH extracts while 

a prominent increase was observed in aqueous extracts with 405% increase as 

compared to untransformed control plants (Fig 5.8). Collectively, it can be seen that 

transformation had prominent effect on the GLP-1 secretion and the activity mostly 

reside in the aqueous fraction of the plant.  

5.3.6 Cytotoxicity assay 

Alamar blue assay was performed to evaluate the general indication of cell viability 

and/or growth. The blue, non-fluorescent, oxidized form becomes pink and 

fluorescent upon reduction by mitochondrial enzymes (O’Brien et al. 2000). 

Therefore, the viability and growth of cells can be determined with a fluorometer or 

spectrophotometer or measured by a visual change in colour. The result showed that 

all the samples at highest concentration (1mg/ml), had ≥90% cell survival in 

methanolic and aqueous extracts. These results indicate that stimulation of GLP-1 

secretion did not result from cytotoxicity or cytolysis (Fig 5.8) but by a specific 

physiological mechanism. 
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Fig 5.8 Cytotoxicity and GLP-1 secretion by Lactuca sativa in STC-1 cells. (a) effect of different solvent extractions of field grown plant and 

seeds on STC-1 cells viability; (b) secretion of GLP-1 / 10
6
 cells / hour by aqueous (Aq) and methanolic (MeOH) extracts at 1 mg/ml 

concentration; (c) secretion of GLP-1 / 10
6
 cells / hour by methanolic (MeOH) extracts in comparison of transformed and untransformed 

plants at 1 mg/ml concentration and (d) secretion of GLP-1 / 10
6
 cells / hour by aqueous (Aq) extracts in comparison of transformed and 

untransformed plants at 1 mg/ml concentration . Bars represent mean ± SEM and data was analysed by comparing with HEPES buffer 

(*p<0.05, **p<0.01).   
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5.4 Conclusion  

Lactuca sativa extracts were able to inhibit the hydrolysis of glucose from maltose. 

The transfomants of rol genes showed 150%t increase in α-glucosidase activity as 

compared to untransformed plants in a concentration-dependent fashion.Lettuce 

extracts also demonstrated potent DPP-4 inhibitory activity in vitro. The transformed 

plants were able to inhibit enzyme activity by up to 90% as compared to 

untransformed plants. This inhibitory activity along with their ability to inhibit α-

glucosidase and promote incretin hormone secretion should certainly be further 

investigated as they appear to be the leading compounds within this study to have 

potent anti-diabetic effects. Lettuce extracts were able to promote GLP-1 secretion or 

increase synthesis of GLP-1 within STC-1 cells, an enteroendocrine L-cell model. In 

particular, rol C transformed plants increased secretion by around 6.1 fold to be the 

best GLP-1 secretagogues. Our results demonstrate that plant samples increase acute 

GLP-1 secretion from STC-1 cells which could become a third approach for incretin 

based therapies.  
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6.1 Introduction  

Lettuce is used as both delicious vegetable and important folk medicine. So, research 

on the phytochemical constituents of this plant is of great importance. It is important 

medicinal plant with analgesic, anti-inflammatory and sedative potential due to its 

sesquiterpene lactones (Sayyah et al. 2004). Lettuce (Lactuca sativa L.) is a rich 

source of phytochemicals, which are plant secondary metabolites and they have been 

reported for their useful effects on human health (Nijveldt et al. 2001). Dietary 

phenolic are of the specific interest due to their significance as antioxidants for human 

heath (Santos et al. 2012). In vitro (Cano & Arnao 2005) and in vivo (Hefnawy & 

Ramadan 2013) antioxidant activity of lettuce has been reported previously. 

Numerous reports have proved that amount of phytochemicals in lettuce can be 

altered by genetic manipulation (Dan et al. 2014).  

Different techniques have been applied to identify phenolic and phytochemicals 

compounds in lettuce like liquid chromatography, LC coupled, mass spectrometry, 

tandem mass spectrometry, GC-MS (Ribas-Agustí et al. 2011; Cao et al. 2010; Lee et 

al. 2006) and NMR-based characterization (Sobolev et al. 2005). However, a detailed 

primary and secondary metabolite profiling of lettuce was carried out by using RP-

UPLC-ESI-QTOF-MS and -MS/MS (Abu-Reidah et al. 2013).  

Metabolomics plays a key role in biological study as one of the novel “omics” 

approach. The strategy works with the detection of molecules involved in metabolism 

followed by their identification and quantitation by high throughput techniques. 

Currently, biotechnology expansion, make it possible to obtain metabolomic data of 

plant extracts with highly advance techniques like LC-MS, which combines MS 

detection with chromatographic isolation and has earned popularity for metabolomic 
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analyses due to its accuracy, sensitivity and coverage of metabolome (Dettmer et al. 

2007). In addition, MS is a powerful structural characterization technique, for which 

good prior separation is crucial because of the complexity of plant extracts and the 

presence of large numbers of isomers, which could be undifferentiated by MS. LC-

MS signals deliver information about the m/z (mass to charge) ratio and the retention 

time of the detected ions, they must be mapped to metabolites to understand the 

biochemical processes they describe (Huang et al. 1999).  

A QTOF-MS (time of flight mass spectrometer) measures the time needed for charged 

ions of different masses to travel from source region to detector  (Cotter 1989). The 

result of an ion detector is calculated as a function of time to generate range of the 

accurate isotope pattern that reveals the molecular formula of metabolites with a 

significant degree of reliability and mass accuracy (Hardy & Hall 2012). Combining a 

quadrupole to a TOF analyzer in a mass spectrometer provides flexibility for collision 

experiments, selectivity, high resolving power, great sensitivity, accurate mass 

measurements and speed in scan mode. A hybrid QTOF (quadrupole time of flight) 

mass analyzer corresponds to the combination of a quadrupole mass filter with a time-

of-flight mass analyzer. The QTOF-MS can operate in different modes which are the 

TOF mode and the product ion scan mode. Among the ionization sources, ESI 

(electrospray ionization), particularly in the negative mode, is a good choice for 

studying small molecules (Gómez-Romero et al. 2010). Moreover, QTOF provides 

selectivity by EIC (extracted ion chromatogram) mode when there are overlapping 

peaks. Thus QTOF enables the separation and detection of minor compounds that 

could co-elute and be underestimated vs. major ions, not being identified or even 

detected by older methodologies. LC coupled to QTOF-MS has been applied in 
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targeted analysis but is suitable also for the extensive profiling of hundreds of plant 

metabolites (Picó et al. 2007).  

Metabolic profiling is a developed technique to categorize the degree of metabolic 

impact induced by bioengineering and genetic transformation of plants (Dixon et al. 

2006). QTOF-MS analysis, together with multivariate analyses, permit to detect 

metabolic variations in the transgenic plants monitoring metabolic profiles (Li et al. 

2014). So in this chapter we profiled molecular and metabolic changes linked with the 

genetic variation carried out by the transformation of lettuce with rol ABC and rol C 

gene targeted to improve and enhance secondary metabolites.  

6.2 Materials and methods 

The detail of plant material and extract preparation has been described in 

methodology section 2.2 of Chapter 2 and 3.2.1 of Chapter 3 respectively.  

6.2.1 Analysis by RP-UPLC-ESI-QTOF-MS  

Solvents were purchased from Sigma Aldrich (UK) and were LC-MS grade or higher 

(Methanol Ultra Chromasolv, formic acid for MS analysis). Ultra-pure water (18.2 

mW) was provided by an Millipore system (Milli-Q Integral 3). Analyses were 

performed using a Waters Acquity UPLC I-Class system (Milford, MA, USA), 

equipped with column oven, and coupled to a Waters Xevo G2 QTOF mass 

spectrometer (Manchester, UK) equipped with an electrospray ionization source.  The 

spectra were acquired in both positive and negative ion mode over a mass-to charge 

(m/z) range from 50 to 1200 with lock-spray interface for real time accurate mass 

correction. The analytical conditions were as source temperature was 120 °C with a 
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cone gas flow of 50 l/h, a desolvation temperature of 450 °C, and a desolvation gas 

flow of 850 l/h. The capillary voltage was set at 1.5 KV with a cone voltage of 35 V. 

A 2.5 μl aliquot of methanolic extract (5 mg/ml reconstituted in HPLC-grade water) 

was injected onto an Acquity Cortecst UPLC C18 1.6 µm (Waters, USA). The 

column oven was set at 50 °C and the sample manager temperature was 10 °C. The 

gradient elution buffers were A (water with 0.1% formic acid) and B (methanol with 

0.1% formic acid), and the flow rate was 0.4 ml/min. The elution gradient (A:B, v/v) 

was as follows: an isocratic period of 2 min at 99:1 followed by a linear gradient from 

99:1 to 1:99 over 19 min. After a 1 min period at 1:99, a linear gradient was applied 

over 1 min to return to the initial composition 99:1 which was held for 2 min before 

the next injection. Before the analysis 8 pooled acclimatizing samples were injected. 

For quality control one pooled sample was injected after each 8 samples through the 

complete experiment to control the chromatographic reproducibility of peak 

intensities and retention times (Cao et al. 2010). 

6.2.2 Data analysis 

The raw data from the QTOF analysis of the Lactuca sativa extracts was handled 

using Progenesis QI v2.0 Software (Waters, USA). Progenesis QI is a new data 

analysis software which permits the precise processing of high resolution LC-MS 

spectral data. This software aids in both the validation of LC-MS approaches and 

identification of features within the spectral data. Using TransOmics the spectral data 

were aligned to a chosen pooled sample, adduct ions were deconvoluted and ions 

abundance of features above the threshold level calculated.  
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Following analysis in TransOmics, the raw data was screened to remove any variables 

containing >20% zero values (considered technical noise). The data were transferred 

to Simca 13 (Umetrics, Sweden) for multivariate analysis. For quality control 

purposes the raw data was Center-Scaled and analyzed using PCA (principal 

components analysis).  All pooled samples were found to be clustered in the center of 

scores plot indicating that the methodology had extremely good technical 

reproducibility (Graham et al. 2013). Subsequently all data were mean centered and 

Pareto scaled, and then divided into four groups tissue culture untransformed (unT), 

rol ABC transformed, rol C transformed and field grown plant (FGP), prior to 

analysis by Orthogonal Projections to Latent-Discriminant Analysis (OPLS-DA).  

6.2.3 Identification of putative ions 

The identification of metabolites was conducted manually using MassLynx 4.1 

software (Waters, USA) which has tools for examining elemental composition, 

isotope patterns, and theoretical monoisotopic, nominal and average masses. Firstly, 

the likely elemental composition of each candidate compound was determined by 

generating a list of possible molecular formulae based on a CHNO algorithm. 

MassLynx offers different functionalities such as elemental range, electron 

configuration, and double-bond equivalents, the deviation error between the 

theoretical and measured mass in terms of Da and ppm, and provides sigma values by 

comparing theoretical isotope patterns with the measured ones. The broadly accepted 

error values of Da and ppm was set at 50 and 5, respectively. The molecular formula, 

monoisotopic masses, chromatogram, their MS spectrum and their fragmentation 

pattern were compared against L. sativa literature and online available databases. 

Metlin (Website 6), HMDB (Website 7) and MassBank (Website 8) were used to 
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identify the fragmentation patterns of putative ions. Other databases were also 

consulted to confirm classification, pathways and their biological roles e.g Kegg 

Ligand Database (Website 9), Phenol-Explorer (Website 10), PubChem (Website 11), 

ChemSpider (Website 12). The percentage change was calculated for each putatively 

identified metabolite and differences determined by one-way ANOVA with data 

deemed significant if P<0.05. 

6.3 Results 

For the experiment, extracts were prepared as 5 mg/ml in HPLC grade water. Only 

methanol extracts were analyzed because rest of the aqueous extracts did not ionize 

well either in positive or negative mode of QTOF-MS. 

6.3.1 Metabolic profiling RP-UPLC-ESI-QTOF-MS 

Untargeted LC-QTOF-MS profiling was used to investigate differences in the 

metabolomes of leaves of transformed (rol ABC and rol C), untransformed (unT) and 

field grown plants (FGP) of Lactuca sativa (cv. Grand Rapids). During method 

development both modes of acquisition (ESI- and ESI+) were assessed. However, 

ESI- consistently gave larger numbers of ions of stronger intensity than ESI+ and 

therefore ESI- was used. A typical base peak chromatogram (BPC) for Lactuca sativa 

is shown in Fig 6.1. In total 5333 ions/metabolites were profiled and group 

comparisons revealed that there were many significant differences which overlapped 

unT, rol ABC, rol C and FGP (Venn diagram; Fig 6.2).   

http://www.phenol-explorer.eu/
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Fig 6.1 Chromatogram showing total ion count (TIC) of all 5332 detected metabolites of Lactuca sativa by TOF-MS-ES.

Retention time (minutes) 
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Fig 6.2 Venn diagram showing the number of the 5333 ions/metabolites measured which were significantly different (P<0.05) in group 

comparisons where unT: untransformed tissue culture plants and FGP: field grown plants. 
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The number of metabolites that were significantly different between unT vs. rol ABC 

and unT vs. FGP (3637 and 3737, respectively) was similar, and of these there were 

2613 differences which were shared.  By comparison unT vs. rol ABC had much 

fewer significant differences (1792), although a large proportion of these metabolites 

overlapped with those changed in unT vs. rol ABC (1476) and unT vs. FGP (1125). 

Surprisingly, in all cases the number of downregulated metabolites exceeded the 

numbers which were increased. Unsupervised Principal component analysis (PCA) 

analysis of all 5333 ions revealed distinct separations of groupings. FGP, unT, rol 

ABC and rol C each clustered into different regions indicating that that metabolomic 

profile differed substantially from one another (Fig 6.3). The first two principal 

components accounted for over 70% of the variation in the data, with principal 

component 1 (PC1) accounting for the majority of the variation (48%) and PC 2 

(27%).  It was also clear that in each, individual genetic transformation event 

increased metabolomic variability, since rol ABC1, rol ABC2, rol ABC3 and rol C1, 

rol C2, rol C3 were spread more widely than biological replicates of either unT or 

FGP.   

Using the exact mass and fragmentation data (Fig 6.4) combined with online 

databases and published literature (Abu-Reidah et al. 2013) we manually identified 76 

known metabolites (Tables 6.1, 6.3, 6.5, 6.7). These 76 were classified as either 

sesquiterpene lactones (12), phenolic compounds (40) or non-phenolic compounds 

(24). Using PCA we assessed how each of these classes were influenced by rol gene 

transformation (Fig 6.3a-d). This initial assessment indicated that rol gene 

transformation clearly impacted each class, however, non-phenolic (Fig 6.3b) and 

phenolic compounds (Fig 6.3a) in particular appeared to differ more in FGP (i.e. 

separated across PC1 rather than PC2).  This led us to compare how the levels of each 
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individual metabolite differed between unT and rol ABC, rol C or FGP (Tables 6.2, 

6.4, 6.6, 6.7). 

 

 

(a) All metabolites 

Phenolic metabolites (b) 
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Fig 6.3 Principal Component Analysis (PCA) of LC-MS metabolomic data of all L. 

sativa groups. (a) all 5333 detected metabolites, (b) phenolic metabolites (40), (c) 

non-phenolic metabolites (24) and (d) sesquiterpene lactone metabolites (12).  Each L. 

sativa group is indicated with: unT: untransformed tissue culture plants (cyan); FGP: 

field grown plants (yellow); rol ABC transformed plants (blue); and rol C 

transformed plants (red). Pooled (P; green) samples included quality control purposes 

are shown in (a).  

Sesquiterpene metabolites 

Non-phenolic metabolites (c) 

(d) 
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Fig 6.4 Spectrum showing caffeic acid, quinic acid and their major fragments. Structures were obtained from Metlin online database (Website 6). 

Mass (m/z) 
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6.3.2 Phenolic metabolites 

Total 40 phenolic metabolites including their derivatives, esters and related 

compounds were tentatively identified (Table 6.1). Quantitative differences were 

found between the different lettuce extracts being richer than the others (Table 6.2). In 

general, losses of H2O and CO2 were regularly observed. 

Simple forms of hydroxybenzoic acid (RT 3.74) and dihydroxybenzoic acid (RT 2.77) 

were detected along with the 3-Methoxy-4-hydroxyphenyl-1-O-β-D-glucoside (RT 

2.84) by the neutral loss of the glycosidic moiety. The vanillic acid (RT 5.82) and 

syringic acid (RT 2.96) were putatively identified along with their vanillic acid 

glucoside (RT 1.96) and syringic acid hexose (RT 4.21) with the losses of CH3 and 

CO2 form of the aglycone (167.0351 u). Dihydroxybenzoyl-hexose (RT 3.15) showed 

unusual loss of hexose plus H (163.0606 u) while hydroxybenzoyl-dihydroxybenzoyl-

hexose (RT 7.28) was tentatively characterized with the losses of the hydroxybenzoyl 

moiety (315.0762u) and hydroxybenzoic acid (297.0649u). Among these identified 

compounds 3-Methoxy-4-hydroxyphenyl-1-O-β-D-glucoside was significantly 

enhanced in rol ABC (115%) and rol C plants (153%) while 223% higher content of 

dihydroxybenzoic acid was detected in FGP plants.  

Caffeic acid (RT 4.87) detected with characteristic loss of CO2 and its derivative 

dihydrocaffeic acid hexose (RT 3.40) was identified by losing a hexose residue. 

Caffeoyl-hexose (RT 4.56) was detected with the similar fragmentation pattern of 

caffeic acid ion.  Ferulic acid (RT 7.45) and some sugar ester e.g ferulic acid methyl 

ester (RT 8.73), ferulic acid glucoside (RT 5.97), sinapoyl glucoside (RT 5.24) and p-

coumaroyl glucoside (RT 4.99) were detected by the neutral loss of H2O  and CO2.  
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Table 6.1 Phenolic metabolites detected and putatively identified in Lactuca sativa 

Sr. 

No. 

RT 

(min) 

Observed 

m/z ([M-

H]¯) 

Calculated 

m/z ([M-

H]¯) 

Error 

(ppm) 

Major Fragments 

m/z ([M-H]¯) 
Putative compound 

Empirical 

formula 

Empirical 

weight 
Class 

1 3.74 137.0234 137.0239 -3.6 120.9012, 92.9595 Hydroxybenzoic acid C7H6O3 138.1207* 
Hydroxybenzoic 

acid 

2 2.77 153.0178 153.0188 -6.5 153.0178, 109.0164 Dihydroxybenzoic acid C7H6O4 154.1201* 
Hydroxybenzoic 

acid 

3 2.84 301.0923 301.0923  0.0 139.0266 

3-Methoxy-4-

hydroxyphenyl-1-O-β-D-

glucoside  

C13H18O8 302.0929 
Hydroxybenzoic 

acid 

4 2.96 197.0452 197.0450 1.0 
182.0278, 153.0507, 

138.0388 
Syringic acid C9H10O5 198.1727* 

Hydroxybenzoic 

acid 

5 5.82 167.0336 167.0344 -4.8 151.9360, 107.9908 Vanillic Acid C8H8O4 168.1467* 
Hydroxybenzoic 

acid 

6 1.96 329.0851 329.0873 -6.7 
167.0389, 23.0443, 

108.0248 
Vanillic acid glucoside C14H18O9 330.0878 

Hydroxybenzoic 

acid 

7 4.21 359.0973 359.0978 -1.4 

197.0452, 182.0222, 

153.0583, 138.0292, 

123.0103 

Syringic acid hexose C15H20O10 360.0984 
Hydroxybenzoic 

acid 

8 3.15 315.0712 315.0716 -1.3 153.0092, 108.0248 
Dihydroxybenzoic acid 

hexose 
C13H16O9 316.0722 

Hydroxybenzoic 

acid 

9 7.28 435.0916 435.0927 -2.5 

315.0821, 297.0704, 

153.0204, 152.0168, 

137.0186 

Hydroxybenzoyl 

dihydroxybenzoyl-hexose 
C20H20O11 436.0933 

Hydroxybenzoic 

acid 

10 4.87 179.0354 179.0344 5.6 135.0442 Caffeic acid C9H8O4 180.1574* 
Hydroxycinnamic 

acid 

11 3.4 343.1004 343.1029 -7.3 
181.0459, 163.0392, 

135.0418 

Dihydrocaffeic acid 

hexose 
C15H20O9 344.1035 

Hydroxybenzoic 

acid 
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12 4.56 341.0863 341.0859 1.2 n.d Caffeoyl-hexose C15H18O9 342.0878 
Hydroxycinnamic 

acid 

13 7.45 193.0487 193.0501 -7.3 
178.0262, 149.0583, 

134.0328 
Ferulic acid C10H10O4 194.184* 

Hydroxycinnamic 

acid 

14 8.73 207.0624 207.0657 -15.9 192.0149, 177.0171 Ferulic acid methyl ester C11H12O4 208.0663 
Hydroxycinnamic 

acid 

15 5.97 355.1015 355.1029 -3.9 193.0686, 149.0633 Ferulic acid glucoside C16H20O9 356.1035 
Hydroxycinnamic 

acid 

16 5.24 385.1144 385.1135 2.3 
223.0594, 208.0355, 

179.0354, 164.0444 
Sinapoyl glucoside C17H22O10 386.1140 

Hydroxycinnamic 

acid 

17 4.99 325.0924 325.0943 -5.8 163.0392, 119.0493 p-Coumaroyl glucoside C15H18O9 326.0929 
Hydroxycinnamic 

acid 

18 3.44 311.0366 311.0403 -11.9 
179.0327, 145.0058, 

135.0418 
Caftaric acid C13H12O9 312.229* 

Hydroxycinnamic 

acid 

19 3.45 149.0058 149.0086 -18.8 
103.0041, 81.0032, 

72.9943, 59.0966 
Tartaric acid C4H6O6 150.0868* Carbohydrates 

20 5.01 353.087 353.0873 -0.8 
191.0545, 179.0327, 

135.0418 
Caffeoylquinic acid C16H18O9 354.3087* 

Hydroxycinnamic 

acid 

21 5.71 295.0457 295.0454 1.0 163.0366, 119.0537 Coutaric acid C13H12O8 296.2296* 
Hydroxycinnamic 

acid 

22 6.29 337.0908 337.0923 -4.4 
191.0545, 173.0444, 

163.0392 
p-Coumaroylquinic acid C16H18O8 338.3093* Alcohols and polyols 

23 5.5 515.1172 515.119 -3.5 
353.0870, 191.0545, 

179.0327, 135.0442 
Dicaffeoylquinic acid C25H24O12 516.4509* Alcohols and polyols 

24 6.71 457.0783 457.0771 2.6 

311.0402, 295.0422, 

277.0388, 179.0327, 

163.0366, 149.0208 

Caffeoyltartaric-p-

coumaroyl acid 
C22H18O11 458.0776 

Hydroxycinnamic 

acid 

25 7.83 499.1224 499.124 -3.2 353.0870, 191.0545 
p-Coumaroyl-

caffeoylquinic acid 
C25H24O11 500.1246 

Hydroxycinnamic 

acid 

26 4.56 313.0905 313.0923 -5.7 151.0391, 107.0391 
4-hydroxyphenylacetyl 

glucoside 
C14H18O8 314.0929 

Hydroxyphenylaceti

c acid 
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27 0.53 447.1289 447.1291 -0.4 
193.0317, 175.0238, 

151.0466 

Di(4-

hydroxyphenylacetyl)-

hexose 

C22H24O10 448.1297 
Hydroxyphenylaceti

c acid 

28 8.86 301.0319 301.0348 -9.6 178.9752, 151.0039 Quercetin C15H10O7 302.2357* Flavonoids 

29 6.55 463.0846 463.0877 -6.7 301.0319, 300.0241 Quercetin hexose C21H20O12 464.0882 Flavonoids 

30 7.27 477.064 477.0669 -6.1 301.0319 Quercetin 3-glucuronide C21H18O13 478.0675 Flavonoids 

31 7.63 549.086 549.088 -3.6 
505.0989, 463.0846, 

301.0319 

Quercetin 

malonylglucoside 
C24H22O15 550.0886 Flavonoids 

32 5.84 531.1142 531.1139 0.6 
463.1022, 301.0426, 

300.0348 

Quercetin-3-O-(6"-O-

crotonyl)-β-glucoside 
C25H23C13 531.1144 Flavonoids 

33 7.05 579.1681 579.1714 -5.7 271.0613 
Naringenin 7-

neohesperidoside 
C27H32O14 580.1792* Flavonoids 

34 7.81 445.0753 445.0771 -4.0 269.0464 
Apigenin 7-O-

glucuronide 
C21H18O11 446.0849* 

 

Flavonoids 

 

35 7.66 665.2063 665.2082 -2.9 417.1554 
Syringaresinol 

malonylhexose 
C31H38O16 665.2087 Lignan 

36 5.77 579.2075 579.2078 -0.5 
417.1847, 399.1428, 

384.1068 

Syringaresinol-β-D-

glucoside 
C28H36O13 580.2083 Lignan 

37 9.77 581.2192 581.2234 -7.2 
359.1671, 341.1921, 

329.1407 
Alangilignoside C C28H38O13 582.2240 Lignan 

38 7.35 341.1241 341.1236 1.5 179.0683 Coniferoside C16H22O8 342.3411* Monolignol 

39 2.54 405.1152 405.1186 -8.4 243.0703 

2,3,5,4β-

Tetrahydroxystilbene2-O-

β-D-glucoside 

C20H22O9 406.1191 Stilbene 

40 6.83 411.1278 411.1291 -3.2 163.0758, 148.0404 
Eugenol 

malonylglucoside 
C19H24O10 412.1297 Phenylpropene 

*Compared by database entries 
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Table 6.2 Changes in the level of phenolic metabolites in Lactuca sativa  

Sr. 

No. 
Compound 

rol ABC  rol C  Field grown plant (FGP) 

/ % Change ± S.D P value / % Change ± S.D P value / % Change ± S.D P value 

1 Hydroxybenzoic acid  25 ± 14.9 0.170  71 ± 35.2 0.074  70 ± 4.0 0.009** 

2 Dihydroxybenzoic acid  59 ± 5.5 0.017*  48 ± 50.8 0.213  223 ± 53.1 0.008** 

3 3-Methoxy-4-hydroxyphenyl-1-O-

β-D-glucoside  
 115 ± 47.9 0.044*  153 ± 26.1 0.004**  28 ± 17.7 0.163 

4 Syringic acid  unchanged N/A  unchanged N/A  unchanged N/A 

5 Syringic acid hexose  49 ± 1.1 0.027*  35 ± 33.5 0.203  76 ± 3.4 0.007** 

6 Vanillic Acid  unchanged N/A  unchanged N/A  unchanged N/A 

7 Vanillic acid glucoside  51 ± 11.5 0.037*  44 ± 8.2 0.046*  10 ± 14.5 0.340 

8 Dihydroxybenzoic acid hexose  77 ± 1.2 0.007**  25 ± 19.8 0.205  66 ± 23.1 0.044* 

9 Hydroxybenzoyl 

dihydroxybenzoyl-hexose 
 35 ± 18.5 0.123  44 ± 35.6 0.166  36 ± 18.8 0.121 

10 Caffeic acid  3 ± 9.9 0.439  131 ± 35.1 0.015*  326 ± 59.1 0.003** 

11 Dihydrocaffeic acid hexose  65 ± 40.0 0.105  56 ± 17.8 0.047*  9 ± 12.3 0.344 

12 Caffeoyl-hexose  55 ± 15.5 0.040*  62 ± 10.1 0.020*  69 ± 23.2 0.039* 

13 Ferulic acid  34 ± 10.2 0.089  20 ± 33.2 0.310*  38 ± 19.3 0.114 

14 Ferulic acid glucoside  71 ± 3.9 0.009**  49 ± 10.1 0.038*  8 ± 14.9 0.376 

15 Ferulic acid methyl ester   5,616± 231.0 0.036*  9,777 ± 291.3 0.014*  3,033 ± 458.6 0.001** 

16 Sinapoyl glucoside   21 ± 11.8 0.193  41 ± 54.9 0.259  230 ± 46.1 0.005** 

17 p-Coumaroyl glucoside  46 ± 5.6 0.036*  28 ± 6.2 0.107  880 ± 140.3 0.002** 

18 Caftaric acid  80 ± 8.4 0.008**  91 ± 2.3 0.004**  2,290 ± 332.6 0.001** 

19 Tartaric acid  unchanged N/A  unchanged N/A  unchanged N/A 

20 Coutaric acid  92 ± 2.4 0.004**  83 ± 6.4 0.006**  69 ± 24.0 0.042* 

21 Caffeoyltartaric-p-coumaroyl acid  87 ± 4.6 0.005**  73 ± 11.8 0.014*  822 ± 134.9 0.002** 

22 Caffeoylquinic acid  39 ± 5.9 0.055  11 ± 13.2 0.322  78 ± 3.0 0.006** 
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23 Dicaffeoylquinic acid 

 
 75 ± 6.2 0.009**  61 ± 10.4 0.021*  94 ± 0.9 0.003** 

24 p-Coumaroyl-caffeoylquinic acid  5 ± 17.2 0.425  52 ± 6.7 0.027*  86 ± 2.0 0.004** 

25 p-Coumaroylquinic acid  75 ± 9.1 0.011*  18 ± 4.5 0.196  3,978 ± 572.2 0.001** 

26 4-hydroxyphenylacetyl glucoside  119 ± 27.4 0.011  40 ± 102.7 0.360  65 ± 6.0 0.013* 

27 Di(4-hydroxyphenylacetyl)-

hexose 
 1,839 ± 438.1 0.007**  1,454 ± 114.4 0.136  86 ± 3.4 0.005** 

28 Quercetin  26 ± 45.6 0.314  73 ± 18.3 0.023*  3,952 ± 672.0 0.002** 

29 Quercetin hexose  69 ± 3.2 0.011*  38 ± 27.6 0.155   12,022 ± 173.8 0.001** 

30 Quercetin 3-glucuronide  78 ± 12.0 0.012*  82 ± 7.4 0.007**  44,309 ± 6178.5 0.001** 

31 Quercetin malonylglucoside  91 ± 3.2 0.004**  92 ± 1.2 0.004**  361 ± 65.3 0.003** 

32 Quercetin-3-O-(6"-O-crotonyl)-β-

glucoside 
 559 ± 59.9 0.001**  1,509 ± 319.9 0.005**  470 ± 78.7 0.002** 

33 Naringenin 7-neohesperidoside  51 ± 7.7 0.030*  27 ± 10.9 0.133  81 ± 2.5 0.006** 

34 Apigenin 7-O-glucuronide  199 ± 76.5 0.032*  81 ± 57.3 0.124  3,740 ± 531.1 0.001** 

35 Syringaresinol-β-D-glucoside  43 ± 1.4 0.039*  7 ± 10.9 0.382  55 ± 6.5 0.023* 

36 Syringaresinol malonylhexose  95 ± 1.1 0.003**  97 ± 0.4 0.003*  100 ± 0.0 0.003** 

37 Alangilignoside C  224 ± 22.3 0.001**  372 ± 110.2 0.015*  99 ± 0.2 0.003** 

38 Coniferoside  111 ± 64.1 0.085*  357 ± 154.5 0.042*  272 ± 51.5 0.004** 

39 2,3,5,4β-Tetrahydroxystilbene2-

O-β-D-glucoside 
 48,008 ± 365.1 0.001**  40, 272 ± 1204.1 0.014*  11,944 ± 207.6 0.002** 

40 Eugenol malonylglucoside  171 ± 78.7 0.051  387 ± 88.6 0.006**  92 ± 1.6 0.004** 

Table shows the percentage change in levels of phenolic metabolites compared to untransformed (unT) Lactuca sativa plants. Values are % mean (± 

S.D) and P values indicate differences with unT plants (* p < 0.05, ** p < 0.01).  
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Cinnamic acids e.g. caftaric acid (RT 3.44), tartaric acid (RT 3.45), quinic acid (RT 

5.57) and their derivatives; caffeoylquinic acid (RT 5.01), coumaroyltartaric acid (RT 

5.71), p-coumaroylquinic acid (RT 6.29), caffeoyltartaric-p-coumaroyl acid (RT 

6.71),  dicaffeoylquinic acid (RT 5.50) and p-coumaroyl-caffeoylquinic (RT 7.83) 

were also putatively identified by QTOF-MS. From the results it was observed that 

some compounds are more abundant in the field grown plant as compared to control 

e.g  caffeic acid (326%), p-coumaroyl glucoside (880%), caftaric acid (2,290%), 

caffeoyltartaric-p-coumaroyl acid (822%) and p-coumaroylquinic acid (3,978). 

Transformation has enhanced the ferulic acid methyl ester about 5,616% and 9,777% 

in rol ABC and rol C plants respectively. This increase is the highest among the 

above stated group, representing strong positive effect of rol gene in in the production 

of secondary metabolites.  

Two compounds 4-hydroxyphenylacetyl-hexose (RT 4.56) was identified by release 

of sugar moiety while di-4-hydroxyphenylacetyl-hexose (RT 0.53) were tentatively 

identified by loss of 4-hydroxyphenylacetyl and 4-hydroxyphenylacetic acid in the 

MS spectra. The second compound was significantly enhanced in rol ABC and rol C 

plant with the percentage of 1,839% and 1,454% accordingly.  

6.3.3 Flavonoid metabolites 

Among the flavonoids, quercetin (RT 8.86) and its conjugates e.g. quercetin hexose 

(RT 6.55), quercetin 3-glucuronide (RT 7.27); quercetin malonylglucoside (RT 7.63), 

quercetin-3-O-(6''-O-crotonyl)-β-glucoside (RT 5.84) were tentatively identified by 

neutral loss of CO2, as a common feature in MS fragmentation. Additionally, two 

flavanones; naringenin 7-neohesperidoside (RT 7.05) and apigenin 7-Oglucuronide 

(RT 7.81) were also tentatively identified. These flavonoids were found most 



131 
 

common in the field grown plant. Only one of them (quercetin-3-O-(6''-O-crotonyl)-β-

glucoside) was found in significantly higher quantity in transformed plants of rol 

ABC (559%) and rol C (1,509%).  

6.3.4 Other phenolic metabolites 

Three lignan compounds were putatively identified as syringaresinol β-Dglucoside 

(RT 5.77), syringaresinol malonylhexose (RT 7.66) and alangilignoside C (RT 9.77). 

The first two were characterized by the loss of syringaresinol moiety followed by H2O 

and CH3 while the later was characterized by the loss of the glucose residue plus two 

methoxy groups followed by H2O and CH2O in the fragmentation pattern. 

Coniferoside (RT 7.35) a monolignol, 2,3,5,4'-tetrahydroxystilbene 2-O-β-D-

glucoside (RT 2.54) a stilbene and eugenol malonylglucoside (RT 6.83) a 

phenylpropene derivative were also putatively identified. Some compounds including 

alangilignoside, coniferoside and eugenol malonylglucoside were significantly 

enhanced in rol C plants with the percentage of 372%, 357% and 387% respectively. 

Maximum enhancement among all the identified compounds were calculated for the 

2,3,5,4'-tetrahydroxystilbene 2-O-β-D-glucoside which showed 48,008% 

enhancement in rol ABC plants and 40,272%  enhancement in rol C plants.  

6.3.5 Non-phenolic metabolites 

Total 24 non-phenolic metabolites including their derivatives were tentatively 

identified (Table 6.3) and their comparative analysis is summarized in Table 6.4. Four 

free amino acids, leucine/Isoleucine (Leu/Ileu), tryptophan (Trp), tyrosine (Tyr) and 

phenylalanine (Phe) were detected in the lettuce samples with the retention time (RT) 

of 1.65, 3.93, 1.14 and 3.11 min respectively with neutral losses of H2O (18.0106 u), 
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CO2 (43.9898 u) and NH3 (17.0265 u). Out of four, three amino acids (Leu/Ileu 

794%, Try 494% and Phe 2968%) were found most abundant in FGP as compared to 

transformed and untransformed extracts. A significant enhancement was calculated in 

case of Tyr with percentage increase of 160% and 401% for rol ABC and rol ABC 

respectively. Along with the individual amino acids glycine-leu/Ile and pyroglutamic 

acid-leu/Ile in the form of dipeptides were also detected. Furthermore, condensation 

of these amino acids and peptides with reducing sugars such as fructose and glucose 

were also identified in lettuce. Glycine-leu/Ile was found highest in FGP with 289% 

while pyroglutamic acid-leu/Ile was increased about 294% in rol C. Amino acid 

conjugate with hexose were also detected and were identified as Try-hexose (RT 

7.54), Tyr-hexose (RT 5.26), Phe-hexose (RT 2.86) and glycine-leu/Ile-hexose (RT 

4.82). These sugar conjugates of amino acids were found most abundant in field 

grown plant (FGP) with a range of 1500%-2900% while no significant enhancement 

was found in the case extracts of transformants (Table 6.4).  

In general 9 known organic acids were putatively identified in lettuce (Table 6.3), 

including quinic acid (RT 5.57), malic acid (RT 5.7), citric acid (RT 0.78), citramalic 

acid (RT 1.1), isopropylmalic acid (RT 4.63), pyroglutamic acid (RT 0.89), azelaic 

acid (RT 8.11), 1,2,3,4-Tetrahydro-beta-carboline-3-carboxylic acid (RT 4.82), 

1,2,3,4-Tetrahydro-b-carboline-1,3-dicarboxylic acid (RT 4.83), pantothenic acid 

(vitamine B5) (RT 2.33) and amino oxononanoic acid (RT 7.15). Their fragmentation 

patterns were compared with the literature and neutral losses of CO2 and/or H2O from 

carboxylic group. 1,2,3,4-Tetrahydro-beta-carboline-3-carboxylic and 1,2,3,4-

Tetrahydro-b-carboline-1,3-dicarboxylic acid were found in excessive amount in FGP 

extracts with the percentage of 537%, 1698% and 1567% respectively. On the other 
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hand, amino oxononanoic acid showed highest enhancement in the transformed 

extracts of rol ABC (1803%) and rol C (1141%).  

Guanosine (RT 1.90) and adenosine (RT 0.73) have been tentatively characterized in 

lettuce. Fragmentation pattern was generated by losing the ribose (C5H8O4; 132.0423 

u) by the breakage of the glycosidic bond. Additionally, uridine (RT 1.09) was 

putatively identified by fragmentation loss of CHNO (43.0058 u) and three HCHO 

moieties form ribose. Guanosine and uridine showed noticeable change in 

transformed extract with 200% and 108% in case of rol ABC while 255% and 207% 

increase in case of rol C respectively. Adenosine did not show much difference in 

transformed extracts but FGP possessed 224% more abundance than untransformed 

extracts.  

Lycoperodine-1 (1,2,3,4-tetrahydro-β-carboline-3-carboxylic acid) and its carboxylic 

derivative were tentatively identified with RT 4.82 and 4.83. Their identification was 

carried out by the natural loss of CH3N (29.0265 u) and CO2 followed by C2H2 

leading to formation of indole group fragment which confirmed the proposed 

compound. The amount of Lycoperodine-1 and its derivative was found 1,698% and 

1,567% more in the field grown plant as compared to tissue cultured or transformed 

plants.  
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Table 6.3 Non-phenolic metabolites detected and putatively identified in Lactuca sativa 

Sr. 

No. 

RT 

(min) 

Observed 

m/z ([M-

H]¯) 

Calculated 

m/z ([M-

H]¯) 

Error 

(ppm) 

Major Fragments m/z 

([M-H]¯) 
Putative compound 

Empirical 

formula 

Empirical 

weight 
Class 

1 1.65 130.0834 130.0868 -26.1 112.0724, 86.0967 Leucine/Isoleucine C6H13NO2 131.1729* Amino Acid 

2 4.29 259.1307 259.1294 5.0 
215.1426, 171.1512, 

130.0881 
Glycine-Leucine C11H19N2O5 259.279* Amino Acid 

3 4.82 421.1828 421.1822 1.4 

331.1492, 241.1147, 

218.0829, 130.0834, 

128.0347 

Glycine-

Leucine/Isoleucine-

hexose 

C17H29N2O10 422.1828 Amino Acid 

4 3.93 203.0817 203.0821 -2.0 
159.0829, 142.0648, 

116.0466, 74.0298 
Tryptophan C11H12N2O2 204.2252* Amino Acid 

5 7.54 365.1309 365.1349 -11.0 203.0876, 159.0854 Tryptophan-hexose C17H22N2O7 366.1354 Amino Acid 

6 1.14 180.064 180.0661 -11.7 
163.0366, 119.0537, 

93.0424 
Tyrosine C9H11NO3 181.1885* Amino Acid 

7 5.26 342.1191 342.1189 0.6 180.0668 Tyrosine-hexose C15H21NO8 343.1194 Amino Acid 

8 3.11 164.068 164.0712 -19.5 
147.0433, 103.0478, 

72.0113 
Phenylalanine C9H11NO2 165.1891* Amino Acid 

9 2.85 326.1211 326.124 -8.9 
236.0969, 206.0798, 

164.0706, 147.0409 
Phenylalanine-hexose C15H21NO7 237.1245 Amino Acid 

10 5.7 133.011 133.0137 -20.3 115.0016, 71.0125 Malic acid C4H6O5 134.0874* Fatty Acyls 

11 1.1 147.026 147.0293 -22.4 103.027 Citramalic acid C5H8O5 148.114* Fatty Acyls 

12 0.89 128.0324 128.0348 -18.7 82.0264 Pyroglutamic acid C5H7NO3 129.114* 
Carboxylic 

acids 

13 5.73 241.1179 241.1188 -3.7 197.1286, 130.0834 
Pyroglutamic acid-

Leucine/Isoleucine 
C11H18N204 242.1194 Amino Acid 
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14 4.63 175.059 175.0606 -9.1 
157.0498, 115.0477, 

113.0540, 85.0591 
Isopropylmalic acid C7H12O5 176.1672* Fatty Acyls 

15 8.11 187.0944 187.097 -13.9 
169.0822, 143.1036, 

125.0918 
Azelaic acid C9H16O4 188.2209* Fatty Acyls 

16 5.57 191.0545 191.0556 -5.8 87.0471 Quinic acid C7H12O6 192.1666* 
Alcohols and 

polyols 

17 0.78 191.0177 191.0192 -7.9 111.0088, 87.0032 Citric Acid C6H8O7 192.1235* 
Carboxylic 

acids 

18 7.15 186.1101 186.113 -15.6 142.1234, 125.0963 Amino oxononanoic acid C9H17NO3 187.1136 Organic acid 

19 2.33 218.1011 218.1028 -7.8 
148.0794, 88.0450, 

71.0505 

Pantothenic acid 

(vitamine B5) 
C9H17NO5 219.235* 

Carboxylic 

acids 

20 1.09 243.0607 243.0617 -4.1 
200.0535, 152.0319, 

140.0325, 110.0211 
Uridine C9H12N2O6 244.2014* 

Pyrimidine 

nucleosides 

21 0.73 266.0865 266.0889 -9.0 134.0470, 107.0251 Adenosine C10H13N5O4 267.2413* 
Purine 

nucleosides 

22 1.9 282.0835 282.0838 -1.1 
150.0395, 133.0110, 

108.0248 
Guanosine C10H13N5O5 283.2407* 

Purine 

nucleosides 

23 4.82 215.0826 215.0821 2.3 
171.0897, 142.0648, 

116.0488 

1,2,3,4-Tetrahydro-beta-

carboline-3-carboxylic 

acid 

C12H12N2O2 216.2359* 
Indoles and 

derivatives 

24 4.83 259.0714 259.0719 -1.9 
215.0826, 171.0897, 

142.0648 

1,2,3,4-Tetrahydro-b-

carboline-1,3-

dicarboxylic acid 

C13H12N2O4 260.2454* 
Harmala 

alkaloids 

*Compared by database entries 
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Table 6.4 Changes in the level of non-phenolic metabolites in Lactuca sativa  

Sr. 

No. 
Compound 

rol ABC  rol C  Field grown plant (FGP) 

/ % Change ± S.D P value / % Change ± S.D P value / % Change ± S.D P value 

1 Leucine/Isoleucine  168 ± 19.5 0.003**  457 ± 67.2 0.002**  794 ± 7.9 0.001** 

2 Glycine-Leucine  57 ± 36.6  0.126  69 ± 11.9 0.024*  289 ± 5.4 0.001** 

3 Glycine-Leu/Ileu-hexose  2,192 ± 659.5 0.015*  2,039 ± 960.0 0.050*  2,292 ± 38.7 0.001** 

4 Tryptophan  22 ± 18.4 0.241  107 ± 65.1 0.096  494 ± 9.8  0.001** 

5 Tryptophan-hexose  523 ± 193.4 0.031*  516 ± 277.1 0.071  1,514 ± 664.6 0.043* 

6 Tyrosine  160 ± 32.9 0.007**  401 ± 76.0 0.004**  282 ± 2.9 0.001** 

7 Tyrosine-hexose  688 ± 164.9 0.007**  1,295 ± 41.9 0.001**  2,897 ± 78.9 0.001** 

8 Phenylalanine  168 ± 35.5 0.008**  540 ± 148.3 0.011*  2,968 ± 13.5 0.001** 

9 Phenylalanine-hexose  95 ± 16.4 0.012*  206 ± 1.8 0.001**  2,567 ± 20.3 0.001** 

10 Malic acid  100 ± 0.9 0.005**  100 ± 0.9 0.005**  51 ± 3.0 0.038* 

11 Citramalic acid  38 ± 5.8 0.080  29 ± 4.7 0.126  59 ± 20.3 0.059 

12 Pyroglutamic acid  53 ± 10.3 0.047*  154 ± 22.8 0.004**  51 ± 2.2 0.042* 

13 Pyroglutamic acid- Leu/Ileu  152 ± 60.2  0.038*  294 ± 77.8 0.011*  87 ± 0.8 0.008** 

14 Uridine  108 ± 44.0 0.047*  207 ± 20.5 0.001**  126 ± 3.2 0.002** 

15 Adenosine  84 ± 58.1 0.124  148 ± 27.3 0.007**  224 ± 1.9 0.001** 

16 Guanosine  200 ± 67.7 0.024*  255 ± 54.4 0.006**  113 ± 0.2 0.003** 

17 Isopropylmalic acid  56 ± 7.8 0.038*  43 ± 45.7 0.223  537 ± 19.3 0.001** 

18 1,2,3,4-Tetrahydro-beta-carboline-

3-carboxylic acid 
 50 ± 9.5 0.071  125 ± 96.4 0.139  1,698 ± 13.2 0.001** 

19 1,2,3,4-Tetrahydro-b-carboline-1,3-

dicarboxylic acid 
 38 ± 6.6 0.081  147 ± 90.3 0.094  1,567 ± 27.7 0.001** 

20 Azelaic acid  66 ± 4.8 0.022*  52 ± 52.6 0.208  26 ± 1.4 0.155 

21 Quinic acid  61 ± 3.5 0.026*  46 ± 10.3 0.065  72 ± 0.4 0.016* 

22 Citric Acid  169 ± 26.6 0.004**  508 ± 137.3 0.011*  1,137 ± 241.7 0.005** 

23 Amino oxononanoic acid  1,803 ± 388.3 0.005**  1,141 ± 337.1 0.015*  188 ± 41.5 0.030* 

24 Pantothenic acid (vitamine B5)  128 ± 10.0 0.003**  79 ± 167.3 0.332  100 ± 0.9 0.005** 

Table shows the percentage change in levels of non-phenolic metabolites compared to untransformed (unT) Lactuca sativa plants. Values are % mean 

(± S.D) and P values indicate differences with unT plants (* p < 0.05, ** p < 0.01).  
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6.3.6 Sesquiterpene lactones 

Total 12 sesquiterpene lactones along with their derivatives and conjugates were 

tentatively identified (Table 6.5). Lactucin (RT 6.95), lactucopicrin (RT 2.97) and its 

derivative 11β,13-dihydrolactucopicrin (RT 5.62) were identified by fragmentation 

loss of H2O, CO2 and C2H2 from the lactone ring for lactucin while lactucopicrin and 

its derivative lost 4-hydroxyphenylacetic acid (152.0473 u) and CO2 as similar as 

described previously (Sessa et al. 2000). The comparative analysis showed 667% 

higher lactucin in FGP extracts while 11β,13-dihydrolactucopicrin found to be 

increased with the percentage of 132 and 257 in rol ABC and rol C respectively 

(Table 6.6).  

1-β-(4-hydroxyphenylacetyl)-15-O-β-D-glucopyranosyl-5α-6βH-eudesma-3-en-12-α-

olide (RT 1.73), 8-deacetylmatricarin-8-sulfate (RT 6.57) and 15-deoxylactucin-8-

sulfate (RT 6.46) were tentatively identified with the loss of sulfate group (96.959 u) 

(Sessa et al. 2000). Lactucopicrin-15-oxalate showed similar fragmentation pattern as 

for lactucopicrin plus extraloss of oxalate (71.9847 u). Conjugated sulfate and amino 

acid forms sesquiterpene lactones were putatively identified as cichorioside B-

sulphate (RT 4.40), lactucin-sulfate (RT 4.66), 15-deoxylactucin-8-sulfate-glutamine 

(RT 4.49), 15-deoxylactucin-8-sulfate-proline (RT 4.94) and 15-deoxylactucin-8-

sulfate-valine (RT 1.07). The production of 1-β-(4-hydroxyphenylacetyl)-15-O-β-D-

glucopyranosyl-5α-6βH-eudesma-3-en-12-6α-olide decreased 100% in FGP and 

significant enhancement (327%) was calculated in rol ABC extracts. 15-

deoxylactucin-8-sulfate-glutamine showed 535% and 511% enhancement in the 

transformed extracts of rol ABC and rol C respectively. Highest enhancement was 

calculated in the case of 15-deoxylactucin-8-sulfate-proline with the value of 1,103% 

(rol ABC) and 1,028% (rol C).  
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Table 6.5 Sequiterpene lactones and their derivatives detected and putatively identified in Lactuca sativa 

No. 
RT 

(min) 

Observed 

m/z     

([M-H]¯) 

Calculated 

m/z     ([M-

H]¯) 

Error 

(ppm) 

Major fragments 

m/z ([M-H]¯) 
Putative compound 

Empirical 

formula 

Empirical 

weight 
Class 

1 2.97 409.1297 409.1287 2.4 
257.0753, 213.0968, 

151.0391, 107.0781 
Lactucopicrin C23H22O7 410.4166* Lactone 

2 13.97 481.1233 481.1135 20.4 
257.0885, 213.0759, 

151.0316, 107.044 
Lactucopicrin-15-oxalate C25H22O10 482.1140 Lactone 

3 5.62 411.1485 411.1444 10.0 

277.1069, 259.0780, 

215.1066, 151.0391, 

107.0399 

11β,13-dihydrolactucopicrin C23H24O7 412.1449 Lactone 

4 6.95 275.0934 275.0919 5.5 213.0849, 185.0811 Lactucin C15H16O5 276.2845* Lactone 

5 4.66 471.1096 471.1073 4.9 

454.0898, 427.1523, 

391.2080, 356.0896, 

339.0364, 131.0306 

Lactucin-sulfate C19H24N2O10S 472.1079 
Lactone  

derivative 

6 6.46 339.0517 339.0538 -6.2 96.9466 15-deoxylactucin-8-sulfate C15H16O7S 340.0544 Lactone 

7 4.79 485.1276 485.123 9.5 

405.1581, 427.1523, 

391.2080356.0974, 

339.0592, 145.0742 

15-deoxylactucin-8-sulfate-Gln C20H26N2O10S 486.1235 
Lactone  

derivative 

8 4.94 454.1203 454.1172 6.8 339.0554, 114.0487 15-deoxylactucin-8-sulfate-Pro C20H25NO9S 454.1177 
Lactone  

derivative 

9 4.07 456.1378 456.1328 11.0 
356.0703, 339.0479, 

116.0885 
15-deoxylactucin-8-sulfate-Val C20H27NO9S 457.1334 

Lactone  

derivative 

10 6.57 341.0674 341.0695 -6.2 96.9415 8-deacetylmatricarin-8-sulfate C15H18O7S 342.07 Lactone 

11 4.4 519.1203 519.1172 6.0 501.0999, 475.1301 Cichorioside B-sulfate C21H28O13S 520.1178 
Lactone  

derivative 

12 1.73 561.2349 561.2336 2.3 
427.1185, 409.1131, 

151.0492 

1β-(4-hydroxyphenylacetyl) -15-

O-β-D-glucopyranosyl-5α, 6βH-

eudesma-3-en-12, 6α-olide 

C29H38O11 562.2341 Lactone 

*Compared by database entries 
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Table 6.6 Changes in the level of sesquiterpene lactones in Lactuca sativa 

Sr. 

No. Compound 

rol ABC  rol C  Field grown plant (FGP) 

/ 
% Change ± 

S.D 
P value / 

% Change ± 

S.D 
P value / 

% Change ± 

S.D 
P value 

1 Lactucopicrin  17 ± 10.3 0.272  85 ± 31.6 0.048*  90 ± 8.9 0.009** 

2 Lactucopicrin-15-oxalate  79 ± 14.1 0.020*  29 ± 18.3 0.183  6 ± 0.5 0.403 

3 11β,13-dihydrolactucopicrin  132 ± 6.3 0.002**  257 ± 4.4 0.006**  127 ± 4.9 0.003** 

4 Lactucin - Unchanged N/A  unchanged N/A  667 ± 145.3 0.005** 

5 Lactucin-sulfate  25 ± 5.6 0.177  95 ± 26.7 0.027*  90 ± 11.1 0.009** 

6 15-deoxylactucin-8-sulfate  93 ± 3.1 0.008**  95 ± 1.5 0.007**  56 ± 1.0 0.035* 

7 15-deoxylactucin-8-sulfate-Gln  535 ± 98.9 0.005**  511 ± 68.8 0.001**  89 ± 5.3 0.009* 

8 15-deoxylactucin-8-sulfate-Pro  96 ± 1.4 0.007**  97 ± 0.4 0.007**  50 ± 1.8 0.048** 

9 

15-deoxylactucin-8-sulfate-Val 
 1,103 ± 99.1 0.061  

1,028 ± 

164.9 
0.002**  20 ± 3.1 0.214 

10 8-deacetylmatricarin-8-sulfate  28 ± 15.8 0.182  128 ± 43.8 0.030*  207 ± 13.1 0.001** 

11 Cichorioside B-sulfate  83 ± 10.3 0.014*  149 ± 26.9 0.006*  52 ± 8.6 0.047* 

12 1-β-(4-hydroxyphenylacetyl)-15-

O-β-D-glucopyranosyl-5α, 6βH-

eudesma-3-en-12, 6α-olide 

 327 ± 48.2 0.029*  29 ± 23.6 0.220  100 ± 9.8 0.007** 

Table shows the percentage change in levels of sesquiterpene lactones compared to untransformed (unT) Lactuca sativa plants. Values are % 

mean (± S.D) and P values indicate differences with unT plants (* p < 0.05, ** p < 0.01).  



140 
 

6.3.7 Unidentified metabolites 

Additionally, 50 more metabolites were separated and tabulated along with their 

percentage changes in Table 6.7 on the basis of most abundant change in level. For 

this a threshold level of 1000% change was selected. We were unable to identify them 

but all those metabolites which showed more than 1000% changes are added in this 

category. Briefly, 15 metabolites were from field grown plant, 20 were from rol ABC 

transformed plants and 15 were from rol ABC transformed plants.  

6.4 Conclusion  

The extent to which rol genes affected the metabolome of L. sativa was extremely 

broad ranging. Of the 5333 ions quantified, the levels of 3637 and 1792 were 

significantly changed in rol ABC and rol C, respectively.  In this study, total 76 

compounds were putatively identified and their comparative analysis was performed 

between the field grown, rol ABC transformed plants, rol C transformed plants and 

untransformed control plants. Out of these 76, total 27 compounds were significantly 

enhanced in rol ABC plants while 32 in case of rol C plants. On the other hand 26 

compounds were found most abundant in the field grown plants.  
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Table 6.7 Changes in the level of some unidentified metabolites in Lactuca sativa 

Sr. 

No. 

RT 

(min) 

Detected mass  rol ABC  rol C  Field grown plant (FGP) 

/ % Change ± S.D P value / % Change ± S.D P value / % Change ± S.D P value 

1 7.18 462.0791ˠ  94 ± 4.9 0.001**  96 ± 3.0 0.001**  33,528 ± 138.9 0.001** 

2 7.41 464.0949 ˠ  92 ± 1.6 0.001**  85 ± 5.0 0.001**  5,067 ± 73.3 0.001** 
3 7.30 448.0999 ˠ  91 ± 3.4 0.001**  55 ± 21.6 0.073  3,246 ± 5.5 0.001** 

4 9.18 286.0464 ˠ  54 ± 25.3 0.099  89 ± 2.7 0.001**  5,251 ± 226.7 0.001** 
5 10.12 375.2016  80 ± 3.6 0.001**  52 ± 3.2 0.004**  6,594 ± 260.0 0.001** 
6 9.42 423.1648  29 ± 36.8 0.161  57 ± 49.3 0.114  35,741 ± 162.5 0.001** 

7 13.89 577.2664  594 ± 220.4 0.026*  56 ± 29.7 0.119  1,515 ± 47.8 0.001** 
8 1.65 585.2865  1,193 ± 223.1 0.003**  2,710 ± 471.1 0.002**  6,537 ± 124.1 0.001** 

9 8.57 415.1031  916 ± 423.5 0.047*  592 ± 196.4 0.018*  5,704 ± 146.6 0.001** 
10 8.74 208.0723 ˠ  315 ± 150.8 0.047*  257 ± 104.6 0.026*  7,473 ± 217.5 0.001** 
11 12.88 311.2212  408 ± 186.7 0.044*  358 ± 70.5 0.003**  5,137 ± 2.9 0.001** 

12 3.10 327.1304 ˠ  87 ± 21.3 0.005**  327 ± 92.8 0.011*  2,759 ± 37.2 0.001** 

13 6.79 307.1384  34 ± 18.7 0.188  22 ± 6.3 0.217  1,106 ± 11.7 0.001** 

14 5.43 254.0787 ˠ  71 ± 26.0 0.018*  265 ± 81.9 0.014*  2,124 ± 75.5 0.001** 

15 13.36 313.2367  1,149± 577.8 0.057  729 ± 102.2 0.001**  1,349 ± 47.6 0.001** 
16 3.48 294.0940 ˠ  1,431 ± 178.9 0.034*  1,635 ± 140.0 0.005**  99 ± 1.8 0.001** 
17 13.74 675.3009  1,771 ± 622.5 0.023*  11 ± 29.7 0.463  60 ± 4.0 0.001** 
18 13.94 675.3000  1,841 ± 328.2 0.030*  51 ± 16.5 0.052  86 ± 1.7 0.001** 

19 14.73 555.2831  1,182 ± 598.6 0.058  64 ± 30.6 0.094  499 ± 30.8 0.001** 

20 13.43 649.2848  2,030 ± 736.9 0.025*  35 ± 44.6 0.330  94 ± 2.3 0.001** 
21 14.77 571.2875  1,462 ± 497.0 0.021*  53 ± 41.6 0.201  63 ± 9.6 0.001** 

22 14.68 705.3471  1,731 ± 451.5 0.009**  31 ± 31.6 0.119  72 ± 6.5 0.001** 

23 13.82 663.3005  1,287 ± 397.7 0.015*  31 ± 34.6 0.321  90 ± 1.9 0.001** 
24 14.44 691.3315  1,227 ± 68.4 0.013*  66 ± 8.2 0.004*  95 ± 1.9 0.001** 
25 14.34 722.3013  1,653 ± 265.0 0.033*  13 ± 22.4 0.488  42 ± 4.7 0.009** 

26 14.93 438.2720 ˠ  2,995 ± 932.1 0.016*  123 ± 142.5 0.196  384 ± 11.3 0.001** 

27 14.22 293.2101  1,433 ± 442.7 0.015*  394 ± 149.8 0.027*  63 ± 17.2 0.001** 
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28 14.44 1017.5232  1,722 ± 121.0 0.002**  32 ± 33.9 0.128  73 ± 4.4 0.001** 

29 2.30 370.1456 ˠ  1,318 ± 127.8 0.030*  1,405 ± 58.9 0.001**  67 ± 1.8 0.001** 

30 2.51 415.1441  1,475 ± 149.2 0.001**  1,185 ± 354.5 0.014*  15 ± 3.2 0.009** 

31 14.12 293.2101  1,979± 338.0 0.021*  1,134 ± 20.4 0.001**  115 ± 12.2 0.001** 

32 13.68 293.2104  1,221 ± 127.3 0.070  28 ± 7.6 0.116  748 ± 56.2 0.001** 

33 14.65 675.3381  1,399 ± 81.9 0.004*  17 ± 5.6 0.365  43 ± 2.2 0.008** 

34 14.22 689.3231  1,345 ± 105.5 0.014*  4 ± 4.1 0.163  32 ± 1.8 0.031* 

35 14.14 295.2255  1,250 ± 96.7 0.026*  5 ± 13.6 0.151  237 ± 24.4 0.001** 

36 0.96 290.1034  96 ± 108.2 0.184  3,271 ± 110.5 0.175  3,531 ± 444.2 0.075 

37 0.96 581.2152  195 ± 183.9 0.160  5,350 ± 541.5 0.174  5,179 ± 585.9 0.061 

38 4.70 706.2374  154 ± 67.8 0.035*  1,205 ± 24.5 0.001*  99 ± 1.8 0.001** 
39 9.45 412.2070 ˠ  19 ± 4.3 0.283  1,134 ± 22.0 0.054  94 ± 1.9 0.001** 

40 6.65 424.1742 ˠ  10 ± 28.7 0.458  1,135 ± 29.3 0.092  92 ± 1.8 0.001** 
41 9.14 455.1916  9 ± 14.7 0.392  1,149 ± 16.5 0.013*  92 ± 1.9 0.001** 

42 2.89 370.1457 ˠ  372 ± 137.2 0.024*  1,451 ± 63.9 0.001**  57 ± 1.8 0.002** 

43 6.11 369.1180  34 ± 29.1 0.093  1,133 ± 27.3 0.003**  70 ± 2.8 0.001** 

44 6.46 471.1871  20 ± 2.5 0.213  1,120 ± 6.8 0.014*  90 ± 1.8 0.001** 

45 1.58 638.1980  154 ± 31.1 0.003*  1,467 ± 109.7 0.006**  1,012 ± 5.0 0.001** 

46 10.91 327.2167  10 ± 9.5 0.396  1,216 ± 101.2 0.043*  570 ± 6.8 0.001** 
47 11.39 330.2394 ˠ  17 ± 20.3 0.116  1,272 ± 129.6 0.046*  117 ± 2.1 0.001** 
48 1.58 292.1391  57 ± 11.9 0.004*  1,204 ± 46.9 0.005**  474 ± 7.2 0.001** 
49 11.63 329.2319  66 ± 12.5 0.003*  1,299 ± 93.2 0.014*  64 ± 1.9 0.001** 

50 6.83 369.1180  104 ± 33.0 0.013*  1,223 ± 32.3 0.001**  6 ± 2.1 0.170 

Table shows the percentage change in levels of unidentified metabolites compared to untransformed (unT) Lactuca sativa plants. Values are % mean 

(± S.D) and P values indicate differences with unT plants (* p < 0.05, ** p < 0.01). Detected masses were represented as m/z [M-H]
- 
and “ˠ” represents 

the neutral mass. 
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7.1 Discussion 

Throughout the history plants have been of great importance to medicine. The 

molecules that impart medicinal properties to the drugs are usually secondary 

metabolites (Manju et al. 2012). The medicinal plants have been reported for their 

medicinal potential in history for curing various diseases (Gousia et al. 2013). One 

such plant Lactuca sativa is famous for its medicinal properties, such as antioxidant, 

anti-inflammatory, analgesic and sedative-hypnotic effects (Fu et al. 2012). The 

complete pharmacological profiling will further elucidate the full potential of this 

resourceful plant from nature against diseases. Therefore, the aim of this study was to 

enhance the production of secondary metabolites in the lettuce through transformation 

with rol genes. 

Significant levels of phenolic components and antioxidant activities have been 

reported in lettuce previously (Caldwell 2003; Sun et al. 2002; Liu et al. 2007). 

However, quantity of phenolic acids and flavonoids in Lactuca sativa is sensitive to 

environmental situations. Ferreres et al. ( 1997) and DuPont et al. (2000) reported that 

storage and post-harvest processing resulted in substantial losses in phenolic acids and 

flavonoids in numerous cultivars of lettuce which arises the need for either enhancing 

the secondary metabolite concentration in natural plant or seeking the different 

sources of these antioxidants. These days, agrobacterium mediated transformation is 

carried out frequently in plants for enhancement of resistance against several diseases 

and for increasing their nutritional quality (Sun et al. 2006). In this study, lettuce was 

transformed with rol ABC and rol C genes in order to assess their effect on plant 

morphology, nutrition, yield and pharmacological properties.  
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7.2 Tissue culturing and transformation 

Germination of seed is important steps in the life cycle of plants. For this proper 

sterilization process is very crucial. Sterilizing agents like ethanol, sodium 

hypochlorite, Tween 20 and mercuric chloride are used (Oyebanji et al. 2009). 

Sodium hypochlorite is one of the commonly used surface disinfectants. It releases 

oxygen gas as a by-product that enhances oxidative respiration which in turn 

promotes seed germination (Vujanovic & St-Arnaud 2000). According to Talei et al. 

(2011) ethanol is a strong sterilizing and highly phytotoxic chemical, therefore seeds 

should be exposed to it for a short period of time. For efficient sterilization of seeds, 

ethanol is normally used prior to the treatment with other sterilizing agents like bleach 

and Tween 20 (Oyebanji et al. 2009). Surface sterilizing agents such as 70% ethanol 

and 10% sodium hypochlorite plays a key role in the germination of seeds. In this 

study, seed sterilization for 1 minute in 70% ethanol and for 45 seconds in 10% 

Sodium hypochlorite followed by washing thrice with sterile distilled water showed 

100% germination efficiency of lettuce. Conversely, longer duration of 10% sodium 

hypochlorite usage may cause reduction in the germination of seeds.  

In vitro regeneration of cells, tissues or organs depends on many physical and 

chemical factors. These factors include temperature, light, humidity, pH conditions, 

phytohormones, nutrient supply, type or age of explants and genotype (Length 2009). 

It has been suggested that these in vitro factors may act in the same way as an 

environmental stress, and may lead to signal interference and loss of cellular 

regulation (Gaspar et al. 1996). Cotyledons and nodal explants from in vitro grown 7 

days old seedlings were used for callus induction, as reported by Liu et al. (2012). 

Callus induction was observed in MS medium complemented with different 
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concentrations of NAA and BA within a week of culture initiation. The maximum rate 

of callus induction was found on BAP of 0.5 mg/l and NAA of 0.1 mg/l. The highest 

number of shoot regeneration was obtained at low BAP (0.1 mg/l). In the present 

study when the callus induction efficiency for each type of explant on all the four 

media was calculated, it was shown that cotyledons had higher potential for 

callogenesis as compared to nodal explants. A similar response has been described by 

Konate et al. (2013). This higher regeneration potential of cotyledons might be due to 

the presence of intercalary meristems distributed in leaves (Hosoki & Asahira 1980).  

Plant genetic transformation plays a vital role in the production of transgenic 

organisms and has enhanced the potential uses of crops and vegetables for 

pharmaceutical purposes (Machuka 2005). Transformation in lettuce through 

Agrobacterium mediated transformation was firstly accomplished by Michelmore et 

al. (1987). They transformed lettuce cv. Cobham green with A. tumefaciens strains 

nopaline (C58) and wild type octopine (ACH5) containing a chimeric kanamycin 

resistance gene (NOS.NPTII.NOS). These transformation studies gave preliminary 

evidence to the scientists that genetic manipulation of lettuce is possible using 

Agrobacterium-mediated transformation. Transformation parameters for Lactuca 

sativa (cv. Grand Rapids) optimized in our laboratory (Asif 2013) were used in this 

study. Briefly, the Agrobacterium tumefaciens mediated transformation protocol 

includes incubation of the explants for five minutes in Agrobacterium solution, 

containing 50 mg/l kanamycin, having a pH of 5.8 and an optical density of 1 at 560 

nm. Two days co-cultivation period was given on MS medium supplied with 200 µM 

acetosyringone and 50 mg/l kanamycin. Explants were then transferred to selective 

regeneration medium containing 0.5 mg/l BAP, 0.1 mg/l NAA 50 mg/l cefotaxime 

and 50 mg/l kanamycin.  
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Lactuca sativa (cv. Grand Rapids) was successfully transformed with A. tumefaciens 

GV3101 harbouring the rol A, B and C genes or rol C gene alone. To confirm the 

integration of foreign genes into the genome of transgenic lines, antibiotic-resistant 

lines were analysed by PCR to confirm the rol genes transformants which showed the 

amplified products of 308bp for rol A, 779bp for rol B, 540bp of rol C and 780bp of 

nptII gene. Phenotypic alterations in growth were observed in all transgenic plants. 

All kanamycin resistant plants indicated a reduction in inflorescence and stem heights, 

internodal lengths and leaf area as compared to untransformed plants. In addition, rol 

ABC transgenic plants showed chlorosis, while leaf wrinkling was absent in the 

transgenic lines of rol C gene. Previously, similar type of growth reduction was 

observed in Lactuca sativa L. (cv. Lake Nyah) when transformed with Agrobacterium 

rhizogenes rol AB genes (Curtisa et al. 1996).  

Semi-quantitative reverse transcriptase (RT-PCR) is a PCR reaction in which cDNA 

is used as template. It is called semi-quantitative PCR because in this method the gene 

expression can be quantified up to certain degree. The amount of template indirectly 

refers to the mRNA level of integrated gene which defines the expression of that 

particular gene. The results from the reverse transcriptase (RT)-PCR confirmed that 

the genes were being expressed in all regenerated plants although the expression of 

these genes in each line was not uniform. The rol ABC transgenic line 1 and the rol C 

transgenic line 3 showed the highest level of expression as compared to others. 

Similarly, the transcription levels of CHI gene were analysed in lettuce by RT-PCR 

with gene specific primers which showed high levels of gene expression (Han et al. 

2011).  
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7.3 In-vitro studies 

The antimicrobial assays (antibacterial and antifungal) were performed by disc 

diffusion method. The results showed that there is no difference between the 

transformed and untransformed plant. It was observed that aqueous extracts of seeds 

and leaf of field grown plant was found active against Staphylococcus aureus 

followed by Enterobacter aerogenes and Micrococcus luteus. The resulted 

antimicrobial activities of L. sativa may be due to the rich phenolic and flavonoid 

content, which have been identified to possess significant antimicrobial properties 

(Falleh et al. 2008). 

TPC and TFC in untransformed and rol gene transformants of Lactuca sativa (cv. 

Grand Rapids) were determined in this study. TPC were expressed as mg of gallic 

acid equivalent per 1g of DW (dry weight) while TFC were expressed as mg of 

quercitin equivalent per 1g of DW. The result exhibited that overall 2 fold increase of 

TPC and TFC was observed in transformed plants in comparison to untransformed 

plants. High expression of TPC was noted in case of rol C transformed lines than 

those of rol ABC transformed lines, which might be due to the antagonistic effect of 

rol B gene as reviewed previously by Bulgakov (2008). Results show that a good 

correlation was found between TPC and TFC. The phenolic in general and flavonoid 

compounds in particular are considered to be the vital antioxidants which reveal 

scavenging activity on the free radicals (Nijveldt et al. 2001). 

Total antioxidant capacity of Lactuca sativa (cv. Grand Rapids) extracts was 

determined spectrophotometrically using phosphomolybdenum method, which is 

centered on the reduction of Mo (IV) to Mo (V) by the sample antioxidant 

constituents and formation of green Mo/phosphate (V) compounds at acidic pH. This 
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is a quantitative method as antioxidant efficiency is represented as the number of 

equivalents per 1g of dry weight of ascorbic acid  (Prieto et al. 1999). The extracts of 

rol ABC transformants had 2.1 fold increase; while that of rol C had 1.5 fold 

increases in TAC as compared to untransformed plants. Total reducing power of the 

sample is the indicator of its antioxidant capacity.  In this experiment, the presence of 

antioxidants in the plant extracts would trigger reduction of Fe 
+3

 to Fe 
+2

 by donating 

an electron (Meir et al. 1995). When TRP was compared, 2.2 and 2 fold increase in 

reducing power was measured for the transformants of rol ABC and rol C, 

respectively. TRP may represent how simply a certain antioxidant donates electrons to 

reactive free radical species, thus endorsing the termination chain reactions of free 

radical. Flavonoids and phenols are well documented for their capability to donate 

electron (Karaman et al. 2010). Moreover, it has been previously reported that Mo 

reduction capacity of plants might be depending on their phytochemicals (Saravanan 

and Aradhya, 2011). From the above discussion it can be concluded that there is a 

close relationship between TPC, TFC, TAC and TRP. 

DPPH is a stable free radical which changes the colour from violet to yellow upon 

reduction. The screening of the Lactuca sativa (cv. Grand Rapids) extracts using the 

DPPH assay represents the effective method for the determination of comparative 

enhancement of antioxidant activity in the transformants of rol C and rol ABC genes. 

The transformants rol ABC showed 2.1 fold increase while transformants of rol C 

showed 1.6 fold increase as compared to untransformed plants. The overall results 

show that these extracts are rich in radical scavengers, like flavonoids, phenolic acids 

or their derivatives so it can be suggested that DPPH scavenging potential of the 

lettuce might be related to the presence of these phytochemicals (Barku et al. 2013). 
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In DNA damage assay the potential of extracts to protect the attack of •OH produced 

from the Fenton reaction which breaks super coiled plasmid DNA into open circular 

or linear form. The scavenging effect of untransformed and transformed extracts was 

further evaluated by examining the intensity of bands formed on 1% agarose gel. The 

quantification of relaxed form of DNA indicated that there was a twofold increase in 

DNA protection activity as compared to untransformed plants. So, substantial 

reduction in the formation of nicked DNA and increased native form of plasmid DNA 

was observed. The protective effect of extract on DNA can prevent the production of 

ROS by complexing cations that participate in hydroxyl radical formation (Jun et al. 

2007). 

Lipid peroxidation is triggered by the production of free radicals from numerous 

sources containing organic hydro peroxides, iron-containing and redox cycling 

compounds. In this assay thiobarbituric acid reacts specifically with MDA 

(malondialdehyde), which is a side  product of lipid peroxidation to give a red 

chromogen, which may then be determined spectrophotometrically (Dotan et al. 

2004). The extracts of rol C and rol ABC showed 1.3 fold increase in activity as 

compared to untransformed.  The phytochemical studies on this plant have already 

reported that it contains a number of flavonoids (Caldwell, 2003; Sun et al. 2002). 

Flavonoids which are antioxidants are known to have radical inhibitor effect and 

scavengers of lipid peroxidation (Pandey et al. 2009).  

The lack of acetylcholine is the major characteristic of Alzheimer's disease and 

responsible for most of its symptoms, such as a decline in memory and cognition. In 

this study, lettuce extracts were tested for acetylcholine enzyme inhibition using the 

Ellman’s method (Miao et al. 2010). Its main advantages are simplicity, rapid 

https://www.google.co.uk/search?rlz=1C1ARAB_enGB629GB629&espv=2&biw=1280&bih=923&q=thiobarbituric+acid&spell=1&sa=X&ei=Wa4GVd2SGci4UeLygrAC&ved=0CBoQvwUoAA
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processing of large numbers of samples and relatively low cost (Pohanka et al. 2012). 

The results showed that only field grown leaf extracts showed inhibitory activity 

which is considered to be related to the mechanism of memory dysfunction while no 

prominent difference was noted between the transformed and untransformed plants. 

On the other hand α-glucosidase inhibition assay and α-amylase inhibition assay were 

carried out to evaluate the inhibitory activities of Lactuca sativa on digestive 

enzymes. The outcome of this research indicated that field grown leaf extracts and 

seed extracts exhibited appreciable activity in a concentration dependent manner 

whereas transformed plants showed up to 2 fold enhancement in the activity as 

compared to untransformed plants. Similarly, α-glucosidase and α-amylase inhibition 

assays were used previously to determine the antidiabetic potential of Artocarpus 

heterophyllus, Piper betel, Artocarpus altilis and Cinnamomum zeylanicum (Nair et 

al. 2013). 

7.4 In-vivo studies 

Here we report the L. sativa as a herbal extract for its anti-inflammatory, analgesic, 

anti-coagulant and anti-depressant activities of the seeds and leaf. We obtained very 

interesting and promising results which validate the importance of lettuce as a 

traditional medicine.  

In this study, hot plate assay was used which is one of the most suitable and easy 

method for the investigation of centrally acting analgesic involving spinal reflexes 

(Sharma et al. 2013). Significant activity was observed for all the tested extracts. 

Transgenic lines of rol ABC (1-3) and rol C (1-3) genes showed prominent increase 

in reducing analgesia as compared to untransformed plants. Each transgenic line 

generated by both constructs revealed more or less same level of activity suggesting 
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the particular effect of that gene. However; the significant activity was displayed by 

the transformants of rol ABC which might be due to the synergetic effect of rol A, B 

and C genes (Bulgakov 2008). The hot-plate test represents the anti-nociceptive 

response in the central region, which depends largely on spinal cord level (Vongtau et 

al. 2004) perhaps acting on a descending inhibitory pain pathway (Richardson et al. 

1998). Additionally, it had numerous benefits, principally the sensitivity to strong 

analgesics and low tissue damage. Recently, the presence of flavonoids has been 

studied in Lactuca species and these flavonoids have been reported to halt 

prostaglandin synthetase (Hugar et al. 2010). Since prostaglandins are involved in 

pain perception. Therefore, it could be proposed that limited accessibility of 

prostaglandins by flavonoids might be involved in its analgesic effect. 

Carrageenan induced hind paw edema test has been extensively used to estimate the 

anti-inflammatory effect of new pharmaceutical agents (Araruna & Carlos 2010). All 

the extracts of L. sativa established significant anti-inflammatory effect by regulating 

biphasic inflammatory process induced by carrageenan. The initial phase (1-2 h) of 

the inflammation is caused by the release of serotonin ad histamine while the final 

phase (3-4 h) is considered by the peak volume of hind paw (Khan et al. 2009). The 

anti-inflammatory effects of transformed plants with rol ABC and rol C genes showed 

prominent enhancement in activity as compared to untransformed plant. A gradient 

increase in activity was monitored along with time being highest at 4 h. Our results 

indicated that oral dose of L. sativa repressed the edema preliminary from the 1st hour 

and throughout all stages of inflammation, which is perhaps due to inactivation of 

different chemical mediators of inflammation. The results of analgesic and anti-

inflammatory activity highly co-relate with each other which suggest the association 

between the pathways of two processes. Furthermore, the anti-inflammatory and 
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analgesic potential of Lactuca sativa indicates presence of active phytochemicals. 

Phytochemical profile of Lactuca sativa suggests the presence of simple phenols, 

triterpenoids and saponins (Sayyah et al. 2004) and triterpenoids are well known for 

their anti-inflammatory properties (Suh et al. 1998). It might be possible that 

transformation events had triggered the expression of these triterpenoids which are 

responsible for enhancement of analgesic and anti-inflammatory potential.  

We explored the anti-depressant effect of L. sativa via forced swimming test that 

represents the pharmacological model and produces a state similar to human 

depression (Glory et al. 2014). This test is very specific and sensitive; and the state of 

depression is decreased by numerous agents like 5HT-reuptake inhibitors, tricyclics 

and MAO inhibitors (Detke et al. 1995). All antidepressant drugs increase the total 

swimming time and decrease immobility time (Kirby & Lucki 1997). The results of 

antidepressant activity expressed significant reduction in immobility time in rol C 

genes transformed plants when compared to untransformed plants. The transformants 

of rol ABC did not show any enhancement. These results are not astonishing, as the 

antagonistic properties of the rol genes have formerly been revealed at various levels 

(Bulgakov 2008). In literature, it has been reported that treatment with antidepressants 

reduces the oxidative stress related to depressive disorder and flavonoids contain 

antioxidant property which is demonstrated experimentally by the rise of the plasma 

antioxidant status (Pietta 2000). Lactuca sativa contains numerous flavonoids and 

phenolics but their antidepressant effect has not been defined. Though, it has been 

identified that plants containing flavonoids of Lactuca sativa exhibit antidepressant 

activity (Moallem et al. 2007). Consequently, it could be proposed that flavonoids 

might be responsible for antidepressant activity.  
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The hemostatic mechanisms are responsible to stop the bleeding at the point of injury 

by development of a hemostatic plug; consequently there is an ultimate elimination of 

the plug when healing is complete. Typical physiology maintains a gentle balance 

between all the processes and the exaggeration or deficiency of any one process leads 

to thrombosis or hemorrhage. There are numerous constituents via platelets, blood 

vessels, coagulation factors, fibrinolytic system and plasma inhibitors, which sustain 

the physiology (Prasad et al. 2012). The function of the anticoagulant drugs is to 

inhibit blood clotting, which is the major cause of heart attacks and strokes (Ridker 

2003). Anticoagulant drugs can be used for a number of diseases when there is a high 

risk of blood clots. Since anti-coagulants are used for the cardiac problems, hence, 

instead of relying on blood thinners, physicians can shift to herbal medicine. It has 

been reported that antioxidants can respond to the blood coagulation, hematological 

imbalances, hepatorenal damages and oxidative stress (Ashour 2014). The result 

showed delay in formation of hemostatic plug which suggest that the plant has effect 

on coagulation system (Astuti et al. 2013). The rol C transformed plants exhibited 

highest anticoagulant property compared to untransformed extracts. Our results 

revealed significant reduction in the clotting time which confirms the anti-coagulant 

effect of L. sativa as it is enriched with the antioxidant constituents. This reflect that 

there was an enhancement in one or more of the clotting factors involved in the 

intrinsic pathway which eventually leads to supplementary clot formation (Raaof et al. 

2013).  

7.5 Antidiabetic studies 

Intestinal hydrolysis of carbohydrates contributes significantly to hyperglycaemia, 

one of the key characteristics in diabetes (DeFronzo et al. 1989). In particular, alpha 
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glucosidase enzymes hydrolyse carbohydrates into absorbable glucose which is easily 

transported into the blood stream. Inhibition of alpha glucosidase activity slows the 

rate of glucose absorption, thus reducing blood glucose levels and the risk of 

hyperglycaemia (Blaak et al. 2012). Approved alpha glucosidase inhibitors are 

available for treatment of diabetes; however they bear undesirable side-effects such as 

gas, abdominal discomfort and flatulence (Rosak & Mertes 2012) so novel therapies, 

perhaps with lesser side-effects, are continuously sought. 

Lactuca sativa (cv. Grand Rapids) extracts were screened for inhibitory activity 

against alpha glucosidase. Interestingly, it was only able to inhibit the hydrolysis of 

glucose from maltose, an important part of the human diet. The transfomants of rol 

genes showed significant increase in alpha glucosidase activity as compared to 

untransformed plants in a concentration-dependent fashion. As we have noticed a 

prominent enhancement in phytochemicals so it can be suggested that this activity 

might be due to these compounds as several previous studies have suggested that 

polyphenols are responsible for enzyme inhibition (Nijveldt et al. 2001). We have also 

drawn the Lineweaver Burk plot to determine the mechanism of enzyme inhibition. 

Lettuce as an inhibitor of α-glucosidase induced mixed type of response including 

both competitive and non-competitive mode of inhibition. This represents the binding 

of the enzyme to an allosteric site or directly to the active site. These findings should 

be further investigated to identify the bioactive compounds responsible for this 

activity and to confirm a mode of inhibitory action to allow use of these natural 

products as food supplements or bio therapeutics to manage diabetes. 

DPP-4 is a serine protease responsible for the degradation of incretin hormones and 

results in the loss of biological function (Mentlein et al. 1993). Commercial DPP-4 
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inhibitors are effective in treating diabetes but there is growing concern about the 

increased risk of pancreatitis associated with their administration (Scheen 2013). 

Alternatives to these synthetic drugs may be found in the use of natural products.  

Lactuca sativa extracts demonstrated potent DPP-4 inhibitory activity in vitro. The 

transformed plants were able to inhibit enzyme activity up to 80-90% as compared to 

untransformed plants. In addition, methanol and aqueous extracts potently inhibited 

DPP-4 activity in a concentration-dependent manner. Aqueous extracts have higher 

inhibitory activity than methanol, indicating they have specific compounds within 

their structure which can bind DPP-4 enzyme and inhibit its proteolytic activity. This 

inhibitory activity along with their ability to inhibit alpha glucosidase and promote 

incretin hormone secretion should certainly be further investigated as they appear to 

be the leading compounds within this study to have potent anti-diabetic effects. 

Incretin hormones play pivotal roles in the pathophysiology of diabetes. GLP-1 

postprandial insulin secretion thus has a significant importance in glucose 

homeostasis. In humans, the insulinotropic effects of GLP-1 are additive, and together 

they fully account for the overall incretin effect (Nauck et al. 1993). The major 

incretin effect of GLP-1 is reported to lie in glucose activated insulin secretion, and 

increase of beta cell proliferation (Rajan et al. 2015). So this natural GLP-1 could 

become a third approach for incretin based therapies. Prior to this study there has been 

no research investigating the ability of lettuce extracts to promote incretin hormone 

secretion. As shown in the results, lettuce extracts were able to promote GLP-1 

secretion or increase synthesis of GLP-1 within STC-1 cells, an enteroendocrine L-

cell model. 
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Furthermore, methanol extracts were able to increase higher accumulation of GLP-1 

as compared to aqueous extracts in the transformed plant. In particular, rol C 

transformed plants increased secretion by around 560% proving to be the best GLP-1 

secretagogues.  As well as promoting GLP-1 secretion, field grown leaf extracts were 

able to significantly increase cellular GLP-1 content in aqueous extracts. Our results 

demonstrate that plant samples increase acute GLP-1 secretion from STC-1 cells 

compared to untransformed plants. Previously, it has been reported that coffee 

increases the production of GLP-1, possibly by its phytochemical constituent (Chang 

et al. 2013). On basis of this, we can also infer our result that presence of phenolics 

and flavonoids in L. sativa may also be another incretin secretagogue responsible for 

the observed effects.  

7.6 Metabolomics study 

There is clear evidence that transformation of cultured plants with individual 

Agrobacterium rol genes overcomes the inability of these plants to produce large 

amounts of secondary metabolites. For example, anthraquinone levels in rol A 

tranforms of Rubia cordifolia are increased 2.8 fold  (Shkryl et al. 2007); resveratrol 

levels in rol B transforms of grapevine (Vitus amurensis)  are increased >100 fold 

(Kiselev et al. 2007); and ginsenoside levels in rol C-transform of Panax ginseng are 

increased 3 fold (Bulgakov et al. 2002). Therefore, genetic transformation techniques 

involving rol genes could be an effective tool to influence secondary metabolites in 

transformed plant cells and to alter their properties. This investigation reports state-of-

the-art LC-QTOF-MS metabolomics analysis to examine how small molecule 

metabolites in L. sativa are influenced by rol ABC and rol C genes. A total of 5,333 

ions/metabolites were detected and it was possible (by manually searching of 
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metabolomics databases and the published literature) to assign identities to 76 known 

L. sativa metabolites.  

The extent to which rol genes affected the metabolome of L. sativa was extremely 

broad ranging. Of the 5333 ions quantified, the levels of 3637 and 1792 were 

significantly changed in rol ABC and rol C, respectively.  This demonstrated that rol 

ABC and rol C had widespread effects on this plant’s metabolism, but interestingly, it 

also indicates that there were actually more plant metabolites which significantly 

decreased than increased. Initially this was surprising but perhaps it might be 

expected - if a plant is focusing its metabolic resources into the synthesis of particular 

secondary metabolites then this comes at the expense of other metabolic pathways. 

Furthermore, the Venn diagram (Figure 3.2) provides only a cursory view of 

metabolomics changes, lacking information concerning the specific type of metabolite 

(i.e. primary or secondary) and also the magnitude by which their concentrations are 

changed. The Venn diagram also shows that rol ABC (but not rol C) had equally as 

great an influence on L. sativa’s metabolome as the conventional growing 

environment. Compared to untransformed cultured lettuce the levels of 3737 the 

ions/metabolites were significantly different in field grown plants (FGP). For rol ABC 

this is quite impressive given the complexity and substantial influence of the natural 

environment and also given the potentially large differences in nutrients present in 

media and soil. As far as the metabolome is concerned rol gene manipulation does 

appear to bridge the gap between tissue culture and agriculture, although the 

metabolomic profiles of rol ABC and FGP are far from being identical. Around 1000 

of the metabolites changes were not shared by rol ABC and FGP, and this is at least 

one explanation for the differences we observed in their in vitro bioactivity.  
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Phenolic compounds are secondary metabolites that displays numerous physiological 

properties, such as anti-artherogenic, anti-allergenic, anti-microbial, anti-

inflammatory, anti-thrombotic antioxidant, cardioprotective and vasodilatory effects 

(reviewed by Balasundram et al. 2006). It is well known that that hydroxycinnamic 

acids contribute to the antioxidant properties of Asteraceae species (Fraisse 2011). 

Some of them were found most abundant in field grown plant like caffeic acid which 

is antioxidant (Mennen et al. 2006) and anti-carcinogenic agent (Li et al. 2012) was 

detected with characteristic loss of CO2. On the other hand p-coumaroyl glucoside, 

caftaric acid, caffeoyltartaric-p-coumaroyl acid and p-coumaroyl-caffeoylquinic 

which are all antioxidant  were detected by the neutral loss of H2O and CO2 (Ek et al. 

2006; Hohlfeld et al. 1996; Hudec et al. 2007; Lee et al. 2013). Additionally, ferulic 

acid methyl ester which is the derivative of ferulic acid was found higly significant in 

the rol ABC (9,777% increase) and rol C (5,616% increase) transformed plants. 

Ferulic acid and its derivatives have been reported for their strong antioxidant activity 

and potential anitcarcinogenic properties (Li et al. 2012). It is important to note that 

rol ABC transformed plant showed almost double enhancement as compared to rol C 

transformed plants which might be due to the synergetic effect of three gene (rol A, B 

and C) rather than the single gene (rol C) (Shkryl et al. 2007).  

Recently flavonoids has been reported for their health benefits and L. sativa is well 

known for the distributed of flavonoids (Ribas-Agustí et al. 2011; DuPont et al. 2000; 

Llorach et al. 2008). These compounds are have been well documented for different 

health prompting properties included antioxidant, anticarcinogenic, neurological, 

antimicrobial, cardiovascular, hepatoprotective, anti-inflammatory and anti-obesity 

agent (reviewed by Maalik et al. (2014)).  It was interesting to note that most of the 

flavonoids were detected high in field grown plants which suggest that transformation 
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might had some inhibitory or antagonistic effect on the biosynthesis of this 

compounds (Bulgakov 2008). Only one derivative of quercetin (quercetin-3-O-(6''-O-

crotonyl)-β-glucoside) was found in significantly high quantity in transformed plants 

of rol ABC (559%) and rol C (1,509%). In this case we have noted that a single gene 

had more prominent effect of the enhancement if secondary metabolite than the 

combined effect if all three genes which might be due to the antagonistic effect of one 

of the gene on the other as reported previously (Bulgakov 2008).   

Three compounds alangilignoside C, coniferoside and eugenol malonyl glucoside 

with antioxidant properties (Thao et al. 2014;  d'Avila Farias et al. 2014) were found 

increased in the transformed plant with a range of 170%-390%. Moreover, field 

grown plants are rich source of antioxidant compound apigenin 7-O-glucuronide 

(Jeong et al. 2008). A very interesting compound 2,3,5,4-β-tetrahydroxystilbene2-O-

β-D-glucoside which possess various activities like inhibition of proliferation of 

vascular smooth muscle cells, attenuation of inflammation and prevention of vascular 

endothelial dysfunction (Han et al. 2012) showed highest enhancement among all the 

detected metabolites in the transformed plants with the percentage increase of 

48,008% for rol ABC plants and 40,272%  for rol C plants.  

Amino acids are the building blocks of all the metabolic pathways. They carry out 

structural and functional importance including transport, storage of nutrients, healing 

wounds and removal of all waste deposits of metabolism. A single amino acid can be 

involved in multiple pathways (Website 9). So they are the precursors of all the 

secondary metabolites produced in the plant factory. In our study, 9 amino acids and 

their derivatives were putatively identified with the similar fragmentation pattern as 

descried previously (Abu-Reidah et al. 2013; Sobolev et al. 2005). Their abundance 
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was more in the field grown leaf but more than 2,100% increase was also calculated 

in the transformed plants which represent the effective integration of the rol genes 

which has triggered the production of these amino acids.  

Organic acids affect the organoleptic characters of vegetables, which causes acidity or 

sourness, but some of them like isopropylmalic and pantothenic acid, have a 

physiological role in plant (Flores et al. 2012; Gómez-Romero et al. 2010). Four 

organic acids (malic, citramalic, quinic and azelic acid) showed percentage decrease 

in transformed extracts which means transformation have affected the production of 

these organic acids by somehow arresting their biosynthesis as previously Kiani et al 

(2015) noticed decrease in gallic acid content in the extracts of transformed plants 

compared to the untransformed control plants (Kiani et al. 2015). Citric acid, 

isopropylmalic, and two derivativers of  β-carbolines were found in excessive amount 

in field grown plants. First two are involved in some metabolic pathways (Website 9), 

while later two are involved in prevention of oxidative stress (Pari et al. 2000). β-

carbolines are also known as lycoperodine-1 is naturally occurring secondary 

metabolite which has been previously reported for its antioxidant activity (Herraiz & 

Galisteo 2002). Additionally, amino oxononanoic acid showed significant results in 

the transformed plants with more than 1800% increase. Amino oxononanoic acid is a 

key intermediate of biotin metabolism, especially the synthesis of biotin (Kegg 

pathway: map00780) which is known as coenzyme R or vitamin H, is a water-soluble 

vitamin B. 

Sesquiterpene lactones are secondary metabolites that determine health-promoting 

and sensory properties of vegetables like lettuce (Chadwick et al. 2013). Among them 

lactucopicrin and lactucin are commonly found sesquiterpene lactones in the edible 

http://www.genome.jp/kegg-bin/show_pathway?map00780+C01092
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lettuces consisting anti-inflammatory, analgesic and sedative properties along with 

antimalarial activity (Wesołowska et al. 2006; Bischoff et al. 2004), while sulfate 

conjugates play a key role in antimicrobial property (Xia et al. 2010). 

About 50 metabolites were selected with minimum percentage change of 1000%. This 

gives the idea of the whole study that how much differences are present between the 

different groups of plants. This tells us that field grown plants are the rich source of 

some metabolites while most of the metabolites are greatly enhanced by the 

transformation.  These rol genes seems to work independently as well as in 

combination to induce the production of secondary metabolites (Shkryl et al. 2007). 

Even though it is well recognized that the rol genes activate the transcription factors 

but the exact mechanism is unknown (Bulgakov 2008).  
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Conclusion  

The present report explains an efficient protocol for Agrobacterium tumefaciens 

mediated transformation of Lactuca sativa. In vitro, in vivo and cell lines studies were 

carried out for independent transgenic lines in comparison with untransformed plants 

to determine the enhancement level of secondary metabolites. Our results indicate that 

transformation has significant impact on metabolic composition of lettuce. The rol 

ABC genes in general were found more effective in the enhancement of secondary 

metabolites as compared to rol C gene alone, thus proving the synergetic effect of 

three genes as effective inducers of plant secondary metabolism. It can be concluded 

that data presented in this study can be potentially used to promote the production and 

consumption of lettuce with enhanced medicinal potential. Furthermore, quantitative 

approach has proved that commercial lettuce is a good source of some natural 

antioxidants like quercetin and its derivatives. In addition, the amount of 

sesquiterpene lactones which are mainly reported for their anti-inflammatory, 

analgesic and sedative properties can greatly be enhanced by the transformation with 

appropriate genes suggesting application of transgenic approach for production of 

crop with the medicinal importance on industrial scale. 

Future prospectives 

 Further research may be carried out to study the gene expression in next 

generations by RT-PCR and blot analysis. 

 The Lactuca species could be genetically transformed with rol ABC genes to 

develop better source of this valuable drug. 
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 Other in-vivo and in-vitro assays may be carried out to unlock other properties 

like anticancer and anti-neurodegenerative activity of different Lactuca 

species. 

 Bioassay guided isolation of natural compounds of the Lactuca sativa may be 

carried out to isolate and identify the active compounds responsible for 

antidiabetic activity.  

 Investigation of stability of the effects on secondary metabolites production 

through cycles of seeds production.  

 Identified biomarkers can be validated in targeted metabolomics experiments 

which is a quantitative approach wherein a set of known metabolites are 

quantitated.  
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