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Summary

 

Vegetables represent an attractive means of providing increased calcium nutrition to the 

public. In this study, it was demonstrated that lettuce expressing the deregulated 

 

Arabidopsis

 

 H

 

+

 

/Ca

 

2+

 

 transporter sCAX1 (cation exchanger 1) contained 25%–32% more 

calcium than controls. These biofortified lettuce lines were fertile and demonstrated robust 

growth in glasshouse growth conditions. Using a panel of highly trained descriptive 

panellists, biofortified lettuce plants were evaluated and no significant differences were 

detected in flavour, bitterness or crispness when compared with controls. Sensory analysis 

studies are critical if claims are to be made regarding the efficacy of biofortified foods, and 

 

may be an important component in the public acceptance of genetically modified foods.
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Introduction

 

The Dietary Reference Intakes for calcium are set at levels

with desirable retention of body calcium because a high bone

density decreases the incidence of bone fractures. Oste-

oporosis, a condition of reduced bone density, is an underly-

ing cause of bone fragility, especially among women. In the

USA, 15% of calcium intake is provided by green vegetables

and dried fruits (National Academy of Sciences, 1999; Guegen

and Pointillart, 2000). Few vegetables are ‘good’ sources of

calcium, and these seemingly ‘good’ vegetables do not con-

stitute a significant part of the average diet in the USA. In contrast,

a popular vegetable, such as lettuce, provides only a small

fraction of the Dietary Reference Intake for calcium (United

States Department of Agriculture, 2004). Plant scientists have

adopted a strategy, now known as biofortification (Bouis,

2003; Pfeiffer and McClafferty, 2007), which attempts to

develop genetically improved varieties that can achieve enhanced

nutrient densities in their edible parts. In this study, we describe

a means to biofortify lettuce with increased calcium content.

Lettuce is an attractive dietary option for enhancing the

consumption of dietary calcium. Lettuce is rich in vitamin K

(as much as 167 

 

μ

 

g/head; United States Department of

Agriculture, 2004), and its daily consumption has been found

to significantly reduce the risk of hip fractures in women in

comparison with women who consume lettuce at a lower

rate (Feskanich 

 

et

 

 

 

al

 

., 1999). Therefore, lettuce is already

combating osteoporosis and the addition of calcium is

expected to produce synergistic benefits. A large portion of

women in the US eat lettuce daily (United States Department

of Agriculture, 2000), suggesting that biofortified lettuce will

be consumed by the target audience for the prevention of

osteoporosis.

Plant transporters can be engineered for increased

bioavailable calcium content in agriculturally important crops

(Park 

 

et

 

 

 

al

 

., 2004; Shigaki and Hirschi, 2006; Morris 

 

et

 

 

 

al

 

.,

2008). The Ca

 

2+

 

/H

 

+

 

 antiporters, termed CAX (for 

 

ca

 

tion

e

 

x

 

changers), located on the vacuolar membrane are

important for calcium sequestration. This led to the idea that

an engineered version of a plant Ca

 

2+

 

/H

 

+

 

 antiporter, sCAX1,

could be used for biofortification, by increasing the calcium

levels of edible roots, such as carrots. Modified carrots expressing

high levels of s

 

CAX1

 

 accumulate almost twofold more

calcium in the edible part compared with control plants,
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without perturbing growth, development or fertility, under

controlled laboratory conditions. Feeding trials using these

labelled carrots demonstrated that the total amount of cal-

cium absorbed was significantly increased in both mice and

humans with diets containing the modified carrots (Morris

 

et

 

 

 

al

 

., 2008). However, the taste and tactile components of

the carrots were not measured.

Although biofortification efforts are attempting to enhance

the nutritional quality of numerous foods (Park 

 

et

 

 

 

al

 

., 2005a;

Diaz de la Garza 

 

et

 

 

 

al

 

., 2007), few studies have been

performed to assess how genetically engineered foods alter

the taste qualities and consumer perceptions of the foods.

Calcium in the form of a water-soluble salt or complex can be

added to food and/or beverages, but may cause a bitter taste

(Lawless 

 

et

 

 

 

al

 

., 2003). Thus, it is important to evaluate how

s

 

CAX1

 

-expressing plants taste. Sensory analysis applies the

principles of experimental design and statistical analysis to

the use of human senses for the purposes of evaluating a

product. This discipline requires panels of human assessors,

on whom the products are tested, and the recording of the

responses made by them. By applying sensory analysis to

genetically modified foods, we can begin to determine

whether these products are commercially viable.

Given the scope of dietary calcium deficit in consumers, it

is probable that enhanced calcium content in popular

vegetables, such as lettuce, could have a positive impact on

calcium consumption. In this study, we demonstrate increased

calcium levels in the edible portion of s

 

CAX1

 

-expressing

lettuce with no negative impact on lettuce yields. Using a

panel of five highly trained descriptive panellists, we also

evaluated the flavour, bitterness and crispness of the

biofortified lettuce. Sensory evaluation studies represent

an important component in the experimental gauntlet that

must be navigated by biofortified foods.

 

Results

 

s

 

CAX1

 

 expression in lettuce

 

Ectopic expression of the deregulated 

 

Arabidopsis 

 

sCAX1

transporter causes increased calcium levels in tobacco,

carrots, potatoes and tomatoes (reviewed in Shigaki and

Hirschi, 2006). The s

 

CAX1

 

-expressing tobacco and tomato

lines exhibit certain deleterious phenotypes (Hirschi, 1999;

Park 

 

et

 

 

 

al

 

., 2005b). In this study and previous reports, in order

to alleviate the potential ill effects caused by s

 

CAX1

 

 expression

using the cauliflower mosaic virus (CaMV) 35S promoter

(Hirschi, 1999), we opted to also express s

 

CAX1

 

 under the control

of the cell division cycle (cdc2a) promoter (Doerner 

 

et

 

 

 

al

 

., 1996).

In 

 

Arabidopsis

 

, cdc2a transcript levels are correlated with the

competence to divide (Doerner 

 

et

 

 

 

al

 

., 1996); however, the

expression of this 

 

Arabidopsis

 

 promoter has not been detailed

in lettuce. In previous studies, we have found that s

 

CAX1

 

-

expressing tobacco plants driven by the cdc2a promoter

(CDCCAX) express less than one-half the amount of s

 

CAX1

 

RNA when compared with s

 

CAX1

 

-expressing plants driven by

the constitutively expressed CaMV 35S promoter (35SCAX)

(Park 

 

et

 

 

 

al

 

., 2004). In lettuces, we generated 20 35SCAX-

expressing lines and 24 CDCCAX-expressing lines.

We randomly selected and confirmed 11 morphologically

normal transgenic lettuce lines by Southern blot analysis.

Genomic DNA was digested with 

 

Eco

 

RI (for CDCCAX

transgenic lines) and 

 

Xba

 

I (for 35SCAX transgenic lines)

(yielding border fragments which include a portion of the

inserted T-DNA and genomic DNA) and hybridized with the

s

 

CAX1

 

 probe. Digestion of the lettuce genomic DNA with

these restriction enzymes revealed the transgene copy number

from the number of hybridizing bands and independent

transformation events from the hybridization patterns. As

demonstrated in Figure 1a (parts of the data are shown),

35SCAX and CDCCAX lines contain various copy numbers of

the s

 

CAX1

 

 expression vector. The strong band at the top

(lane CDCCAX-13) may have resulted from an excess of

loaded genomic DNA. RNA gel blots document that s

 

CAX1

 

transcripts accumulated in all of the transgenic lines but not

in the controls (Figure 1b, parts of the data are shown). The

inability to detect an s

 

CAX1

 

 homologue in the wild-type

(control) lines by Southern or Northern analysis may be the

result of the stringency of hybridization and membrane

washing used in this study. Our inability to identify the

endogenous lettuce genomic 

 

CAX1

 

 could be a result of the

limited hybridization targets, given that a cDNA probe was

used. Indeed, the 4.1 kb of 

 

Arabidopsis

 

 genomic 

 

CAX1

 

 DNA

contains nine introns (Hirschi, 1999). Regardless, using

Southern analysis, three independent primary transgenic

lines demonstrated either a single-copy insertion (35SCAX-4)

or low-copy insertion events (35SCAX-3 and CDCCAX-15)

(Figure 1a), with each line displaying high s

 

CAX1

 

 expression

levels (Figure 1b, parts of the data are shown). These three

s

 

CAX1

 

-expressing lines were selected for further characterization

in subsequent generations.

 

Phenotypes of s

 

CAX1

 

-expressing lettuce

 

In both the 35SCAX- and CDCCAX-expressing plants, deregu-

lated expression of s

 

CAX1

 

 did not alter the morphology or

growth characteristics of the lettuce (Figure 2a). Furthermore,

we were unable to measure any calcium oxalate crystals, an
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anti-nutrient of calcium, in either the control or s

 

CAX1

 

-expressing

plants (data not shown). Although the s

 

CAX1

 

-expressing

tobacco and tomato lines display calcium deficiency-

like symptoms that are suppressed by the addition of calcium

(Hirschi, 1999; Park 

 

et

 

 

 

al

 

., 2005b), the s

 

CAX1

 

-expressing

lettuce lines were not sensitive to calcium deficiency and did

not require any additional calcium supplementation for normal

growth. In addition, both s

 

CAX1

 

-expressing lines and controls

grew similarly on Murashige and Skoog (MS) medium (Murashige

and Skoog, 1962) (data not shown). Regardless of the expression

construct used, s

 

CAX1

 

 expression did not perturb the mor-

phology, growth (Figure 2b) or seed set (Figure 2c,d). Moreover,

the seed set was not delayed, and all s

 

CAX1

 

-expressing lettuce

lines were capable of making viable seeds (Figure 2e).

Figure 1 Molecular analyses of primary transgenic lettuce plants. (a) Southern blot analysis of transgenic lettuces. Five to ten micrograms of lettuce 
genomic DNA were digested with XbaI (for 35SCAX) or EcoRI (for CDCCAX), and hybridized with the sCAX1 cDNA probe. Lanes 35SCAX-3 and 35SCAX-
4, transgenic lettuces with the pCaMV35S::sCAX1 vector construct; lanes CDCCAX-11, CDCCAX-13 and CDCCAX-15, transgenic lettuces with the 
pcdc2A::sCAX1 vector construct; lane Control, wild-type lettuce. Arrows indicate the expected fragments larger than 2.5 kb corresponding to the 
integration of T-DNA into the lettuce genomic DNA. (b) Northern blot analysis of transgenic lettuces. Seven micrograms of total RNA from expanded 
leaves were hybridized with the sCAX1 cDNA probe. Ethidium bromide-stained rRNA (bottom) is shown as a loading control.

Figure 2 Phenotype of primary transgenic 
sCAX1-expressing lettuce plants. (a–c) 
Morphology and growth characteristics of 
sCAX1-expressing lettuce plants. (d–g) Seed set 
and seeds of sCAX1-expressing lettuce plants. 
sCAX1 expression did not perturb the 
morphology, growth or seed set (a–f), and all 
sCAX1-expressing lettuce lines were capable of 
making viable seeds (g). Red arrows indicate 
control plants. Dark arrow indicates a seed set.
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Calcium accumulation in s

 

CAX1

 

-expressing T

 

1

 

 

generation lettuce

 

Initially, to determine whether T

 

1

 

 lettuce contained s

 

CAX1

 

genes, polymerase chain reaction (PCR) analysis was conducted

to amplify the s

 

CAX1

 

 gene sequence (640-bp fragment).

Figure 3a shows the analysis of PCR amplification of genomic

DNA from three selected kanamycin-resistant lettuce lines.

The morphology and growth characteristics of s

 

CAX1

 

-

expressing T

 

1

 

 lettuce were indistinguishable from those of

controls (Figure 3b). Total accumulation of calcium and other

ions was measured in the edible portions of the T

 

1

 

 lettuce

lines. There was variability in the calcium content of the T

 

1

 

transgenic lettuce; however, most of the s

 

CAX1

 

-expressing

lines accumulated more calcium (27%–29%) than controls

(14.7 ± 0.4 mg/g dry weight for control lines, 18.6 ± 1.0 mg/

g dry weight for 35SCAX lines and 18.9 ± 1.4 mg/g dry

weight for CDCCAX lines; Figure 3c). We were interested to

determine whether s

 

CAX1

 

-expressing lettuce demonstrated

an increased content of other minerals; however, no significant

increase in other minerals (Cu

 

2+

 

, Fe

 

2+

 

, Mn

 

2+ and Zn2+) was

observed with any of the lines analysed (data not shown). We

attribute these phenotypes to sCAX1 expression in agree-

ment with our previous observations in other transgenic

plants, where vector control lines and lines expressing non-

functional CAX transporters consistently contained mineral

levels similar to those of wild-type controls (Shigaki and

Hirschi, 2006).

Phenotypes, yield and calcium accumulation in sCAX1-

expressing T2 generation lettuce

To confirm that the increased calcium accumulation was

consistent in T2 generation lettuce, three T1 transgenic lines

showing a single-copy insertion (35SCAX-4) and multiple-

copy insertions (35SCAX-3 and CDCCAX-15) from Southern

analysis (Figure 1a, parts of the data are shown) were

selected, and subjected to further evaluation of the pheno-

types, yield and calcium accumulation in sCAX1-expressing T2

generation lettuce lines. Initially, reverse transcriptase (RT)-

PCR analysis with Arabidopsis sCAX1-specific primers con-

firmed that sCAX1 was transcribed in all of the T2 generation

transgenic lines (Figure 4a). The morphology and growth

characteristics of sCAX1-expressing T2 lettuce were indistin-

guishable from those of controls (Figure 4b). Furthermore,

the total yield (as measured by the fresh weight of the lettuce

leaves at 60 days after germination) of the T2 sCAX1-expressing

lines was not significantly different from that of controls

(Figure 4c). The total accumulation of calcium and other ions

Figure 3 Phenotype, polymerase chain reaction (PCR) analysis and 
calcium accumulation in sCAX1-expressing T1 transgenic lettuce plants. 
(a) PCR analysis of T1 transgenic lettuce plants. Expected 640-bp DNA 
fragment corresponding to the sCAX1 gene sequence was amplified from 
kanamycin-resistant T1 transgenic lettuce plants. Lane Control, negative 
control (wild-type lettuce); lanes 35SCAX-3 and 35SCAX-4, transgenic T1 
lettuces with the pCaMV35S::sCAX1 vector construct; lane CDCCAX-15, 
transgenic T1 lettuce with the pcdc2A::sCAX1 vector construct; Lane P, 
positive control (plasmid DNA). (b) The morphology and growth 
characteristics of sCAX1-expressing T1 transgenic lettuce plants are 
indistinguishable from those of wild-type controls. (c) Calcium 
accumulation in sCAX1-expressing T1 transgenic lettuce plants. The total 
calcium content of lettuce leaves was determined using an inductively 
coupled plasma emission spectrophotometer. Data are presented as the 
means ± standard deviation of eight 35SCAX, eight CDCCAX and four 
control lines.
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was measured in the edible portions of the T2 lettuce lines. All

of the sCAX1-expressing lettuce lines contained significantly

more calcium (25%–32%) than controls (14.5 ± 0.4 mg/g

dry weight for control line, 19.2 ± 1.7 mg/g dry weight for

35SCAX-3 line, 18.1 ± 0.3 mg/g dry weight for 35SCAX-4

line and 18.4 ± 0.8 mg/g dry weight for CDCCAX-15 line;

Figure 4d). No significant increase in other minerals (Cu2+,

Fe2+, Mn2+ and Zn2+) was observed with any of the T2 lines

analysed (data not shown).

Sensory evaluation

To determine whether there were any significant taste or

flavour differences between sCAX1-expressing biofortified

lettuce and controls, three T2 transgenic lines (35SCAX-3,

35SCAX-4 and CDCCAX-15) containing significantly more

calcium than controls (Figure 4d) were selected, and sensory

analysis was carried out by a panel of five highly trained

descriptive panellists. No significant differences were observed

between the two groups (control or biofortified), indicating

that no differences in flavour, bitterness or crispness were

detected when the sCAX1-expressing biofortified lettuce was

compared with controls (Table 1).

Table 2 shows a comparison of the sCAX1-expressing

biofortified lettuce lines individually. Minor differences were

found in two attributes. Line 15 (CDCCAX-15) of the biofortified

lettuce group was found to be better than other lines (control

and line 3) for a green, grassy/leafy flavour (P < 0.05). and line

3 (35SCAX-3) was better than the other transgenic lines for

umami flavour (P < 0.05). Both attributes were similar to

Figure 4 Phenotype, reverse transcriptase-
polymerase chain reaction (RT-PCR) analysis, 
yield and calcium accumulation in sCAX1-
expressing T2 transgenic lettuce plants. (a) RT-
PCR analysis of T2 transgenic lettuce plants. RT-
PCR analysis confirmed the expression of the 
sCAX1 gene in T2 transgenic lettuce plants. Lane 
Control, wild-type lettuce; lanes 35SCAX-3 and 
35SCAX 4, transgenic T2 lettuces with the 
pCaMV35S::sCAX1 vector construct; lane 
CDCCAX-15, transgenic T2 lettuce with the 
pcdc2A::sCAX1 vector construct. The tubulin 
gene was included as a control for uniform RT-
PCR conditions (bottom). (b) The morphology 
and growth characteristics of the sCAX1-
expressing homozygous T2 transgenic lettuce 
plants are indistinguishable from those of wild-
type controls. (c) Yield of sCAX1-expressing T2 
lettuces and wild-type controls. The yield of 
sCAX1-expressing T2 lettuces was 
indistinguishable from that of controls. Data are 
presented as the means ± standard deviation of 
measurements of the fresh weight of total 
lettuce leaves from six different progeny plants 
from 35SCAX-3, 35SCAX-4, CDCCAX-15 and 
control lines. (d) Calcium accumulation in 
sCAX1-expressing T2 transgenic lettuce plants. 
The total calcium content of lettuce leaves was 
determined using an inductively coupled 
plasma emission spectrophotometer. Data are 
presented as the means ± standard deviation of 
three different progeny plants from 35SCAX-3, 
35SCAX-4, CDCCAX-15 and control lines.
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Table 1 Attributes and mean scores* of sCAX1-expressing calcium-biofortified lettuce lines and the control line

Sample Initial crispness Green, overall Green, peapod Green, grassy/leafy Green, viney Celery Lettuce

Control line 5.367 5.367 0.367 3.767 0.933 0.633 3.9

Biofortified 5.344 5.144 0.422 3.956 0.856 0.911 3.967

P value 0.949 0.51 0.751 0.26 0.596 0.172 0.706

Sample Spinach Woody Water-like Musty/earthy Tooth-etch Sweet, overall Sour

Control line 0.367 1.333 6.2 1.833 0.233 1.533 1.7

Biofortified 0.4 1.278 6.4 1.644 0.989 1.489 1.822

P value 0.895 0.739 0.192 0.166 0.057 0.763 0.393

Sample Bitter Salty Umami Astringent Metallic

Control line 4.333 0.8 1.433 1.4 0.133

Biofortified 4.656 0.844 1.333 2.1 0.333

P value 0.266 0.471 0.582 0.778 0.428

*Mean intensities based on a 15-point scale: 0, none; 15, extremely strong.

Table 2 Attributes and mean scores* of sCAX1-expressing calcium-biofortified lettuce lines (line 3, 35SCAX-3; line 4, 35SCAX-4; line 15, 
CDCCAX-15) and the control line

Sample Initial crispness Green, overall Green, peapod Green, grassy/leafy Green, viney Celery Lettuce

Control 5.367 5.367 0.367 3.767b 0.933 0.633 3.9

Line 3 5 4.867 0.4 3.667b 0.8 0.9 3.667

Line 4 5.567 4.967 0.433 4.033ab 0.867 0.933 4.133

Line 15 5.467 5.6 0.433 4.167a 0.9 0.9 4.1

LSD – – – 0.389 – – –

P value 0.531 0.161 0.986 0.046 0.921 0.392 0.323

Sample Spinach Woody Water-like Musty/earthy Tooth-etch Sweet, overall Sour

Control 0.367 1.333 6.2 1.833 0.233 1.533 1.7

Line 3 0.533 1.267 6.333 1.633 1.2 1.667 1.767

Line 4 0.133 1.133 6.367 1.5 0.567 1.5 1.733

Line 15 0.533 1.433 6.5 1.8 1.2 1.3 1.967

LSD – – – – – – –

P value 0.47 0.744 0.466 0.156 0.16 0.638 0.761

Sample Bitter Salty Umami Astringent Metallic

Control 4.333 0.8 1.433ab 1.4 0.133

Line 3 4.533 0.9 1.667a 2.333 0.6

Line 4 4.3 0.8 1.1b 1.867 0.233

Line 15 5.133 0.833 1.233b 2.1 0.167

LSD – – 0.389 – –

P value 0.587 0.528 0.029 0.389 0.304

*Mean intensities based on a 15-point scale: 0, none; 15, extremely strong. Samples with different letters within the attribute column are significantly different 

at the 95% confidence level.
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controls with only a < 0.5 difference (on a scale of 0–15) in

intensity. Indeed, although the trained panel were able to

find these small differences, it is doubtful whether this would

be of practical importance to consumers.

Discussion

Most Americans do not obtain enough calcium in their diet.

To help compensate for this deficiency, one strategy is to increase

the calcium content of the foods that they do eat. In this study,

we have shown that it is possible to increase the calcium con-

tent of lettuce; when applied to a wide variety of fruits and

vegetables, this could lead to greater calcium consumption

in the diet. We have demonstrated that the total calcium per

serving of lettuce is 25%–32% higher in sCAX1 lettuce

than in controls (14.5 vs. 18.1–19.2 mg Ca/g dry weight,

P < 0.001).

The sensory analysis of biofortified foods has not been

studied extensively; however, this is an important component

in the development of any new food. Texture and taste help

to form our relationships with food. Everyone has a different

sensitivity to certain tastes and flavours, but also to the

texture and mouth-feel of foods. Some calcium forms have a

better taste and mouth-feel than others, such that some

calcium salts are considered as tasteless, whereas others tend

to be gritty. For example, calcium citrate is quite acidic and

has a bitter twang, whereas calcium carbonate has a soapy

taste (Lawless et al., 2003). Thus, it was interesting to determine

whether sCAX1-expressing calcium-biofortified lettuce would

have different taste and flavour components from controls.

Professional descriptive panellists determined the attributes

relevant to flavour, bitterness and crispness of control and

sCAX1-expressing biofortified lettuce. The flavour of calcium-

fortified lettuce was virtually identical to that of controls, and

no effect was noted on bitterness and crispness. Consumer

acceptance of sCAX1-expressing lettuce should not be affected

by a change in flavour, bitterness or crispness because only

minimal differences were observed. We anticipate that

fortified lettuce contains increased total levels of dietary

calcium that will translate into improved bioavailability

and metabolic usefulness. Feeding trials using sCAX1-

expressing carrots demonstrated that the total amount of

calcium absorbed was increased significantly in both mice

and humans with diets containing the modified carrots

(Morris et al., 2008). Interestingly, not all of the increased

calcium in the transporter-modified carrots was bioavailable.

It will be interesting to observe whether this trend is

maintained in other sCAX1-expressing plants, such as

lettuce.

Although Americans eat lettuce regularly, the increased

amounts of calcium present in the sCAX1-expressing lines

characterized here will only alleviate marginally the calcium

deficiencies of consumers. However, this technology in

parallel with additional calcium supplementation during

the lettuce growth cycle may substantially boost calcium

levels in these transgenic plants. In previous studies, we have

demonstrated that growing plants in the presence of high

levels of CaCl2 can further increase the amount of calcium in

the plant matrices of sCAX1-expressing lines (Hirschi, 1999;

Shigaki and Hirschi, 2006). Moreover, it is possible that

higher sCAX1 expression may induce a further increase

in calcium accumulation in lettuce if exogenous calcium (e.g.

CaCl2) is added to soil (Park et al., 2004). Future work will

address the ability to significantly improve the calcium

content of lettuce.

In addition to the nutritional benefits, the use of genetic

engineering to increase calcium levels could improve lettuce

productivity and extend product shelf life. Calcium is associated

with the maintenance of the cell wall structure of vegetables

by interacting with pectin to form calcium pectate, and is

reported to maintain firmness by generating cross-links with

non-esterified pectins in the primary cell wall and middle

lamella (Jarvis, 1984; Poovaiah et al., 1988). Thus, fruit and

vegetables treated with calcium are generally firmer than

controls during storage as a result of increased calcium levels

in the hypodermal mesocarp tissue (Camire et al., 1994;

Lester and Grusak, 1999). Calcium has long been used as a

firming agent for fruits and vegetables, such as cantaloupes,

strawberry and carrots, to combat many post-harvest

issues (Morris et al., 1985; Luna-Guzman et al., 1999; Martin-

Diana et al., 2005). Apples are also immersed in a calcium

solution to maintain firmness in shipping and to prolong

shelf life (Raybaudi-Massiliaa et al., 2007). Recently,

sCAX1 expression has been shown to increase calcium

levels in tomatoes and increase fruit firmness and prolong

shelf life (Park et al., 2005b). Given these examples, the

use of sCAX1 expression in lettuce could impact on both

plant productivity and human nutrition. Tests of the

shelf life qualities of sCAX1-expressing lettuce are in

progress.

Our findings evaluated directly the taste qualities of

transgenic foods. We established unequivocally that the

modification of a single plant calcium transporter increased

the calcium content without having a negative impact on

lettuce quality. Although this work represents studies towards

the commercialization of sCAX1-expressing lettuce, our

scientific approach should be applicable to numerous other

biofortified crops.
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Experimental procedures

Plant material, transformation and growth conditions

Lettuce (Lactuca sativa L. var. Simpson) transformation was performed
via Agrobacterium-mediated transformation using leaf disc explants.
Seeds were surface-sterilized and germinated on MS inorganic salt
medium (Murashige and Skoog, 1962) with 30 g/L sucrose, pH 5.7,
and solidified using 8 g/L agar (PhytoTechnology, Shawnee Mission,
KS, USA). The lettuce leaves after 6 weeks of growth in vitro were
excised and cultured on MS inorganic salts with 100 mg/L inositol,
MS vitamins, 30 g/L sucrose, 2 mg/L N-6(2-isopentenyl)-adenine,
0.1 mg/L indole acetic acid and 8 g/L agar. At the end of the 1-day
preculture, the leaves were dipped in an Agrobacterium culture,
blotted and re-cultured on the same medium for 72 h. Leaf sections
were then cultured on a selection medium containing MS inorganic
salts, 30 g/L sucrose, 100 mg/L inositol, MS vitamins, 0.4 mg/L 6-
benzyl-aminopurine, 0.05 mg/L naphthaleneacetic acid, 100 mg/L
kanamycin, 250 mg/L Clavamox® and 8 g/L agar. Cultures were
maintained at 22 °C under a 14-h photoperiod. After 6–8 weeks
(subcultured once at 3–4 weeks), regenerated shoots were transferred
to rooting medium for six more weeks, and then established in soil.
All plants were watered as needed. Once a week they were watered
with Miracle-GroR for tomato (Scotts Miracle-Gro Products, Port
Washington, NY, USA). The temperature of the growth chamber was
maintained within the range 16–18 °C under a 14-h photoperiod.

Bacterial strain and plasmid

The sCAX1 open reading frame was cloned into the nos/nptII/
nos-ter/cdc2a/nos-ter expression vector, which was obtained from
John Celenza (Boston University, Boston, MA, USA; Doerner et al.,
1996). The plasmids, pcdc2A::sCAX1 and pCaMV35S::sCAX1
(Hirschi, 1999), were introduced into Agrobacterium tumefaciens
strain LBA4404 (Hoekema et al., 1983) using the freeze–thaw
method (Holsters et al., 1978).

DNA isolation, PCR and Southern blot analysis

Lettuce genomic DNA was extracted from leaf tissue using a DNeasy
Plant Kit (Qiagen, Hilden, Germany), according to the manufacturer’s
instructions. The 5′ (ATGTCTTCTTCTTCTTTGAG) and 3′ (CAATG-
TAGCTGATCAACATAAC) primers in the sCAX1 coding region were
used as primers to amplify a 640-bp fragment, which demonstrates
the presence of transformed foreign DNA. PCRs were performed in
25 μL of reaction mixture containing 0.2 μg of template, 2.5 μL of
10 × PCR buffer, 50 pmol of each primer, 5 μL of deoxynucleoside
triphosphate (dNTP) (0.1 mM) and 1.25 units of Taq DNA polymerase
(Roche Applied Science, Indianapolis, IN, USA). PCR amplification
was conducted with an initial denaturation at 94 °C for 2 min, followed
by 30 cycles of 94 °C for 30 s, 50 °C for 1 min and 72 °C for 1 min
30 s, and then a final 7-min extension at 72 °C. The resulting PCR pro-
ducts were examined by running on a 1.2% (w/v) agarose gel using
an electrophoresis system. Southern blot analysis was carried out
as described previously (Park et al., 2005b). DNA (5–10 μg) was digested
with XbaI (for pCaMV35S::sCAX1) or EcoRI (for pcdc2A::sCAX1),
separated in a 0.9% (w/v) agarose gel by electrophoresis and blotted
on to a nylon membrane (Zeta-Probe GT membrane, BIORAD

Laboratories, Hercules, CA, USA). The probe for the sCAX1 gene
was isolated from a NotI (1.4-kb) restriction fragment of the p039 plas-
mid (Hirschi, 1999). The membranes were pre-hybridized overnight
at 65 °C in 7% sodium dodecylsulphate (SDS) and 0.25 M Na2HPO4,
and then hybridized overnight at 65 °C in the same solution containing
the probe labelled with 32P-dCTP using a NEBlot Kit (NEB BioLabs,
Beverly, MA, USA). Membranes were washed twice for 30 min each
with 20 mM Na2HPO4 and 5% SDS at 65 °C, and then washed twice
again for 30 min each with 20 mM Na2HPO4 and 1% SDS at 65 °C.
Membranes were exposed to X-ray film at –80 °C.

RNA isolation, RT-PCR and Northern blot analysis

Total RNA was extracted from leaves using an RNeasy Plant Kit
(Qiagen), according to the manufacturer’s instructions. Total RNA
(7 μg) was separated on a 1.2% agarose gel containing 1.5%
formaldehyde, and blotted on to a Zeta-Probe GT membrane ac-
cording to the manufacturer’s instructions. Hybridization and
washing were as described previously in Southern blot analyses. RNA
for RT-PCR was treated with an RNase-free DNase set (Qiagen) prior
to the synthesis of first-strand cDNA by oligo(dT) priming using
Moloney murine leukaemia virus-reverse transcriptase (BD Bioscienc-
es Clontech, Palo Alto, CA, USA). PCR amplification for RT-PCR was
performed in 25 μL of reaction mixture with an initial denaturation
at 94 °C for 2 min, followed by 30 cycles of 94 °C for 30 s, 50 °C for
1 min and 72 °C for 1 min 30 s, and then a final 7-min extension at 72 °C.

Calcium and mineral analysis

Harvested lettuce leaves at 60 days after germination were dried at
70 °C for 4 days, and a total of 0.25 g (dry weight) from each of the
lettuce leaves was digested as reported previously (Feagley et al., 1994).
Total calcium and mineral contents per gram of dry weight were de-
termined using an inductively coupled plasma emission spectropho-
tometer (Spectro, Kleve, Germany). For the T1 transgenic plants, the
lettuce leaves (at least ~50 g) from each of 16 transgenic lines (eight
35SCAX lines and eight CDCCAX lines) and four controls were harvested,
dried, and calcium and mineral analyses were conducted on individual
lines. Segregation analysis on T2 seeds from self-pollinated T1 transgenic
plants (35SCAX-3, 35SCAX-4 and CDCCAX-15) were carried out on
100 mg/L kanamycin selection medium, and homozygous T2 lines
were selected for subsequent analysis. For the T2 transgenic plants, the
lettuce leaves (at least ~50 g) from each homozygous T2 line derived
from three T1 transgenic plants (35SCAX-3, 35SCAX-4 and CDC-
CAX-15) were harvested and analysed as described above.

Yield measurements

At harvest, all growth chamber-grown lettuce leaves were harvested
and weighed individually. For yield measurements, the fresh weight
of the leaves of sCAX1-expressing lettuces was obtained from the
means of six different progeny plants from 35SCAX-3, 35SCAX-4,
CDCCAX-15 and control lines.

Statistical analysis

All data were analysed as a completely randomized design using the
SAS procedure GLM (version 9.00; SAS Institute Inc., Cary, NC, USA).
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Table 3 Lettuce attributes, definitions, references and intensities on a 15-point scale

Attribute Definition Reference and intensity

Initial crispness The intensity of audible noise at first bite with the molars. Evaluate by folding leaf in half from leafy 

end to stem end and biting at centre of fold

Fresh baby spinach leaf = 2.5

Snow pea = 8.0

Green, overall Aromatic characteristic of plant-based materials. A measurement of the total green characteristics 

and the degree to which they fit together. Green attributes include one or more of the following: 

green-unripe, green-peapod, green-grassy/leafy, green-viney and green-fruity. These may be 

accompanied by musty/earthy, pungent, astringent, bitter, sweet, sour, floral, beany, minty and piney

Hexanal in propylene glycol (5 mg/g) = 5.0 (aroma)

1 : 1 diluted fresh parsley water = 5.0 (flavour)

1 : 1 diluted fresh parsley water = 7.0 (aroma)

2-Isobutylthiazole in propylene glycol = 7.0 (aroma)

Fresh parsley water = 7.0 (flavour)

Fresh parsley water = 9.0 (aroma)

Green, peapod A green aromatic associated with green peapods and raw green beans; characterized by increased 

musty/earthy

Kroger frozen baby lima beans (thawed) = 6.0 (flavour)

Sachs raw shelled peanuts = 12.0 (flavour)

Green, grassy/leafy A green aromatic associated with newly cut grass and leafy plants; characterized by sweet and 

pungent characters

Hexanal in propylene glycol (5 mg/g) = 3.5 (aroma)

Fresh baby spinach = 4.5

Fresh parsley water = 7.0 (flavour)

Fresh parsley water = 9.0 (aroma)

Green, viney A green aromatic associated with green vegetables and newly cut vines and stems; characterized by 

increased bitter and musty/earthy characters

Hexanal in propylene glycol (5 mg/g) = 3.5 (aroma)

1/8 in sliced fresh cucumber (unpeeled) = 5.0 (flavour)

2-Isobutylthiazole in propylene glycol = 7.0 (aroma)

Celery The slightly sweet, green, brown, slightly bitter aromatics associated with dried celery leaves Fresh celery water = 5.5 (flavour)

Lettuce Green, slightly musty and sometimes bitter water-like aromatics associated with lettuce like Bibb and 

Iceberg

Iceberg lettuce water = 4.0 (flavour)

Spinach The brown, green, slightly musty, earthy aromatics associated with fresh spinach Baby spinach water = 3.0 (flavour)

Woody Brown, musty aromatics associated with very fibrous plants and bark Fresh asparagus stem = 6.0 (flavour)

Water-like Liquid perception during mastication of some fruits and vegetables such as watermelon, peaches, 

tomatoes and lettuce

Fresh asparagus stem = 3.0

Dole pineapple tidbits (Canned) = 7.5

Del Monte mandarin oranges (canned) = 12.0

Musty/earthy Aromatics associated with damp, wet soil Hexanal in propylene glycol (5 mg/g) = 2.0 (aroma)

2-Isobutylthiazole in propylene glycol = 2.5 (aroma)

Kroger frozen baby lima beans (thawed) = 3.0 (flavour)

Chopped button mushrooms = 8.5 (flavour)

Tooth-etch A chemical feeling factor perceived as drying/dragging when the tongue is rubbed over the back of 

the tooth surface

0.1% alum solution = 4.0

Diluted Welch’s grape juice = 6.0

0.2% alum solution = 9.0

Sweet, overall Aromatics associated with the impression of sweet substances such as fruit or flowers Fresh asparagus stem = 2.0 (flavour)

Snow pea = 5.0 (flavour)

Sour The fundamental taste sensation of which citric acid is typical. 0.015% citric acid solution = 1.5

0.025% citric acid solution = 2.5
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Dunnett’s test (Dunnett, 1955) was computed (at the 0.05 probability
level) to compare treatment with reference. The data reported
represent the mean of at least three replications.

Sensory analysis

Five highly trained panellists from the Sensory Analysis Center
(Kansas State University, Manhattan, KS, USA) were selected to
perform the sensory analysis of calcium-biofortified lettuce. All
panellists had completed 120 h of sensory descriptive training, had
more than 1500 h of sensory panel testing experience on a wide
range of products, and had previous experience of testing vegetables,
including leafy green vegetables. At 60 days after germination,
growth chamber-grown lettuces from three different progeny plants
(T2) of 35SCAX-3, 35SCAX-4, CDCCAX-15 and control lines were
harvested and rinsed free of soil.

Lettuces were stored in plastic bags in the refrigerator at 4 °C until
use. Immediately prior to serving, the appropriate sample was removed
from the refrigerator, and leaves were cut/torn off. Two leaves from
a plant were served to each panellist on a 15-cm round foam plate
coded with a three-digit code.

The method for lexicon development was adapted from the
profile methods of flavour analysis (Keane, 1992), and was similar to
that used in recent sensory studies (Karagul-Yuceer et al., 2007; Lee
and Chambers, 2007; Yates and Drake, 2007). Attributes and
reference standards from previous studies of leafy green vegetables
and associated studies (e.g. green flavour; Hongsoongnern and
Chambers, 2008) were provided to the panellists. Panellists were also
provided with lettuces representing a range of potential samples. The
panellists discussed the possible flavour of the lettuce samples and
determined the flavour attributes relevant to this specific lettuce
study. Initial crispness was also added to minimally address the
texture of the samples. The definitions and reference standards for
the additional attributes were agreed upon, and the ballot order was
established. The panel spent a total of 2 h reviewing potential at-
tributes and establishing the lexicon for this study. Attributes,
definitions and references are shown in Table 3. The panel evaluated
samples one at a time following a randomized complete block
design with replication as the blocking factor. Four samples (one
control and three calcium-biofortified lines) were tested in a 1-h
period.

Panellists evaluated individually the intensities of each attribute us-
ing the lexicon and techniques developed during orientation. Data
were collected using a computerized data collection system
(Compusense Five version 4.4.8, 2002, Guelph, ON, Canada). Inten-
sities were scored on a 15-point intensity scale divided into 0.5-point
increments (0, none; 15, extremely strong). Reverse osmosis, deionized,
carbon-filtered water and unsalted crackers were used to cleanse the
palate between samples.

Statistical analysis of sensory evaluation

Data were analysed in two ways: first, by comparing all test lines as
a group with the control line to determine whether a difference ex-
isted between control and calcium-biofortified lines; second, by
comparing all lines individually to determine whether there were any
differences between the various calcium-biofortified lines compared
with the control line. Analysis was conducted in SAS (version 9.13)
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using analysis of variance (Proc Glimmix and Fisher’s protected least-
significant difference) at the 95% confidence level to determine sig-
nificant differences between specific lettuces.
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