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Abstract Fruits and vegetables are rich sources of anti-

oxidants in human diets and their intake is associated with

chronic disease prevention. Lettuce (Lactuca sativa L.) is a

common vegetable in diets worldwide, but its nutritional

content is relatively low. To elucidate the genetic basis of

antioxidant content in lettuce, we measured the oxygen

radical absorbance capacity (ORAC) and chlorophyll (Chl)

content as a proxy of b-carotene in an F8 recombinant

inbred line (RIL) in multiple production cycles at two

different production sites. Plants were phenotyped at the

open-leaf stage to measure genetic potential (GP) or at

market maturity (MM) to measure the influence of head

architecture (‘head’ or ‘open’). Main effect quantitative

trait loci (QTL) were identified at MM (three Chl and one

ORAC QTL) and GP (two ORAC QTL). No main effect

QTL for Chl was detected at GP, but epistatic interaction

was identified in one pair of marker intervals for each trait

at GP. Interactions with environment were also detected for

both main and epistatic effects (two for main effect, and

one for epistatic effect). Main effect QTL for plant archi-

tecture and nutritional traits at MM colocated to a single

genomic region. Chlorophyll contents and ORAC values at

MM were significantly higher and Chl a to Chl b ratios

were lower in ‘open’ types compared to ‘head’ types. The

nutritional traits assessed for GP showed a significant

association with plant architecture suggesting pleiotropic

effects or closely linked genes. Taken together, the anti-

oxidant and chlorophyll content of lettuce is controlled by

complex mechanisms and participating alleles change

depending on growth stage and production environment.

Introduction

Fruits and vegetables are major contributors of nutrients

and vitamins and a rich source of compounds possessing

antioxidative and free-radical scavenging activity that may

have health benefits. These phytochemicals protect cell

components from oxidation by reactive oxygen species

generated in response to a wide range of abiotic and biotic

stresses (Penuelas and Munne-Bosch 2005; Pourcel et al.

2007; Rice-Evans et al. 1997; Smirnoff et al. 2001). In

humans, epidemiological evidence support an association

between diets high in antioxidants and a reduced risk of

chronic and degenerative diseases such as cancer, diabetes,

cardiovascular, and neurological diseases (Crowe et al.

2011; Liu 2004; Tapiero et al. 2004). Worldwide, the

consumption of fruits and vegetables are at levels far less

than the recommended rates (Agudo et al. 2002; Blanck

et al. 2008; Hall et al. 2009; Kanungsukkasem et al. 2009;

Peltzer and Pengpid 2010). Dietary intervention which

encourages a more healthful diet is effective, but adherence

to dietary guidelines typically lapses within a short period

of time (Guenther et al. 2006; Johnston et al. 2000). As an
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alternative to changing an individual’s diet, an attractive

strategy is to enrich the nutritional content of foods that

already constitute a significant portion of a typical diet.

Lettuce, for example, has a very high per capita con-

sumption in the USA, but is relatively low in most essential

minerals and vitamins and other phytonutrients such as

antioxidants, partly because of its low phenolic content

(Song et al. 2010). The nutritional quality in plants can be

enhanced through conventional breeding or transgenic

approaches (Giuliano et al. 2008; Kinney 2006). Tradi-

tional breeding approaches are arguably more attractive

than transgenic approaches because of resistance by a

portion of the public to accept minimally processed trans-

genic foods such as fruits and vegetables (Canavari and

Nayga 2009; Costa-Font and Gil 2009; Dannenberg 2009;

Legge and Durant 2010). Further, because regulatory

mechanisms in biosynthetic pathways may maintain

homeostasis in transgenic plants, the end product may be

less predictable and/or accumulate at concentrations less

than anticipated (Fraser et al. 2009; Giugliano 2000). Many

health benefits are thought to arise from the synergistic

effects of complex mixtures of phytochemicals instead of

specific molecules (Cooper 2004; Liu 2004) and therefore

conventional breeding will likely affect a greater number of

genes in favorable biosynthetic pathways than a biotech

approach. Marker-assisted breeding can improve efficiency

and offers a practical strategy to develop nutrient-dense

lettuce and thereby increase the dietary intake of beneficial

compounds, but at the same time constitutes a challenging

task due to the complex nature of this trait.

Diets rich in fruits and vegetables are generally regarded

as antioxidant rich, but wide variation exists in phyto-

chemical profiles and content among the different fruits

and vegetables (Cao et al. 1996; Hassimotto et al. 2005;

Wu et al. 2004). Even within a species, the antioxidant

content varies in response to the environmental conditions

under which the crop is produced (Garcı́a-Macı́as et al.

2007; Oh et al. 2009b; Romani et al. 2002; Torres et al.

2006). This variation is due to the fact that phytochemicals,

including polyphenols, vitamins, ascorbic acid, carote-

noids, and tocopherols, are encoded by a large number of

genes and have shared and/or unique biosynthesis path-

ways whose regulation is at least partially environmentally

regulated (Hirschberg 2001; Lichtenthaler 2007; Vogt

2010). Thus, a potentially large environmental component

may make it difficult to improve those nutritional compo-

nents that are genetically complex.

Lettuce is the second most popular fresh-market vege-

table in the USA (USDA 2010a) and is an important crop

species in Asteraceae. Its genetic and phenotypic diversity

is being characterized by the Compositae Genome Project

(CGP; http://compgenomics.ucdavis.edu/) and its complete

genome sequence is being assembled and annotated by a

consortium of seed companies, the CGP and BGI (Kozik

et al. 2011). Of the four lettuce types typically consumed in

the USA, iceberg (crisphead) lettuce is the most popular

type and comprises over 60% of the lettuce market (USDA

2010a). Over a 2-day period, over 40% of adults surveyed

reported having consumed iceberg lettuce at least once

(Johnston et al. 2000). Lettuce, however, is one of the least

nutritional vegetables compared to fruits and other vege-

tables (Cao et al. 1996; Hassimotto et al. 2005; Wu et al.

2004). Depending on type (butterhead, romaine, iceberg,

red or green leaf), lettuce contains 20–80% of the antiox-

idant content of red cabbage and 30–160% of that of

spinach (USDA 2010b). Iceberg lettuce shows the least

amount of antioxidant activity of the four main lettuce

types (Cao et al. 1996; Llorach et al. 2008; Mou 2005; Wu

et al. 2004). However, because of its high per capita con-

sumption, lettuce is the fourth highest contributor of anti-

oxidants of all vegetables consumed in the USA (Song

et al. 2010). Quantitative trait loci (QTL) have been asso-

ciated with increased antioxidants in carrot (Santos and

Simon 2002), tomato (Rousseaux et al. 2005), rapeseed

(Marwede et al. 2005), chickpea (Abbo et al. 2005), apple

(Davey et al. 2006), maize (Chander et al. 2008; Wong

et al. 2003, 2004), durum wheat (Patil et al. 2008), and oat

(Jackson et al. 2008). Significant genotype 9 environment

interaction (GEI) was reported for antioxidant content in

tomatoes (Rousseaux et al. 2005), tocopherol in oat

(Jackson et al. 2008) and rapeseed (Marwede et al. 2005),

and carotenoids in durum wheat (Patil et al. 2008). Epis-

tasis, the interaction between two alleles, is often expected

for complex traits and was found to be a significant com-

ponent influencing nutritional content in a number of crops

(Gutierrez-Gonzalez et al. 2009; Hu et al. 2004; Monteros

et al. 2008). Although difficult to measure, the ability to

detect epistasis can improve QTL detection and accuracy

(Yi and Xu 2002).

Given the broad range of variation in antioxidant content

across lettuce types reported (Cao et al. 1996; Llorach et al.

2008; Mou 2005; Wu et al. 2004), a potentially large

environmental influence and the possibility of epistasis,

elucidating the genetic basis of antioxidant content in let-

tuce is required to understand and improve this trait. In this

study, a lettuce recombinant inbred line (RIL) population

was grown in two different production sites in three con-

secutive years. Total antioxidant content and chlorophyll

(as a proxy of b-carotene) were measured for each RIL

family at each production site and production cycle.

A QTL analysis was performed to identify genomic regions

responsible for the chlorophyll and antioxidant traits and

estimate the genetic parameters, including additive, epi-

static effects of QTL, and genotype 9 environment inter-

action. The effects of plant architecture on these traits were

also determined.
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Materials and methods

Plant materials and cultural conditions

An F8 RIL population consisting of 169 families was

developed by single seed descent of an F2 population

(Hayashi et al. 2008). The parents of the RIL were two

commercial cultivars, ‘Diplomat’ (an iceberg lettuce type)

and ‘Margarita’ (a butter lettuce type), hereafter referred to

as the D 9 M RIL population. Both parents were heading

types.

To determine the chlorophyll traits and total antioxidant

content under commercial production conditions, the RIL

population was planted at the University of Arizona, Yuma

Agriculture Center in Yuma, AZ (YAC production site).

For each family, 20–30 plants were grown in each plot

under standard cultural conditions (Kerns et al. 1999) and

three representative plants were harvested for evaluation.

The first YAC crop production was planted on 9 November

2006 and harvested for evaluation on 5 March 2007; the

second crop was planted on 10 January 2008 and harvested

21 April 2008, and the third was planted 11 December

2008 and harvested on 23 March 2009; all evaluations were

performed when the RIL population was considered to be

at market maturity (MM). These will be referred to as

‘‘winter 07’’, ‘‘spring 08’’, and ‘‘winter 09’’ production

cycles, respectively. Although both parents were heading

types, the RIL families segregated for heading or non-

heading, open loose-leaf types.

To determine the genetic potential (GP) of each family

without the potentially confounding influence of plant

architecture, the RIL population was assessed before head

formation began and an increasing number of leaves, or

cupping of newly formed leaves would shade the existing

leaves nearby. The population used for the GP assessments

were planted in a glasshouse located at California State

Polytechnic University, Pomona (Pomona, CA), hereafter

referred to as the CPP production site. Three to four plants

per family were grown in 3.8-L pots containing Premier

Pro-Mix peat-based growing medium (Premier Tech,

Quebec, Canada), fertilized weekly with a 20N–20P–20K

soluble fertilizer (Peter’s Professional 20–20–20 GP,

Scotts, Marysville, Ohio) at 300 mg/L and watered as

needed to prevent stress. The D 9 M RIL population for

the first GP evaluation was planted 5 June 2006 and leaves

were harvested for evaluation on 3 July 2006; the second

evaluation was planted on 25 June 2007 and harvested on

20 July 2007; the third was planted on 14 December 2007

and harvested on 18 March 2008; the fourth was planted on

15 July 2008 and harvested on 28 August 2008. These will

be referred to as ‘‘summer 06’’, ‘‘summer 07’’, ‘‘spring

08’’, and ‘‘summer 08’’ production cycles, respectively.

Chlorophyll and antioxidant assays

At the YAC production field, whole plants were harvested

at crown level for the market maturity (MM) assessment.

Because there is a general inverse relationship of nutri-

tional content (b-carotene, vitamin C, and phenolics) with

head formation in lettuce (Cano and Arnao 2005; Hohl

et al. 2001; Mou and Ryder 2004), individual leaves were

harvested at an early growth stage from the plants grown at

the CPP glasshouse and represent the genetic potential

(GP) of each line. For all production cycles and sites, the

harvested plants or leaves were kept on ice and transported

to walk-in coolers or refrigerators and held at 4�C until

processed; all processing was completed within 72 h of

harvest. For the MM evaluations, a 7-mm cork borer was

used to obtain cross sections through the entire plant while

avoiding the midrib. Random discs were then pooled to

obtain a 125-mg fresh weight sample to represent an

individual plant, or the whole head property (MM). For the

GP assessments, multiple leaf discs were taken from indi-

vidual leaves using a cork borer, again avoiding the midrib.

Random discs were pooled to comprise a 125-mg fresh

weight sample.

The leaf tissue was homogenized in 500 ll of 80%

acetone using a ball mill (Retsch MM301) for 2 min at

maximum frequency and centrifuged at 2,250g for 10 min.

The supernatant was transferred to a new tube and stored at

-80�C until assayed for chlorophyll and antioxidant con-

tent. We measured chlorophyll content as a proxy of

b-carotene, as Mou (2005) reported that b-carotene and lutein

concentrations were highly correlated with chlorophyll a

(Chl a), chlorophyll b (Chl b), and total chlorophyll (tChl)

content. Chlorophyll content was determined by diluting an

aliquot of the acetone-extracted samples into 80% acetone,

mixed, and added to a 96-well microplate, and the absor-

bance at 649 and 665 nm were obtained using a BioTek

lQuant Microplate Spectrophotometer (Bio-Tek Instru-

ments, Winooski, VT). The concentration of Chl a, Chl b,

and total tChl were calculated according to extinction

coefficient given in the following equations (Strain et al.

1971).

Chl a lg=mlð Þ ¼ 11:63 A665ð Þ � 2:39 A649ð Þ
Chl b lg=mlð Þ ¼ 20:11 A649ð Þ � 5:18 A665ð Þ
tChl lg=mlð Þ ¼ 6:45 A665ð Þ þ 17:72 A649ð Þ

where A665 is absorbance at 665 nm and A649 is the

absorbance at 649 nm. The concentration value reported is

an average of three biological replications, each consisting

of three technical replications and expressed as the chlo-

rophyll content per gram fresh weight (lg/g FW). The ratio

of Chl a to Chl b is given as Chl a/b. Chlorophyll content
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was not determined for the summer 06 harvest of the CPP

crop.

The antioxidant content of each RIL was determined by

using an oxygen radical absorbance capacity (ORAC)

assay (Ou et al. 2001) with minor modifications to adapt

the assay to a 96-well microplate format. Fluorescein

(227 nM) was prepared in 75 mM sodium phosphate

(Na2HPO4 and NaH2PO4) buffer (pH7.4) and 2 ll of ace-

tone extract was added. The mixture was dispensed into a

96-well microplate and AAPH (2,20-azobis (2-amidino-

propane), 332.8 mM) was added. The final volume of the

assay was 300 ll with a final fluorescein and AAPH con-

centration of 155 lM and 104 mM, respectively. The

samples and standards were mixed using a multichannel

pipette and the plate was immediately transferred to a

Carey Eclipse Fluorescence spectrophotometer (Varian,

Palo Alto, CA). The decrease in fluorescence of fluorescein

was determined by reading each well at an excitation of

535 nm and emission of 595 nm at 1.3 min intervals for

approximately 120 min. Samples in which the fluorescent

readings had not dropped to baseline levels were subse-

quently re-assayed with the read time extended to 240 min.

The ORAC value was determined as the area under the

curve (AUC) and calculated by eq. (1) according to Prior

et al. (2005).

AUC ¼ CT � 0:5 þ
Xn

i¼2

ðfi=f 1Þ
( )

where CT is the cycle time in minutes (interval between

readings), n is the total number of readings, and fi is

fluorescence at the ith reading. The standard curve was

determined by polynomial regression of AUC obtained

from a serial dilution series of trolox (6.25–200 lM)

included on each plate. The trolox equivalent (TE) for each

sample was calculated by regression based on the standard

curve and expressed as TE per gram fresh weight of

sampled leaf tissue (lmol TE/g FW). The phenotypic value

of each RIL was determined from three biological repli-

cations, each consisting of three technical replications, and

the averaged value was used in subsequent statistical

analyses and mapping.

Plant architecture

Plant architecture of each RIL at MM was determined by

photographing individual plants of each RIL family at the

YAC production field. The population was photographed

on the same date as the chlorophyll and ORAC sampling

for the spring 08 and winter 09 evaluations. The photo-

graphs were subsequently used to categorize the plant

architecture of each family. Families in which plants had

open or loosely arranged leaves were classified as ‘open’

and families with plants that formed a tight head were

classified as a ‘head’ type.

Statistical analysis

To determine associations among chlorophyll traits and

ORAC values, Pearson’s correlation coefficients were

computed using the CORR procedure of the Statistical

Analysis Software (SAS) version 9.2 (SAS Institute Inc.,

Cary, NC). Normality of the phenotypic distributions was

tested by the Shapiro–Wilk’s W statistics using the UNI-

VARIATE procedure in SAS. Analysis of variance

(ANOVA) was performed using the GLM procedure in

SAS to test effects by family, production cycle and their

interaction. In cases where the trait distribution of the

population did not fit a normal distribution, the association

between a marker and phenotype was confirmed with the

non-parametric Kruskal–Wallis test using the NPAR1-

WAY procedure of SAS. The linkage map comprised 134

amplified fragment length polymorphism (AFLP) markers

and a seed coat color (w) locus as previously described

(Hayashi et al. 2008). An additional four cleaved amplified

polymorphic sequence (CAPS) markers were developed

from sequence differences found between parents and

combined with the AFLP-based linkage map using map-

ping software CARTHAGENE (de Givry et al. 2005). In

the grouping step, a logarithm of odds (LOD) score of 3

was used as the threshold for determining if a pair of

markers was linked. A recombination fraction of 0.25 was

used as the threshold for dropping markers. Kosambi’s

mapping function was used for map distance. The ‘build-

fw’ command was used to create the framework map with

settings of 3 for the adding threshold and the keep

threshold. Flanking markers were iteratively added by the

‘flips’ command, with window size of four and threshold of

three, and testing against the remaining loci. QTL analysis

was performed with QTLNetwork-2.2 (Yang et al. 2007)

using mixed-model composite interval mapping with a10-

cM window size and 1-cM walking speed. A 10-cM fil-

tration window was applied to determine whether two

adjacent test statistic peaks indicated a single QTL. The

data for main effects were combined across all years to

increase statistical power. Putative QTLs were detected by

applying an F test along the whole genome (1D scan) to

detect intervals in which a region exceeded a critical

threshold. Following the 1D genome scan to detect QTL, a

2D genome scan was used to detect epistasis between the

QTL and marker-interval interactions. To establish critical

threshold F values at the 5% level of probability for the 1D

and 2D scans, 1,000 permutations were performed on each

trait in the combined data from different production cycles

to control the genome-wise type I error (Doerge and

Churchill 1996). All detected QTL and epistatic loci were
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fitted by a full-QTL model to estimate the main effect QTL

and epistasis. After obtaining locations of the putative QTL

and epistatic effects, all genetic effects were estimated by

employing a Bayesian method via Gibb sampling (Wang

et al. 1994) using a burn-in of 20,000 cycles, chain length

of 200,000 and a thinning interval of 10 cycles. The rela-

tive contribution of a genetic component (q2) was calcu-

lated as the proportion of the phenotypic variation

explained by the corresponding component.

Results

Chlorophyll and ORAC phenotypes

Chlorophyll phenotypes (Chl a, Chl b, tChl, and Chl a/b)

were determined in three production cycles at two pro-

duction sites, YAC when plants were at the market matu-

rity stage, and at CPP when the plants were at the open-leaf

stage to assess genetic potential. At both production sites

and for all traits, broad phenotypic variation and a number

of transgressive segregants were observed (Figs. 1, 2). For

the MM assessment, the distribution of each chlorophyll

phenotype did not fit a normal distribution in any produc-

tion cycle (P B 0.0023) and were skewed toward lower

chlorophyll content. This was especially evident in the

winter 07 production where, for example, the Chl a content

was less than 60 lg/g FW in about 56% of the RIL families

(Fig. 1). No consistent trend of the phenotypic values of

Chl was observed between the parents across production

cycles. That is, ‘Diplomat’ was larger than ‘Margarita’ in

spring 08, while the reverse was true in winter 09.

The chlorophyll content of the GP phenotype averaged

across all production cycles was 3.3 (Chl a), 3.2 (Chl b),

and 3.3 (tChl) times greater than the phenotype average for

the MM population (Fig. 2), most likely because the GP

samples were assessed from leaves fully exposed to the

sun. In the GP assessment, with the exception of Chl a/b in

spring 08 (P \ 0.0001) and summer 08 (P = 0.0153), each

chlorophyll phenotype fit a normal distribution as deter-

mined by the Shapiro–Wilk’s W statistics with the proba-

bility ranging from P = 0.0776–0.6496. ‘Margarita’

consistently showed greater chlorophyll values compared

to ‘Diplomat’ across the production cycles. Within a
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Fig. 1 Frequency distributions of chlorophyll components (Chl a,

Chl b, and total Chl (tChl); lg/g FW) and chlorophyll ratio (Chl a/b)

of the lettuce D 9 M RIL population harvested at YAC and evaluated

at market maturity in three production cycles. Arrowheads indicate

the phenotypic value of the parents, Dip, ‘Diplomat’, and Mar,

‘Margarita’. Values presented indicate the mean ± standard deviation

of the RIL population. The chlorophyll values for ‘Diplomat’ were at

the lower limit of detection which precluded an accurate estimation of

Chl a/b ratios for the winter 07 production cycle
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production site significant differences among families and

production cycles, and significant interactions between

family and production cycles were detected by ANOVA for

each chlorophyll component (Chl a, Chl b, and tChl;

P \ 0.0001; data not presented). Chlorophyll contents

were about two times higher in winter 09 compared to

winter 07 at MM (Fig. 1) and 1.5 times higher in spring 08

compared to summer 08 at the GP assessment (Fig. 2).

Thus, chlorophyll contents varied greatly among produc-

tion cycles confirming a large environmental influence on

chlorophyll content.

At MM, significant differences were detected for Chl a/b

among families (P \ 0.0001) and among production cycles

(P = 0.0002) with the standard deviation of production

cycles ranging from 0.39 to 0.70 (Fig. 1). The Chl a/b

ratios in the GP assessment also differed among families

(P \ 0.0001) and production cycles (P = 0.0003) with the

standard deviation of production cycles ranging from 0.07

to 1.18 (Fig. 2). The interactions between family and

production cycles were also significant for both production

sites (P \ 0.0001). The chlorophyll values of ‘Diplomat’ in

the winter 07 production cycle assessed at MM were at the

lowest level of detection of the assay so the Chl a/b ratios

could not be accurately estimated.

Total antioxidants, assessed with the ORAC assay, were

quantified at MM for each RIL family for three production

cycles at YAC and four production cycles at CPP to

determine the GP. The ORAC distribution exhibited broad

phenotypic variation both in the MM and GP assessments

and a number of transgressive segregants were observed

(Fig. 3). None of the ORAC data fit a normal distribution

except for the summer 07 and summer 08 populations at

CPP (P = 0.061 and 0.39, respectively). The ORAC value

averaged across all production cycles was lower in GP

compared to MM (P \ 0.0001). The RIL population mean

ORAC (lmol TE/g FW) values assessed at MM ranged

from 21.0 ± 15.0 in winter 09 to 73.6 ± 40.8 in winter 07.

The population mean ORAC values of the RIL population

assessed for GP ranged from 21.7 ± 6.0 (summer 08) to

43.2 ± 14.1 (summer 07) with relatively smaller standard

deviations compared to MM with the exception of the

summer 06 population. ‘Margarita’ had larger ORAC val-

ues than ‘Diplomat’ in five out of six MM and GP evalu-

ations for which both parental values were obtained.
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Fig. 2 Frequency distributions of chlorophyll components (Chl a,
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of the lettuce D 9 M RIL population grown in a glasshouse at Cal
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phenotypic value of the parents; Dip, ‘Diplomat’ and Mar, ‘Marga-

rita’. Values presented indicate the mean ± standard deviation of the

RIL population
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Within each production site (YAC or CPP), significant

differences were observed among families and production

cycles (P \ 0.0001). These results confirm that total anti-

oxidant content is not only controlled by genetic and

environment effects, but genotype 9 environment inter-

actions are also important.

Correlations among tChl content, ORAC values,

assessment stage (MM or GP) and production cycles were

examined (Table 1). Within the MM assessment, tChl

correlations were highly significant between production

cycles. Similarly, within the GP assessment, all tChl cor-

relations were highly significant between production

cycles, but the Pearson correlation r values were lower than

those observed for the MM assessment. When comparing

tChl correlations between the MM and GP assessments,

five of nine (56%) pairwise comparisons were significant.

Similar trends for correlations among ORAC values were

observed. Specifically, highly significant correlations were

observed between production cycles for ORAC compari-

sons within MM or within GP, with the GP assessment

displaying somewhat lower r values than those for MM.

Comparisons of ORAC between the MM and GP assess-

ment yielded 92% (11 out of 12) significant correlations.

Within a production cycle, the tChl content was highly

correlated with ORAC values for the MM assessment, with

r values ranging from 0.72 to 0.85 (Table 1, ID number 1

vs. 7, 2 vs. 8, 3 vs. 9). However, when comparing tChl with

ORAC within the GP assessments, only a relatively weak

positive and negative correlation was observed in the

spring 2008 and summer 2008 production cycles, respec-

tively (Table 1, ID number 5 vs. 12, 6 vs. 13).

Chlorophyll traits (Chl a, Chl b, tChl, and Chl a/b) for

the MM and GP assessments and production cycles were

examined in a separate correlation analysis (Supplementary

Table 1). Within a given assessment (MM or GP) and

production cycle, highly significant positive correlations

were observed in all pairwise comparisons with the

exception of Chl a/b. When Chl a/b was compared with

other chlorophyll components within a production cycle,

67% (6/9) of the total correlations were significant, while

78% (7/9) of the GP comparisons were significant.

Although high r values and levels of significance were

observed for comparisons made within the GP or MM

assessment across production cycles, there was either no

correlation or a relatively weak, but significant correlation,

between MM and GP for a given chlorophyll trait. Thus,

for chlorophyll traits, GP was not a consistent or strong

predictor of chlorophyll content at MM.

QTL analysis

To identify QTL associated with ORAC, Chl a, Chl b, and

tChl, the D 9 M RIL population was assessed at market

maturity and genetic potential at YAC and CPP, respec-

tively. With the exception of ORAC in the Winter 07

production cycle, all traits were detected in each produc-

tion cycle in approximately the same location on linkage

group 1 (data not presented). No chlorophyll trait QTL

were detected in the genetic potential evaluation at the CPP

production site. Subsequently, to increase statistical power,

the data for all production cycles within a location were

pooled for the main effect QTL. The D 9 M RIL assessed

at MM revealed a total of four QTL associated with

chlorophyll and ORAC (Table 2). The QTL for each

chlorophyll component (Chl a, Chl b, and tChl) colocated

to the same genomic region on linkage group 1 (LG1),

while no QTL was detected for Chl a/b QTL (Table 2;
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Fig. 3 Frequency distributions of ORAC (lmol TE/g FW) of the
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Supplementary Fig. 1). For each QTL (ChlaM1.1,

ChlbM1.1, tChlM1.1), the ‘Diplomat’ allele served to

increase the chlorophyll content, and the variation

explained by each of these QTL was 21.7, 22.3, and 22.0%,

respectively. One QTL associated with ORAC values,

ORACM1.1, was identified on the same genomic region in

which the chlorophyll QTL were found (Table 2; Supple-

mentary Fig. 1). The non-parametric Kruskal–Wallis test

was conducted to confirm associations between these traits

and flanking DNA markers of the QTL identified in the

MM assessment. A ‘Diplomat’ allele served to increase the

observed ORAC values with 17.5% of the variation

explained by the QTL. A significant QTL 9 environment

(production cycle) interaction was detected for the

ORACM1.1 QTL in the winter 09 production cycle

(Table 2), but was not observed in any other production

cycle. A significant (P = 0.0341) additive 9 environment

interaction was detected for ORAC content and accounted

for 1.1% of the total phenotypic variation, which was rel-

atively small compared to that of the corresponding main-

effect QTL.

For the GP assessment, two QTL were associated with

ORAC values, one on LG 2 and another on LG 11 and

epistasis was detected between these two loci (Table 2;

Supplementary Fig. 1). Both parents contributed alleles

which served to increase ORAC values, each with a similar

magnitude of additive effect. An additive 9 environment

(production cycle) interaction was detected in two pro-

duction cycles (summer 06 and summer 07) for ORACG2.1.

In addition, four additive 9 additive interactions were

detected for chlorophyll and ORAC value in the RIL

population assessed for GP (Table 3). Although no main

effect QTL were identified for chlorophyll traits, three

additive 9 additive interactions were identified for

Table 1 Pearson correlation coefficients of total chlorophyll (tChl) and ORAC values in the lettuce ‘Diplomat’ 9 ‘Margarita’ RIL population

field grown in Yuma, AZ, and assessed at market maturity (MM), or glasshouse grown and assessed for genetic potential (GP)

Trait Assessment Production

cycle

ID 1 2 3 4 5 6 7

tChl MM Winter 2007 1 1.00 0.60 *** 0.59 *** 0.17 0.30 ** 0.25 ** 0.74 ***

Spring 2008 2 1.00 0.57 *** 0.19 0.31 ** 0.12 0.54 ***

Winter 2009 3 1.00 0.13 0.24 * 0.23 ** 0.49 ***

GP Summer 2007 4 1.00 0.44 *** 0.39 *** 0.19

Spring 2008 5 1.00 0.42 *** 0.23 *

Summer 2008 6 1.00 0.20 *

ORAC MM Winter 2007 7 1.00

Spring 2008 8

Winter 2009 9

GP Summer 2006 10

Summer 2007 11

Spring 2008 12

Summer 2008 13

Trait Assessment Production cycle ID 8 9 10 11 12 13

tChl MM Winter 2007 1 0.53 *** 0.70 *** 0.21 * 0.19 0.24 * 0.31 **

Spring 2008 2 0.85 *** 0.55 *** 0.30 ** 0.07 0.31 ** 0.35 **

Winter 2009 3 0.43 *** 0.72 *** 0.15 0.26 ** 0.29 ** 0.36 ***

GP Summer 2007 4 0.19 0.23 * 0.14 0.02 -0.04 0.20 *

Spring 2008 5 0.20 0.26 ** 0.07 -0.01 -0.29 ** 0.08

Summer 2008 6 0.04 0.23 ** -0.01 0.11 0.00 0.20 *

ORAC MM Winter 2007 7 0.51 *** 0.61 *** 0.30 ** 0.22 * 0.28 ** 0.40 ***

Spring 2008 8 1.00 0.55 *** 0.38 ** 0.21 0.48 *** 0.41 ***

Winter 2009 9 1.00 0.29 ** 0.22 * 0.43 *** 0.42 ***

GP Summer 2006 10 1.00 0.28 ** 0.31 ** 0.34 **

Summer 2007 11 1.00 0.44 *** 0.56 ***

Spring 2008 12 1.00 0.43 ***

Summer 2008 13 1.00

* P \ 0.05; ** P \ 0.01; *** P \ 0.0001
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chlorophyll traits, each with the same pair of marker

intervals and each with a similar magnitude of contribu-

tion to the total phenotypic variance (q2 values, 5.1–5.5%,

Table 3). For the ORAC value, significant addi-

tive 9 additive interactions were detected between the

main-effect QTL identified for the same trait presented in

Table 2 (summer 06 P = 0.018; summer 07 P = 0.0098).

The effect of the epistatic interaction on the ORAC value

was relatively small compared to that of the main-effect

QTL.

QTL association with plant architecture

The plant architecture of each family was classified into

two categories based on their capacity to form a head. The

RIL population field-grown at YAC in spring 2008 and

winter 2009 was phenotyped; those forming heads were

classified as ‘head’ types while those with a loose-leaf type

were classified as ‘open’. Families showing an intermediate

appearance precluded classification into either one of these

categories and subsequently those intermediate genotypes

were excluded from mapping plant architecture QTL and

the analysis of variance between architecture and chloro-

phyll/ORAC phenotypes. Head formation appeared to be

influenced by the environment, as a total of 17 families in

the spring 08 and 37 families in the winter 09 production

cycles were classified as intermediate. The number of

families planted and phenotyped was approximately equal

in both production cycles. There were 39 and 49 heading

families and 55 and 71 open families in the spring 08 and

winter 09 production cycles, respectively. Ten families

changed classification between production cycles; three

families were classified as ‘head’ in 08 and ‘open’ in 09,

while seven families that were classified as ‘open’ in 08

were classified as ‘head’ in 09. When averaged in each

category (open or head), the Chl a, Chl b, and tChl content,

and ORAC values were greater in families with open types

than in head types in both production cycles (P \ 0.0001,

Fig. 4). The Chl a/b ratio was higher in head types than

open types, indicating relatively greater Chl b production

(or reduced Chl a degradation) in open type lettuce (2.95

vs. 2.70 in spring 08, P = 0.0018; 3.00 vs. 2.64 in winter

Table 2 Estimates of additive and additive 9 environment interac-

tion of quantitative trait loci associated with chlorophyll traits,

ORAC, and plant architecture in the D 9 M RIL population field

grown in Yuma, AZ, and assessed at market maturity (MM), or grown

in a greenhouse at Cal Poly Pomona and assessed at the open-leaf

stage for genetic potential (GP)

QTLa LGb Flanking marker cMc Range Ad qa
2 e AEd (qae

2 e) P-KWf

1 2 3 4

MM

ChlaM1.1 1 E33M61D432–E33M59D245 65.6 60.6–71.5 64.0 21.7 7.19E-5

ChlbM1.1 1 E33M61D432–E33M59D245 65.6 60.6–71.5 26.2 22.3 1.17E-4

tChlM1.1 1 E33M61D43–E33M59D245 65.6 60.6–75.5 90.1 22.0 6.92E-5

ORACM1.1 1 E33M61D432–E33M59D245 62.6 57.6–67.6 16.8 17.5 -6.0 (1.1) 1.22E-2

Lpa1.1 1 E33M59D245–QGF13P18 69.6 64.6–76.5 -0.25 26.1 5.95E-4

GP

ORACG2.1 2 E45M61M453–

E33M54M549
150.8 145.4–156.8 3.2 4.3 2.5 (0.9) 2.8 (1.1) 1.29E-01

ORACG11.1 11 E45M48M323–

E35M59M443
14.8 12.8–14.8 -3.2 4.3 2.15E-02

a QTL with main effect for market maturity (MM) and genetic potential (GP). The data for main effect QTL were combined across all production

cycles for the MM and GP assessment. Locus nomenclature is designated as: (trait) (linkage group) (numerical order on linkage group) with ‘M’

indicating association established during the market maturity assessment and ‘G’ indicating association established during the genetic potential

assessment. Lpa, Lactuca plant architecture
b Linkage group number
c Position of the QTL on the linkage group
d Effect of genetic source; A, additive effect of the QTL; AE, additive 9 environment interaction effect for MM at the Yuma production cycle,

where environment 1 = winter 07, 2 = spring 08, 3 = winter 09; and for GP at the greenhouse production cycle, where environment

1 = summer 06, 2 = summer 07, 3 = spring 08, 4 = summer 08. Positive values indicate that the ‘Diplomat’ allele increases the phenotype,

whereas negative values indicate an allelic effect from the ‘Margarita’ parent. Chlorophyll units are expressed as the chlorophyll content per

gram fresh weight (lg/g FW); ORAC units are expressed as TE per gram fresh weight of sampled leaf tissue (lmol TE/g FW)
e Heritability of the QTL effect or percentage of variation that is explained by the component of the corresponding genetic source (a) additive

effect and (ae) additive 9 environment (production cycle) interaction, respectively, in the total phenotypic variance. Percent variation is given

only when the QTL effect was significant
f P value (Kruskal–Wallis test)
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09, P \ 0.0001). A single locus for plant architecture

accounted for approximately 26% of the phenotypic vari-

ation of the trait and co-located with QTL associated with

ORAC values and chlorophyll traits at MM on LG1

(Table 2; Supplementary Fig. 1).

Imposing the plant architecture classification determined

on the population grown at YAC and phenotyped at MM,

we next sought to determine if the chlorophyll content and

ORAC value differed in the plants grown at CPP and

assessed at the GP stage. The ORAC and chlorophyll

content was determined on the GP plants while all plants

were at the rosette stage, and the values were averaged

across all RIL families of those classified as head types and

compared to those classified as open types. Differences in

content detected between open and head plant architecture

types would suggest linkage with genes controlling plant

architecture. In the three CPP GP production cyclesT
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examined, the values for the chlorophyll and ORAC traits

were lower in families that would develop heads than those

which remain open at market maturity despite the fact that

evaluations were performed at the open-leaf stage. Using

the spring 2008 classification, 8 out of 15 significant dif-

ferences were detected, whereas in the winter 09 classifi-

cation, 6 out of 15 were significant (Table 4). In the 2008

classification, Chl a, tChl, and ORAC were significantly

different in two of the three CPP production sites, while in

the 2009 classification only ORAC was significantly dif-

ferent in all three production years (Table 4). These results

strongly suggest linkage between genes that control plant

architecture, chlorophyll content, and ORAC value, or

alternatively a single pleiotropic gene. Thus, these data

suggest that chlorophyll and antioxidant content in the

D 9 M RIL population is not a simple function of shading

effects.

Discussion

Multiple factors affect the antioxidant and chlorophyll

content of lettuce, as indicated by the numerous QTL,

epistasis, and genotype 9 environment interaction detec-

ted in this study (Tables 2, 3). The genetic architecture

controlling chlorophyll and antioxidant traits differed

according to the developmental phase of the plant.

Whereas additive effects were the main factor affecting

chlorophyll content and ORAC values in the RIL popula-

tion evaluated at MM, no main-effect QTL were associated

chlorophyll traits in the GP assessment; instead, epistasis

was the primary genetic factor. Epistasis 9 environment

interactions were also detected in the GP assessment for

Chl b, indicating the complex nature of this trait. Individual

QTL associated with either chlorophyll content or ORAC

value accounted for up to 22% of the variation associated

with these traits in the D 9 M RIL population harvested at

MM. Our results clearly indicated a significant environ-

mental effect on nutritional content and head formation. In

turn, QTL associated with chlorophyll content and ORAC

value (but not Chl a/b ratios) colocated to a QTL linked to

head formation on LG 1 (Table 2). The chlorophyll content

was about threefold higher at the GP stage than MM,

presumably because of the head effect on leaf shading.

Evaluating the RIL population prior to head formation

removed this confounding effect and revealed epistatic

interactions with relatively smaller effects on chlorophyll

content and ORAC value than the main additive effect

QTL. The GP evaluations identified epistasis that accoun-

ted for up to 5.5 and 1.5% of the total variation associated

with chlorophyll content and ORAC value, respectively

(Table 3). Understanding the genetic basis and stability of

Table 4 Trait values for Chl a, Chl b, tChl, Chl a/b, and ORAC assessed at the open-leaf stage for genetic potential

Production site and cycle Traita Spring 2008 classification P Winter 2009 classification P

Head Open Head Open

CPP summer 2007 Chl a 481.6 ± 91.0 531.9 ± 80.4 0.0276 * 515.3 ± 114.8 528.2 ± 78.3 0.5477

Chl b 178.8 ± 35.1 194.5 ± 32.5 0.0795 190.1 ± 43.7 192.3 ± 31.5 0.7930

tChl 660.4 ± 125.6 726.3 ± 112.3 0.0370 * 705.4 ± 158.0 720.5 ± 109.3 0.6112

Chl a/b 2.71 ± 0.11 2.75 ± 0.10 0.2447 2.72 ± 0.12 2.76 ± 0.11 0.1232

ORAC 41.4 ± 14.7 45.0 ± 13.4 0.3205 36.9 ± 13.6 47.3 ± 12.2 0.0003 **

CPP spring 2008 Chl a 626.5 ± 130.4 698.9 ± 115.8 0.0190 * 634.6 ± 122.7 693.0 ± 113.6 0.0204 *

Chl b 238.3 ± 62.3 268.2 ± 56.9 0.0445 * 242.7 ± 55.8 261.9 ± 54.5 0.1010

tChl 864.9 ± 190.7 967.1 ± 169.6 0.0234 * 877.3 ± 176.7 954.9 ± 165.4 0.0330 *

Chl a/b 2.69 ± 0.20 2.66 ± 0.19 0.5151 2.66 ± 0.13 2.70 ± 0.19 0.3524

ORAC 22.7 ± 8.6 28.9 ± 9.2 0.0059 ** 21.2 ± 6.7 31.2 ± 8.2 \0.0001 ***

CPP summer 2008 Chl a 435.2 ± 72.9 461.3 ± 54.5 0.0824 424.0 ± 62.7 446.8 ± 57.9 0.0624

Chl b 161.8 ± 27.6 169.0 ± 21.5 0.2130 157.3 ± 23.8 163.4 ± 22.1 0.1924

tChl 597.1 ± 100.3 630.3 ± 75.5 0.1080 581.3 ± 86.1 610.1 ± 79.8 0.0861

Chl a/b 2.70 ± 0.07 2.74 ± 0.08 0.0208 * 2.71 ± 0.09 2.75 ± 0.06 0.0133 *

ORAC 18.9 ± 6.6 23.8 ± 5.8 0.0010 ** 18.8 ± 6.4 23.9 ± 5.2 \0.0001 ***

Each RIL family was assigned as a heading- or open-leaf type based on the phenotype observed at market maturity when grown under field

conditions at the Yuma, AZ, location in spring 2008 or winter 2009. Values represent the average for all RIL families in that category ± SD

* P \ 0.05; ** P \ 0.01; *** P \ 0.0001
a Chlorophyll units are expressed as the chlorophyll content per gram fresh weight (lg/g FW); ORAC units are expressed as TE per gram fresh

weight of sampled leaf tissue (lmol TE/g FW)
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these QTL conditioning these traits is the first step in

improving the nutritional content of lettuce through mar-

ker-assisted breeding.

We assessed antioxidant activity using the ORAC assay,

which measures the capacity of an antioxidant sample to

quench free radicals (Cao and Prior 1998). Numerous plant

compounds impart anti-oxidative activity, including well-

known oxidants such as vitamins, a-tocopherol, ascorbic

acid, and b-carotene, as well as lesser-known compounds

including carotenoids, polyphenols, and flavonoids (espe-

cially proanthocyanidins) (Demmig-Adams and Adams

2002). The well-known compounds may constitute only a

small portion of the total antioxidant activity of dietary

plants and is highly species specific (Paganga et al. 1999;

Prior and Cao 2000). These observations are further sup-

ported by the wide variety of antioxidant-contributing

compounds that have been reported for lettuce (DuPont

et al. 2000; Llorach et al. 2004; Nicolle et al. 2004; Romani

et al. 2002). These include carotenoids, vitamins E and C,

lutein and xanthophyll (Mou and Ryder 2004; Nicolle et al.

2004), and polyphenols including neochlorogenic acid,

caffeoyltartaric acid, crytochlorogenic acid, chlorogenic

acid, quercitin conjugates, and chicoric acid (DuPont et al.

2000; Llorach et al. 2004; Nicolle et al. 2004; Romani et al.

2002). Of these different antioxidants, dicaffeoyl tartaric

acid accounted for about 55% of the total antioxidant

content in the lettuce cultivars tested (Nicolle et al. 2004).

Mou (2005) reported very high correlations between

chlorophyll (Chl a, Chl b, and tChl) and b-carotene in

lettuce. Because chlorophyll assays are simpler than

b-carotene assays, chlorophyll could be used as a proxy for

improving b-carotene content in lettuce. This study showed

that genetic effect for GP in chlorophyll content and ORAC

value was relatively smaller, as no main effect QTL for

chlorophyll and two QTL with minor effect for ORAC

value were found. However, the genetic components

including main effect QTL (only for ORAC) and epistatic

QTL for both trait detected in the GP assessments suggest

that relatively smaller number of genes are likely to be

involved in the phenotypic variation in nutritional content

observed in this population.

In the D 9 M RIL population assessed at MM, total

chlorophyll content of plants assessed at MM was highly

correlated with ORAC values and the ORACM1.1 locus

colocated to the same genomic interval as ChlaM1.1,

ChlbM1.1, and tChlM1.1 (Table 2). This association is

likely due to the fact that chlorophyll and carotenoids are

intricately intertwined as the core antennae of photosys-

tems I and II (Fromme et al. 2003), and the C40 isoprenoid

backbone for carotenoids synthesis occurs in plastids. In

lettuce, direct positive correlations between phenolic con-

tent and antioxidant content and between chlorophyll

content and b-carotene at market maturity were reported

(Kang and Saltveit 2002; Mou 2005). Given these obser-

vations, it might be expected that RIL families with high

chlorophyll content also have high ORAC values in the

D 9 M RIL population. With the Pearson correlation

coefficient ranging from 0.72 to 0.85, a strong positive

correlation was observed between tChl and ORAC within

any production cycle for the MM assessment (Table 1).

When the RIL population was assessed at GP (open-leaf

stage), the strong relationship between tChl and ORAC

disappeared, indicating that there was not a direct corre-

spondence between chlorophyll and ORAC at the open-leaf

stage. Interestingly, the population mean for the chloro-

phyll components (chl a, chl b, tchl) averaged across all

production cycles were about 3.3-fold higher than the

population averages for the population assessed at MM. At

the same time, the ORAC values of the GP assessments

were about 70% of the MM values, again suggesting an

uncoupling of antioxidants and chlorophyll at the different

growth stages. No main-effect QTL were detected from

any chlorophyll component, but epistasis was indicated

between LG 2 and 8 and a single additive 9 environment

interaction was detected. This indicates that head formation

obscures other QTL, which might further improve the

nutritional content of lettuce.

A portion of the phytochemical content in lettuce is

under genetic control, as variation among leaf and head

cultivars is reported for quercetin and kaempferol (Bilyk

and Sapers 2002), carotenoids and lutein (Mou 2005), and

anthocyanins (Kleinhenz et al. 2003; Ryder 1999; Simonne

et al. 2002). Loci for anthocyanins and leaf greenness have

been reported (Robinson 1983; Waycott et al. 1999), but

we are not aware of QTL or other DNA-based markers

associated with nutritional content having been reported for

lettuce. ‘Diplomat’ alleles which serve to increase nutri-

tional content were identified in the MM assessments. This

observation could be in part explained by the fact that the

head formation appears to be more strongly influenced by

‘Margarita’. At the same time, this implies that iceberg

lettuce is still capable of contributing alleles favorable to

improving nutritional content, despite the fact that iceberg

lettuce has a lower nutritional content than leaf or romaine

lettuce cultivars (Cao et al. 1996; Llorach et al. 2008; Mou

2005; Wu et al. 2004). The E33M61D432–E33M59D245

flanking QTL markers were associated with antioxidant

and chloropyll content, although the percent variation

accounted for by this QTL varied across traits. A further

indication that both chlorophyll and antioxidant contents

were affected by environmental factors was indicated by

the significant AE (main effect QTL 9 environment inter-

action) detected on ORACM1.1 (Table 2) and ORACG2.1

(Table 3), as well as an AAE and environment interaction

with epistatic loci identified between LG2 and LG8 for

chlorophyll b (Table 3). Seasonal variation of carotenoid
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and lutein content has been reported in lettuce (Mou 2005;

Rouchaud et al. 1984).

In response to diurnal and seasonal light environment

changes, plants actively regulate Chl a and Chl b to control

the amount of absorbed light energy. To accomplish this,

chlorophyll synthesis in plants is tightly controlled by gene

expression, feedback inhibition, and protein stability in

response to the demand of photosystems and environmental

conditions (Matsumoto et al. 2004; Vothknecht et al. 1998;

Yamasato et al. 2005). Chlorophyll a is converted to

chlorophyll b during the last step of chlorophyll synthesis,

and is reconverted to chlorophyll a as the initial step in

chlorophyll b degradation (Hörtensteiner 2006; Kusaba

et al. 2007; Tanaka et al. 1998). When Arabidopsis plants

are transferred from a high-light to a low-light environ-

ment, the light harvesting complex of photosystem II

degrades, and the chlorophyll a to chlorophyll b ratio

increases (Tanaka and Tanaka 2005; Yang et al. 2001).

Although the population means of chlorophyll content

were 3.39 higher in the MM than the GP assessments, the

Chl a/Chl b ratios were essentially identical. No QTL for

Chl a/Chl b ratios were detected in the D 9 M RIL pop-

ulation assessed at both MM and GP with data from mul-

tiple production cycles combined. However, when each

production cycle was analyzed separately, one QTL for the

trait assessed at the GP stage was identified on LG1 at the

same position of the QTL identified for chlorophyll content

and ORAC value in MM (data not shown). A significant

but small QTL effect in one production cycle may be

minimized when combining data sets, which may explain

this observation. An assessment of commercial cultivars

suitable for the coastal growing region of California indi-

cated that Chl a/b ratios of crisphead and butterhead cul-

tivars were about 20% higher in fall grown than summer

grown (Mou 2005). Further, Chl a/b ratios were lower in

crisphead than butterhead cultivars in both the summer and

fall production cycles (Mou 2005). In agreement with Mou

(2005), the iceberg cultivar (Diplomat) consistently had

lower Chl a/b ratios than the butterhead cultivar (Marga-

rita) for the GP assessment, but no consistent trend between

the parental genotypes was observed at MM (Figs. 1, 2). The

genetic materials and cultivars suitable for commercial pro-

duction in the low desert lettuce production area are different

from those of the coastal regions of California (Ryder 1986)

and, increasingly, environmental adaptability will be a key

breeding objective (MIKEL 2007). Although the chlorophyll

data among these studies are consistent but limited, it sug-

gests that the chlorophyll modulation system of the cultivars

developed for these distinctly different production areas may

be different and reflect an adaptation which may have been

unconsciously selected for by breeders.

Individual QTLs associated with ORAC accounted for

up to 18% of the phenotypic variation for ORAC assessed

at MM (Table 2). A QTL associated with head formation

was also detected on linkage group 1 and accounted for

26% of the phenotypic variation across the two production

cycles it was detected (Table 3). Although both parents

were heading types, the allele contributed by ‘Margarita’

had a larger effect than the ‘Diplomat’ allele. The head

formation QTL colocated with ORAC, Chl a, Chl b, and

tChl QTL, and clearly influenced these latter traits. For the

MM assessment grown in the YAC fields, RIL families

with closed heads had 43.1% (spring 08) and 33.4% (winter

09) of the ORAC value of the RIL families with a loose-

leaf phenotype (Fig. 4). Because the influence of the head

architecture was removed by assessing at an early stage in

the GP assessment, distinct QTL profiles were detected.

Further, assessments of the RIL population at the CPP

production site when the plant leaves were fully open

(before head formation) revealed that those RIL families

which would eventually form heads in the field had only

68–92% of the ORAC value of those families that had a

loose-leaf architecture habit when mature (Table 4),

strongly suggesting linkage or pleiotropy. This confirms

both the complex nature of the accumulation of antioxidant

and the influence of head architecture presumably through

light activation of genes contributing to antioxidant con-

tent. Within a head-type lettuce plant, the phytochemical

content varies, with the outer leaves having higher phenolic

content and lipophilic antioxidant activity than inner

leaves. Genes encoding many of these compounds in let-

tuce are regarded as generally being light regulated

(Ebisawa et al. 2008; Kleinhenz et al. 2003; Oh et al.

2009a; Park et al. 2007), but direct evidence exists only for

a few genes in these biosynthetic and regulatory pathways.

Experimental evidence from Arabidopsis suggests that this

supposition may be an oversimplification, as several genes

of the phenylpropanoid pathway do not respond to light

(Hemm et al. 2004). To date, no regulatory genes con-

trolling carotenoid biosynthesis have been isolated

(Toledo-Ortiz et al. 2010), but identifying which genes are

light responsive will provide a strategy by which to

improve the nutritional content of lettuce either through

marker-assisted breeding or biotechnology approaches.

Recent advances in the field of nutragenetics/nutrage-

nomics may help assess the relationship between fruit and

vegetable intake and risk of chronic diseases. For example,

genetic variants in the chromosome 9p21 region have been

associated with cardiovascular disease and myocardial

infarction (McPherson et al. 2007; Samani et al. 2007).

Individuals with two copies of the rs2383206 risk allele

and low consumption of fruits and vegetables were repor-

ted to have a 1.6- to 2.0-fold increased risk for myocardial

infarctions (Do et al. 2011). As specific gene–diet inter-

actions become known, it is increasingly likely that the role

of specific foods and phytochemical components can be
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identified and clarified and subsequently targeted for

improvement in plant breeding programs. Lettuce displays

a large variation in several nutritional components that are

potentially beneficial to human health and can be exploited

to improve its nutritional density. For example, Mou

(2005) reported a 70-fold range in variation in b-carotene

of commercial lettuce cultivars and a range of up to 28-fold

in ORAC content was observed in our study (Fig. 2). To

that end, our laboratory is currently assessing the expres-

sion and regulation of genes encoding compounds in let-

tuce with the goal of increasing the concentration of

compounds that may be beneficial to human health.
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