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Abstract Selenium (Se) is an essential micronutrient for

animals and humans. Increasing Se content in food crops

offers an effective approach to reduce the widespread sele-

nium deficiency problem in many parts of the world. In this

study, we evaluated 30 diverse accessions of lettuce (Lactuca

sativa L.) for their capacity to accumulate Se and their

responses to different forms of Se in terms of plant growth,

nutritional characteristics, and gene expression. Lettuce

accessions responded differently to selenate and selenite

treatment, and selenate is superior to selenite in inducing

total Se accumulation. At least over twofold change in total

Se levels between cultivars with high and low Se content was

found. Synergistic relationship between Se and sulfur

accumulation was observed in nearly all accessions at the

selenate dosage applied. The change in shoot biomass varied

between lettuce accessions and the forms of Se used. The

growth-stimulated effect by selenate and the growth-

inhibited effect by selenite were found to be correlated with

the alteration of antioxidant enzyme activities. The different

ability of lettuce accessions to accumulate Se following

selenate treatment appeared to be associated with an altered

expression of genes involved in Se/S uptake and assimila-

tion. Our results provide important information for the

effects of different forms of Se on plant growth and metab-

olism. They will also be of help in selecting and developing

better cultivars for Se biofortification in lettuce.
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Abbreviations

Se Selenium

S Sulphur

Sultr Sulfate transporter

APS Adenosine 50-phosphosulfate sulfurylase

APR Adenosine phosphosulfate reductase

SAT Serine acetyl transferase

APX Ascorbate peroxidase

CAT Catalase

GSH-Px Glutathione peroxidase

ROS Reactive oxygen species

SeMet Selenomethionine

qRT-PCR Quantitative reverse transcription-PCR

UPLC Ultra performance liquid chromatography

Introduction

Selenium (Se) is an essential micronutrient for humans

and animals, as it constitutes the key component of
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selenoproteins and selenoenzymes with important biologi-

cal functions (Rayman 2002). The deficiency of Se in diets

is considered to be the key factor in the development of

serious illnesses in humans, such as Keshan disease, a

congestive cardiomyopathy (Yang et al. 1984). Moreover,

studies indicate that Se deficiency weakens the immune

system, increases viral infections, and promotes cancer

(Beck et al. 2003; Diwadkar-Navsariwala et al. 2006).

Because of large areas of soil that contains low levels of Se

and consequently low levels of Se supply in food, Se

deficiency is a widespread problem. Combs (2001) reports

that Se level in a population is highly correlated with Se

content in agricultural crops. Thus, increasing Se content in

food crops can have a positive impact on reducing Se

deficiency in the world.

Selenium is obtained from dietary sources, including

cereal grains and vegetables. Se biofortification in agri-

cultural crops by means of Se fertilization or selection of

crop genotypes with high capacity of accumulation pro-

vides a useful approach to increase the consumption of Se

by animals and humans (Graham et al. 2007; White and

Broadley 2009). Although a number of recent works have

demonstrated the effectiveness of Se fertilization in

increasing Se content in a number of food crops (Chen

et al. 2002; Pedrero et al. 2006; Broadley et al. 2010), only

few studies have investigated the genetic variation of crop

species in accumulation of Se (Lyons et al. 2005; Zhao

et al. 2009).

Given that Se is chemically similar to sulfur (S), plants

and other organisms readily take up and metabolize Se via

S uptake and assimilation pathway (Terry et al. 2000; Sors

et al. 2005; Pilon-Smits and Quinn 2010). Se is acquired by

plants from soils mainly as selenite and selenate. Plants

uptake selenate through a process of active transport, which

is mediated by sulfate transporters (Terry et al. 2000). The

selectivity of these transporters for selenate and sulfate

varies between plant species and with S nutritional status

(White et al. 2004). Selenite is passively taken up into

plants, and phosphate transporters are believed to partially

act in the process (Hopper and Parker 1999; Li et al. 2008).

The reduction in selenate and selenite to form selenoami-

noacids involves a number of key enzymes in S assimila-

tion pathway, such as ATP-sulfurylase (APS), APS

reductase (APR) and serine acetyltransferase (SAT) in

plants.

In contrast to the essentiality of Se in human and animal

nutrition, Se is considered not essential for plants (Terry

et al. 2000; Sors et al. 2005; Pilon-Smits and Quinn 2010).

Nevertheless, several studies report the beneficial effect of

Se at low concentrations in stimulating plant growth

(Hartikainen et al. 2000; Rios et al. 2010). However, at

high concentrations, Se inhibits plant growth. In general,

selenate is less toxic to plants than selenite, but the effect of

Se application to plants also depends on other factors, such

as soil redox conditions, soil pH, and the presence of

competing anions, e.g. sulfate and phosphate (Blaylock and

James 1994; Dhillon and Dhillon 2003).

Lettuce is one of the most consumed leaf vegetables in

many parts of the world. Lettuce provides a good dietary

source for various phytochemicals, such as phenolics and

vitamin A, C, and E, as well as minerals. Beyond its basic

nutrition, lettuce has been the target for Se biofortification

in providing daily requirement of Se (Rios et al. 2008b;

Ramos et al. 2010). Many different types of cultivated

lettuce are known. They contain broad diversity in leaf

color, shape, growth habit, and texture (Lebeda et al.

2007). The ability of different genotype of lettuce in

accumulating Se, however, is unknown.

Exploiting genotypic variation is likely to be an effec-

tive method for Se biofortification in crops. The aim of this

study was to evaluate the genotypic variation of lettuce

germplasm in response to selenate and selenite treatment

for Se biofortification in lettuce. Thirty heirloom and

modern lettuce cultivars, plant introductions (PI), and

landraces representing a broad range of market types were

selected and used in the study. The effect of Se forms on

plant growth, total Se and S levels, antioxidant enzyme

activities, total amino acid content, and the expression of

genes involved in Se/S uptake and assimilation were

examined in attempting to provide the information for the

selection of lettuce germplasm with substantial Se accu-

mulation without negative effect on plant growth and

nutritional characteristics.

Materials and methods

Lettuce germplasm

A population of 30 diverse accessions (twenty-nine named

cultivars and PI251246) of lettuce (Lactuca sativa L.) were

selected from lettuce database at the USDA, Salinas, CA,

and used in this study. The population includes the most

widely grown iceberg and romaine-type lettuces, as well as

those of green and red leaf, butterhead, and the lesser

known types of Batavia, stem, Latin, lolla rossa, and oil-

seed lettuce (Table 1). Included are commercially impor-

tant cultivars, historically significant landmark cultivars

found in the pedigrees of many modern cultivars, cultivars

with unique morphology, and cultivars adapted to northeast

production conditions. Additional details on these acces-

sions can be found at http://www.ars-grin.gov/, http://cuke.

hort.ncsu.edu/cucurbit/wehner/vegcult/vgclintro.html, and

http://compositdb.ucdavis.edu/database/lettcv2/display/. The

phenotypes of 24-day-old young plants for these cultivars are

shown in Fig. 1.
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Plant growth and treatments

Seeds of each accession were sown in growth medium

(Metro-Mix 360, Sun Gro Horticulture) and grown in a

greenhouse with a 14-h light and 10-h dark photoperiod at

24�C. The 20-day-old young seedlings were transplanted to

2.2-L pots containing Hoagland nutrient solution (Hoa-

gland and Arnon 1950) with 40% ionic strength and grown

hydroponically in the same greenhouse. After 4 days of

transplantation, these plants were either grown in the

nutrient solution or exposed to the nutrient solution con-

taining 15 lM Na2SeO4 or 15 lM Na2SeO3 (Sigma-

Aldrich). This concentration of Se was chosen as it showed

to be the most suitable with minimal effects on plant

growth in our preliminary studies with a few cultivars. The

nutrient solution was changed twice each week. Through-

out the experimental period, the nutrient solution under-

went constant aeration, and pH was monitored and adjusted

to 6.0 ± 0.2 by addition of 0.1 mol L-1 NaOH or HCl.

After 2 weeks of Se treatment, a total of 360 plants

(30 9 3 9 4; accessions 9 treatments 9 repeats) were

harvested individually. The fresh weights of aerial part

were weighed. The young leaf samples from each plant

were immediately frozen in liquid nitrogen and stored at -

80�C. For analysis of total Se and S, the leaf samples were

dried at 65�C in an oven for 6 days.

Analysis of total Se and S levels

Total Se and S contents in the samples were determined

using an inductively coupled plasma (ICP) trace analyzer

emission spectrometer (model ICAP 61E trace analyzer,

Thermo Electron, San Jose, CA) essentially as described

previously (Lyi et al. 2005). The instrument was calibrated

with 7% HCIO4 as the low standard and 5.0 lg mL-1 of Se

and 40.0 lg mL-1 of S in a multi-element standard as the

Table 1 Lettuce germplasm

used in this study

a GRIN Genetic Resources

Information Network,

http://www.ars-grin.gov/

ID Line Type GRINa accession

number

Note

1 Salinas 88 Iceberg W6 22150 Commercially important

2 Tania Butterhead PI596699 Commercially important

3 Vanguard Iceberg PI536812 Landmark cultivar

4 Empire Iceberg PI536778 Landmark cultivar

5 Grand Rapids Green leaf PI536792 Landmark cultivar

6 Cocarde Red oak leaf PI657644 novel type

7 La Brillante Batavia

8 Green Towers Romaine PI601336 Commercially important

9 Merlot Dark red leaf Used for baby leaf production

10 Holborn Standard Batavia PI536856 Heirloom cultivar

11 Imperial 850 Iceberg/Batavia PI536743 Landmark cultivar

12 Tall Guzmaine Romaine Landmark cultivar

13 Lolla Rossa Lolla rossa PI617943 Novel type

14 Oak Leaf Green oak leaf PI595576 Novel type

15 PI251246 Oil seed PI251246 Egyptian land race

16 Balady Aswan Stem W6 29802 Egyptian land race

17 Valmaine Romaine PI543959 Landmark cultivar

18 Parade Butterhead

19 Salad Crisp Iceberg PI635076 Northeast adapted crisphead

20 Summertime Iceberg PI635072 Northeast adapted crisphead

21 Ithaca Iceberg PI536847 Northeast adapted crisphead

22 Blonde Lente a Monter Blonde romaine PI634670

23 Ice Cube Mini iceberg W6 19082

24 Ruebens Red Red romaine

25 Iceberg Batavia PI536860 Heirloom cultivar

26 Shining Star Green leaf Commercially important

27 Ruby Red leaf PI536761 Commercially important

28 Prizehead Red leaf PI536757 Landmark cultivar

29 Pavane Latin

30 Eruption Red Latin Used in baby leaf production
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high standard. The Se and S were determined using the

196.0 and 182.0 nm line, respectively.

Analysis of antioxidant enzyme activities

Antioxidant enzymes were extracted according to Grace

and Logan (1996). In brief, 200 mg leaves were ground in

1.5 mL ice-cold extraction buffer containing 50 mM

KH2PO4–KOH (pH 7.5), 0.1 mM ethylenediaminete-

traacetic acid (EDTA), 0.3% (w/v) Triton X-100, and 4%

(w/v) insoluble polyvinylpolypyrrolidone (PVPP). The

extract was kept on ice for 10 min and then centrifuged at

13,000 rpm for 10 min at 4�C. The supernatant was used

immediately for enzyme activity assays.

Ascorbate peroxidase (APX, EC 1.1.11.1) activity was

measured by monitoring the decrease in absorbance at

290 nm (Nakano and Asada 1981). The assay mixture

(1 mL) contained 50 mM Hepes–KOH (pH 7.6), 0.1 mM

EDTA, 0.2 mM H2O2, 0.5 mM reduced ascorbate (AsA),

and enzyme extract. The reaction was initiated by adding

H2O2. The extinction coefficient of 2.8 mM-1 cm-1 was

used for the calculation of enzyme activity.

Catalase (CAT, EC 1.11.1.6) activity was determined by

monitoring the decrease of absorbance at 240 nm (Rao

et al. 1997). The reaction mixture (1 mL) contained

100 mM potassium phosphate buffer (pH 7.0), 10 mL 10%

(w/v) H2O2 and enzyme extract. The reaction was initiated

by adding H2O2. The extinction coefficient of 39.4 mM-1

cm-1 was used for the calculation.

Glutathione peroxidase (GSH-Px, EC 1.11.1.9) activity

was measured following the method of Flohe and Gunzler

(1984) with slight modifications. The enzyme from 200 mg

frozen leaf tissue was extracted in a 1.5 mL pre-chilled

KNaHPO4 buffer (pH 7.0). Following centrifugation at

12,000 rpm for 5 min, 0.2 mL of the supernatant was

placed into a tube and mixed with 0.4 mL of 0.1 mM GSH

(reduced glutathione, Sigma) and 0.2 mL of 67 mM

KNaHPO4. The reaction mixture without enzyme extract

was used as control. After pre-heating, the mixtures in a

water bath at 25�C for 5 min, 0.2 mL H2O2 (1.3 mM) was

added to initiate the reaction. The reaction was carried out

for 10 min, terminated by adding 1 mL 1% trichloric acetic

acid, and left on ice for 30 min. The mixture was then

centrifuged for 5 min at 12,000 rpm, and 0.48 mL of the

supernatant was added into a tube containing 2.2 mL of

0.32 M Na2HPO4 and 0.32 mL of 1.0 mM 5,50-dithio-bis

(2-nitrobenzoic acid) (DTNB). Following 5 min of incu-

bation, the absorbance at wavelength 412 nm was mea-

sured. The enzyme activity was calculated as a decrease in

GSH within the reaction time in comparison with that in

the control.

Amino acid analysis by ultra performance liquid

chromatography (UPLC)

The procedures for extraction and analysis of amino acids

were preformed essentially as described previously (Lyi

et al. 2005). The frozen samples (100 mg) were crushed

into powder and extracted in 0.5 mL of 20 mM HCl con-

taining 20 lL norleucine (250 lg mL-1) as an internal

standard. AccQ.Tag derivatives of extracted amino acids

were generated using AccQ.Tag Ultra Derivatization Kit

Fig. 1 Phenotypes of 30 lettuce

accessions at 24 days of growth.

The numbers correspond to the

ID numbers in Table 1
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following the manufacturer’s instruction (Waters). For

derivatization, 70 lL of AccQ.Tag Ultra borate buffer was

added to 10 lL of extract sample, followed by 20 lL of

AccQ.Tag reagent solution. Derivatized amino acids were

analyzed using an Acquity UPLC system equipped with a

binary solvent delivery system and an auto sampler, and

separated on an AccQ.Tag Ultra column (100 9 2.1 mm)

(Waters). Derivatized sample (5 lL) was eluted with a

mixture of tenfold diluted AccQ-Tag Eluent A (Waters)

and 100% acetonitrile (eluent B) at a flow rate of

0.7 mL min-1 following a gradient of 99.9%:1–75%:25%

eluent A:B. Derivatized amino acids were detected at

260 nm using a photo diode array detector. Amino acids in

the samples were identified by co-elution with amino acid

standard H (Pierce) and commercially available individual

amino acids (Sigma). Concentration of amino acids in each

sample was calculated based on the peak areas and cali-

bration curves generated with commercial standards.

RNA extraction, reverse transcription, and quantitative

PCR

Total RNA from leaves of lettuce plants was extracted

using Trizol reagent according to the manufacturer’s

instruction (Invitrogen). RNA (5 lg) was primed with

oligo(dT) and reverse-transcribed into cDNA using

Superscript III reverse transcriptase (Invitrogen). The

synthesized cDNA were diluted ten times in water and their

quality was checked based on the amplification of lettuce

Actin gene. PCR amplification with gene-specific primers

(Suppl. Table S1) and the calculation of the relative tran-

script levels were performed as described previously (Lyi

et al. 2007). The analysis of all gene expression was run in

triplicate with two biological repeats.

Results

Lettuce accessions exhibit different growth responses

to Se treatment

To examine the effect of Se on lettuce growth, 30 lettuce

accessions were grown hydroponically in the Hoagland

nutrient solution without or with 15 lM Na2SeO4 or

Na2SeO3 for 2 weeks and their biomasses were measured.

Depending on the form of Se application, different

responses of the lettuce accessions in terms of shoot growth

were observed and they can be divided into three groups

(P \ 0.05, Fig. 2). In the first group of seven accessions,

plant growth was not affected by either selenate or selenite

treatment at the dosage used. No significant difference in

shoot fresh weight was observed between Se-treated and

non-treated plants. In the second group of 18 accessions,

shoot biomasses were similar between non-treated and

selenate-treated plants, whereas plant growth was signifi-

cantly inhibited when selenite was supplied. An average of

20% decrease in shoot biomass was noted, suggesting that

these accessions were more sensitive to selenite. For the

third group of five accessions, selenate treatment stimulated

plant growth. An average of 13% increase in shoot biomass

was observed in these accessions. Exposure of them to

selenite caused no effect on plant growth. These results

indicate that lettuce exhibits genetic variation for biomass

production in response to different forms of Se treatment.

Fig. 2 Shoot biomass of

38-day-old lettuce accessions

subjected to different forms of

Se treatment for 2 weeks. The

lettuce accessions were divided

into three groups based on their

different growth in response to

selenate and selenite treatment.

The accession numbers

correspond to the ID numbers in

Table 1. Error bars indicate

standard error of the mean

(SEM) (n = 4)
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Lettuce accessions show different capacity

in accumulating Se and S

To investigate the capacity of different lettuce accessions

in accumulating Se and the effect of different forms of Se

on Se and S accumulation, we examined the total Se and S

levels in each accession following Na2SeO4 or Na2SeO3

application. Se was not detectable in Se non-treated lettuce.

When plants were exposed to selenate and selenite, the

lettuce accessions accumulated different levels of Se

(Fig. 3a). The total Se levels showed over twofold differ-

ence between accessions containing high and low levels of

Se. For all lettuce accessions, the total Se accumulation in

leaves was higher when plants were treated with selenate

than with selenite. Although there was variation in the

levels of Se accumulation treated with selenate and selenite

among accessions, on an average, the selenate-treated

plants contained 41% more Se than the selenite-treated

plants.

The different forms of Se also imposed different effect

on S accumulation in the lettuce accessions. At the dosage

of Se supplemented, selenate dramatically enhanced total S

accumulation in nearly all accessions examined except for

one accession (i.e. 29) (Fig. 3b). The extent in stimulating

S accumulation varied among the lettuce accessions, and

about half of them doubled S levels when exposed to sel-

enate in comparison with controls. These results imply a

synergism relationship between selenate and S at the dos-

age. Depending on the lettuce accessions, selenite had

different effects on S accumulation (Fig. 3b). In some

accessions, selenite exhibited no effect to total S accumu-

lation, while in the others selenite treatment led to

decreased levels of total S accumulation. An average of

22% reduction in comparison with the controls was

(a)

(b)

2 2

Fig. 3 Total Se (a) and S

(b) level in lettuce accessions

subjected to different forms of

Se treatment. Error bars
indicate standard error of the

mean (SEM) (n = 4)
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observed. The capacity of different lettuce accessions to

accumulate Se and S appears not to be correlated with plant

growth.

Effect of Se treatment on the activity of antioxidant

enzymes

The effect of different forms of Se on the activities of

several antioxidant enzymes, i.e. APX, CAT, and GSH-Px,

in each lettuce accession was examined. In general, the

activities of these enzymes varied depending on cultivars

(Fig. 4). The biggest activity difference among the culti-

vars was observed with the CAT enzyme activity. When

lettuce plants were exposed to Na2SeO4 or Na2SeO3, the

activities of APX, CAT and GSH-Px showed no significant

difference in response to selenate and selenite treatment in

the first group of lettuce accessions (Fig. 4) like the case

for plant biomass. In agreement with reduced plant growth,

(a)

(b)

(c)

2 2

Fig. 4 Activity of ascorbate

peroxidase (APX) (a), catalase

(CAT) (b), and glutathione

peroxidase (GSH-Px) (c) in

lettuce accessions subjected to

different forms of Se treatment.

Error bars indicate standard

error of the mean (SEM)

(n = 4)
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a general decrease in the APX, CAT and GSH-Px activities

was observed in the second group of accessions when

selenite was added in the nutrient solution. In the case of

APX, the decrease was statistically significant for nearly all

accessions in this group. A significant increase in CAT and

GSH-Px activities in response to selenate treatment was

noted in the third group of accessions, while their activities

remained similar to the controls when they were exposed to

selenite, showing a similar pattern of response as plant

growth. APX activity appeared not to be affected by both

selenate and selenite treatment in this group. The higher

CAT and GSH-Px activities correlated well with higher

shoot biomass when lettuce accessions of this group were

treated with selenate. These results indicate that alteration

of antioxidant enzyme activities following Se treatment

may exert direct effect on plant growth.

Se treatment does not dramatically affect amino acid

accumulation

To examine the effect of Se treatment on nutritional

quality, the free individual and total amino acid levels in

these lettuce accessions were examined. Different acces-

sion accumulated different level of total amino acids

(Fig. 5). In general, the most predominant amino acids in

lettuce included glutamic acid, arginine, aspartic acid,

serine, and threonine (Suppl. Fig. S1). Their contents var-

ied greatly among accessions to a level of tenfold differ-

ence (Suppl. Fig. S1). The total amino acid contents appear

not to be dramatically affected by either selenate or selenite

treatment except a few accessions in the second group

(Fig. 5). Although it is difficult to detect free cysteine due

to its instability, the other S-amino acid methionine is

readily detectable (Suppl. Fig. S1). When the plants were

exposed to Se, the organic form of Se compound, seleno-

methionine (SeMet), was found (Suppl. Fig. S1). More-

over, SeMet accumulation shared similar pattern as total Se

levels when selenate was applied. SeMet has been reported

as an effective chemopreventive agent (Combs and Gray

1998).

Expression of genes involved in S/Se transport

and assimilation

Selenium is known to share the S transport and assimilation

pathways. Thus, examination of expression of genes

encoding the key steps in the pathways should help us in

better understanding of Se metabolism in lettuce. To

examine whether Se accumulation was correlated with the

expression of genes involved in S/Se transport and assim-

ilation, we investigated the transcript levels of some crucial

genes, i.e., Sultr, APS, APR, and SAT in six selected

accessions which accumulated either high or low levels of

Se following selenate treatment.

Sultr1;1, Sultr2;1 and Sultr3;1 are sulfate transporters

with Sultr1;1 representing high-affinity transporter in the

plasma membrane, Sultr2;1 being low affinity transporter;

and Sultr3;1 with unknown function (Takahashi 2010). As

shown in Fig. 6a–c, these sulfate transporters were found to

express at high levels in plants with high Se content and at

relatively low levels in plants with low Se content. When

the lettuce plants were treated with 15 lM NaSeO4, the

transcript levels of Sultr1;1 were significantly increased,

whereas those of Sultr2;1 and Sultr3;1 remained at similar

level as the non-treated plants. The results suggest an

increase uptake by roots.

Following translocation into shoots, selenate is either

stored in the vacuole of the cells or is further assimilated.

2 2
Fig. 5 Total free amino acid

content in lettuce accessions

subjected to different forms of

Se treatment. Total levels of

amino acids are the sum of

histidine, serine, arginine,

glycine, aspartic acid, glutamic

acid, threonine, alanine, proline,

tyrosine, valine, isoleucine,

leucine, and phenylalanine.

Error bars indicate standard

error of the mean (SEM)

(n = 3)
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ATP-sulfurylase (APS) is the first and rate-limiting enzyme

in the sulfate assimilation pathway (Saito 2004) and cata-

lyzes the activation of selenate. APS1 has been predicted to

localize to plastids, whereas APS2 may function in the

cytosol (Rotte and Leustek 2000). The transcript levels of

APS were similar between the accessions examined.

However, when exposed to selenate treatment, the tran-

script levels of APS1 were significantly enhanced in

accessions with high level of Se, but remained similar in

those with low level of Se (Fig. 6d). No significant dif-

ference in the transcript levels of APS2 were observed

between accessions containing high and low levels of Se

following Se treatment (Fig. 6e).

In plant plastids, APS reductase (APR) catalyzes the

reduction of activated selenate to produce sulfite. APR1

was found to express highly in plants with high Se level

and show relatively low expression in plants with low Se

level (Fig. 6f). Se treatment significantly enhanced APR1

expression only in those accessions with high Se levels.

APR2 transcript levels showed no significant difference

between Se-treated and non-treated samples in accessions

with both high and low Se levels (Fig. 6g).

Serine acetyltransferase (SAT) catalyzes the formation

of O-acetyl-L-serine (OAS) from serine and acetyl-CoA,

which represents a key metabolic regulatory step in sele-

noamino acid assimilation (Saito 2004). Examination of the

transcript levels of SAT1;1, SAT2;1 and SAT3;1 in these

accessions showed no significant difference of expression

between Se-treated and non-treated plants (Fig. 6h–j).

Discussion

Lettuce is a widely consumed vegetable in the world, and

encompasses broad genetic and morphology diversity. The

capacity of lettuce to accumulate Se in the edible part is

important in determining the effectiveness of a biofortifi-

cation program in the crop. Se content varied greatly

(a) (b)

(d) (e)

(f) (g)

(c)

(h) (i) (j)

2
Fig. 6 Relative expression of

genes involved in S transport

and assimilation in lettuce

accessions. Transcript levels of

genes in leaves of lettuce

cultivars with high and low Se

content following 15 lM

Na2SeO4 treatment were

measured by qRT-PCR. The

expression of cultivar 13 in non-

treated samples was set to 1.

Data are means of three

technical trials with two

biological repeats. Values
marked by asterisks and plus
indicate significantly different

between plants with high and

low Se levels and treated and

non-treated samples,

respectively (P \ 0.05; n = 3)

Planta (2011) 233:649–660 657

123



between the accessions evaluated. We found that there was

at least over twofold change in total Se levels between

those accessions with low and high levels of Se accumu-

lation. A dozen of accessions showed higher capacity in

accumulating more Se than the others.

Selenium accumulation in lettuce was affected by the

chemical species of Se. Selenate application was more

effective than selenite in inducing Se accumulation in edi-

ble part of lettuce plants for all accessions examined. The

result is consistent with other studies of different crops in

showing that selenate is superior to selenite in inducing Se

accumulation in shoots of plants (Hopper and Parker 1999;

Chen et al. 2002; Zhang et al. 2003; Cartes et al. 2005;

Sharma et al. 2010). Rios et al. (2008b) and Ramos et al.

(2010) also showed that for the same concentration of Se

applied, selenate promotes higher accumulation of Se in

lettuce plants. The different accessions, however, responded

differently to the same concentration of selenate and sele-

nite treatment, resulting in different levels and ratio of Se

accumulation. While many plants accumulate mainly sele-

nate from selenate supplement and predominantly organic

Se from selenite treatment (Whanger 2002), the speciation

of Se in lettuce accessions remains to be determined.

Since Se is an analog of S, antagonistic relationship

between selenate and sulfate are generally reported in

plants when high dosages of selenate or sulfate are used

(Zayed et al. 1998; White et al. 2004; Lyi et al. 2005). The

results from the present study showed that selenate in

nutrient solution increased total S level in nearly all

accessions tested in spite with different extent. These

results reflect a synergistic instead of antagonistic rela-

tionship between the two elements at the concentration of

15 lM selenate. Our data agree with studies showing that

selenate application at low levels could promote S accu-

mulation in plants (White et al. 2004; Lyons et al. 2005;

Lefsrud et al. 2006). On the other hand, selenite exhibited

no effect on or decreased total S levels in the lettuce

accessions we tested. Rios et al. (2008a) reported that the

application of selenite even at high dosages does not alter

total S level in lettuce shoot. The decreased S levels in

some lettuce accessions imply diverse genotypic variation

of lettuce in response to selenite.

Selenium application is known to have both positive and

negative effects on plant growth and development

depending on the forms and dosages used. Our results with

respect to shoot biomass reveal significant differences

based on the Se forms and accessions grown. In general,

the results indicate that selenate is less toxic than selenite

to plant growth as shown in other studies (Hopper and

Parker 1999; Chen et al. 2002; Cartes et al. 2005; Pedrero

et al. 2006). A previous study in lettuce reports that the

levels of Se accumulation increase with increased amount

of Se application and lettuce can tolerance up to 40 lM

selenate and 5 lM selenite without negative effects on

plant growth and metabolism (Rios et al. 2008b). In

agreement with this study, we found that at the Se dosage

used the shoot biomasses of the majority accessions

showed no visible detrimental change when exposed to

selenate. In contrast, the growth of many accessions was

reduced following treatment with selenite. The different

effect of selenate and selenite on plant growth could be

caused by distinct mechanisms of metabolism of different

Se forms (Sors et al. 2005). Selenate is translocated to the

shoots mainly in the inorganic form, whereas selenite is

rapidly converted into selenoamino acids in roots (de

Souza et al. 1998; Zayed et al. 1998) and translocated to

the shoots in organic forms that are readily incorporated

into proteins in replacement of S to cause toxicity to the

plant (Hopper and Parker 1999). The group of accessions

whose growth was stimulated by selenate exhibited no

inhibition of growth when exposed to selenite, indicating a

general higher tolerance to Se. While selenite at concen-

tration of over 10 lM is noted to inhibit lettuce growth

(Rios et al. 2008b), it is clear from our results that some

lettuce accessions can tolerance high selenite levels.

Selenium treatment has been shown to affect antioxidant

enzyme activities, which in turn influences plant growth

(Hartikainen et al. 2000; Djanaguiraman et al. 2005; Rios

et al. 2008b). Our experiments showed that the growth-

stimulated effect of selenate in the third group of lettuce

accessions was correlated with enhanced activities of CAT

and GSH-Px, while the growth-inhibited effect of selenite

in the second group of accessions was associated with the

general reduction of enzymatic activities of APX, CAT and

GSH-Px. The data are consistent with other studies show-

ing that a decline in shoot biomass is associated with a

decrease in these enzyme activities and the growth-stimu-

lated effect of Se is related to its antioxidant function (Xue

et al. 2001; Rios et al. 2009).

Amino acids have many functions in metabolism and

therefore are important nutrients. Although the lettuce

accessions exhibited a large variation in total free amino

acid content, growing lettuce accessions in nutrient solu-

tion containing 15 lM selenate or selenite did not signifi-

cantly modify the total amino acid levels in nearly all

cultivars as in other studies (Frias et al. 2010) except a few

showing increased total amino acid contents when treated

with selenite. In these few cultivars, the increased amino

acid accumulation was associated with significantly

inhibited growth. A similar result was reported in a pre-

vious study (Rios et al. 2008a). The growth inhibition

effect by selenite is suggested to be due to its promotion of

the most selenocysteine formed to be used for the forma-

tion of non-functional proteins, which gives greater phy-

totoxicity and therefore lower plant growth (Rios et al.

2008a).
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The genotypic variation of lettuce cultivars led to Se

accumulation at different levels when exposed to Se. The

different ability to accumulate Se in response to selenate

treatment was found to be associated with altered expres-

sion of Sultr1;1, APS1 and APR1. The higher expression of

these genes in the high Se cultivars implies a greater uptake

for both selenate and sulfate in roots (Takahashi 2010;

Shinmachi et al. 2010) and an increased assimilation in

plastids (Rotte and Leustek 2000; Sors et al. 2005).

In summary, by examination of diverse lettuce acces-

sions, we found genotypic variation of lettuce germplasm

upon selenate and selenite treatment in terms of Se accu-

mulation as well as plant growth, total antioxidant enzyme

activities, and amino acid contents. Our research will be

helpful in selecting and developing better cultivars with

relatively higher ability to accumulate Se without negative

effects on plant growth and other nutritional characteristics.

In agreement with a previous report (Rios et al. 2008b),

selenate would be the most suitable for lettuce biofortifica-

tion. Lettuce cultivars in groups 1 and 3 should have higher

capacity in tolerance to Se and increased antioxidant levels.
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