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Abstract The main objective of this work was to deter-

mine whether nitrogen-use efficiency (NUE) was affected

by the application of different forms and dosages of sele-

nium (Se), to ascertain the influence of this trace element in

a biofortification program in lettuce plants. The parameters

analyzed were biomass, NO3
- concentration, and total

reduced N as well as those defining NUE in plants: total

nitrogen accumulation (TNA), nitrogen efficient ratio

(NER), nitrogen-utilization efficiency (NUtE), and nitro-

gen-uptake efficiency (NUpE). According to our results,

application of Se affected NUE in lettuce plants. With the

application of selenite as well as selenate NO3
- uptake was

reduced, thus diminishing the NUpE and the foliar con-

centration of this anion. In addition, selenate application at

a rate of 20 lM and selenite at 5 lM induced N utilization,

reflected by an increase in NER and NUtE; this result

coincides with augmented biomass production. Notably,

our results indicate that when Se is applied at high rates,

selenite is far more phytotoxic, this being associated with a

higher reduction of NUE in these plants.

Keywords Biofortification � Lettuce � Selenate �
Selenite � NUE

Introduction

Selenium (Se) has been deemed essential to animal nutri-

tion since 1957, and humans have a daily requirement of

50–70 lg day-1 (U.S. Department of Agriculture 2003). It

is a nutritional component of the enzymes glutathione

peroxidase, selenoprotein P, and tetraiodothyronine 50-de-

iodinase. In addition, studies have shown that a dietary Se

supplement of 100-200 lg day-1 results in a decreased

incidence of lung and prostate cancers (Ip and others 1991;

Ip and Ganther 1992; Läuchi 1993; Clark and others 1996).

Dietary Se deficiency in humans is caused by the

ingestion of plant foods with an imperceptible concentra-

tion of this element as a result of its low bioavailability in

many crop soils (Smorklji and others 2005; Pedrero and

others 2006), especially in parts of China and Australia,

UK, East Europe, and Africa (Chen and others 2002; Lyons

and others 2005). Therefore, given this low bioavailability

and the fact that plants are the main dietary source of this

element, studies have investigated ways to increase the Se

content in plants used for human consumption.

Biofortification has been defined as the process of

increasing the bioavailable concentrations of essential

elements in edible portions of plants through agricultural

intervention or genetic selection (White and Broadley

2005). There are currently works such as those of Chen and

others (2002) on wheat varieties and more recently Pedrero

and others (2006) on radish that show that fertilization with

Se raises the content of this trace element in plants; all

these works focused on potential increases in daily Se

ingestion in humans.

However, none of these studies has thoroughly analyzed

the possible effect of the application of Se on the essential

nutrients for plant growth and development such as nitrogen

(N), which is the determining factor in crop yield. Crop

yield depends heavily on the quantity of N available in the

medium (Lea and Azevedo 2006) as approximately 30-40%

of the N applied can be converted by plants into crops for

human consumption. Moll and others (1982) have defined
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NUE as biomass production with available unit N in the

medium. The NUE concept can be split into two aspects:

uptake efficiency, the ability of the plant to remove N from

the soil normally present as a nitrate or ammonium ions, and

utilization efficiency, the ability of the plants to transfer N

to the shoot (Lea and Azevedo 2006). At present, there is

great interest in identifying the processes involved in the

regulation of N uptake and metabolism within plants

(Andrews and others 2004), and one of the main aims of

using NUE in plants for human consumption is to reduce

foliar levels of NO3
-.

NO3
- is taken up by plant roots, translocated to the

shoot by transpiration, stored in vacuoles, and/or trans-

formed into assimilation products such as amino acids and

proteins required for biomass synthesis. However, foliar

accumulation of this nutrient can pose a problem for crops

when both the application and the NO3
--uptake capacity

exceed the demands of plant growth (Ruiz and Romero

1999; Prasad and Chetty 2008). However, NO3
- also

represents a risk to human health because on ingestion it is

rapidly transformed into nitrite and N-nitrose compounds.

These forms are toxic and can provoke serious pathologies

in humans, such as methemoglobinemia and blue-baby

syndrome, or magnify the risk of cancer as the nitrites are

transformed into nitrosamines (Mensinga and others 2003;

Santamaria 2006).

Due to the increase in the use of nitrogenous fertilizers,

cultivated vegetables normally contain high concentrations

of NO3
- (Santamaria 2006), and given the high concen-

trations of this anion in vegetables cultivated for human

consumption, they can be harmful to health and are closely

regulated by law. The Joint Expert Committee of Food and

Agriculture (JECFA) and the European Commission’s

Scientific Committee on Food (SCF) have determined an

acceptable daily intake (ADI) of less than 3.7 mg kg-1

body weight (bw) for NO3
- (Speijers and van den Brandt

2003). On the other hand, the U.S. Environmental Protec-

tion Agency (EPA) has estimated Reference Doses (RfD)

for NO3
- of 7.0 mg NO3

- kg-1 bw per day (Mensinga and

others 2003). Many plants tend to accumulate large

amounts of NO3
-, for example, lettuce, spinach, beets,

radishes, and celery (MAFF 1998). European Union leg-

islation allows lettuce to contain no more than 4,500 mg

NO3
- kg-1 fresh weight.

As mentioned above, many studies are focused on bio-

fortification programs using trace elements, including Se,

with the aim of boosting the intake of Se in humans through

plant consumption (Cartes and others 2005; Pedrero and

others 2006; Rios and others 2008). However, very few of

these studies analyzed the impact of this element on plant

physiology. Therefore, the aim of the present work was to

determine whether NUE and foliar NO3
- concentration are

affected by the application rates and forms of Se.

Materials and Methods

Plant Material and Growing Conditions

Seeds of Lactuca sativa L. cv Philipus were germinated

and grown for 35 days in cell flats (cell size = 3 cm 9

3 cm 9 10 cm) filled with perlite mixture, and the flats

were placed on benches in an experimental greenhouse in

southern Spain (Saliplant S.L., Motril, Granada). The

35-day-old seedlings were transferred to a cultivation

chamber under controlled environmental conditions with

relative humidity of 60-80%, temperature of 25/15�C (day/

night), and a 12-h photoperiod at a photosynthetic photon

flux density (PPFD) of 350 lmol m-2 s-1 (measured at the

top of plants with a 190 SB quantum sensor, LI-COR Inc.,

Lincoln, NE, USA). The plants were grown in individual 8-

l pots (25 cm upper diameter, 17 cm lower diameter,

25 cm in height) filled with vermiculite. Until the end of

the experiment the plants received a growth solution

composed of 4 mM Ca(NO3)2, 6 mM KNO3, 2 mM

MgSO4�7H2O, 1 mM NaH2PO4�2H2O, 50 lM H3BO3, 2 lM

MnCl2�4H2O, 1 lM ZnSO4�7H2O, 0.1 lM Na2MoO4�2H2O,

0.25 lM CuSO4�5H2O, and 10 lM Fe-EDDHA. The

nutrient solution (pH 5.5-6.0) was renewed every 3 days

and the vermiculite was partly rinsed with millipore-

filtered water to avoid nutrient accumulation.

At 45 days after germination, the different treatments

were applied together with the nutrient solution described

above and maintained for 21 days. The treatments consisted

of applying SeO4 at different rates (5, 10, 20, 40, 60, 80,

120 lmol l-1 as Na2SeO4) and SeO3 at different rates (5,

10, 20, 40, 60, 80, 120 lmol l-1 as Na2SeO3). The selected

Se application rates ranged from the recommended rate for

biofortification programs to rates causing phytotoxicity

(Rı́os and others 2008). In addition to these treatments, a

control treatment was used consisting of the application of

the complete growth solution without a Se supplement. The

experimental design was a randomized complete block with

15 treatments, arranged in individual pots with six plants

per treatment, and three replications. The experiment was

repeated three times under the same conditions (n = 9).

Plant Sampling

Lettuce leaves were sampled on day 66 after germination.

Leaf samples were standardized by using only fully

expanded leaves from the middle part of plants in each

replicate because they reflect most clearly, from the

nutritional and metabolic standpoints, the treatment effects.

The material was rinsed three times in distilled water after

disinfection with nonionic 1% detergent and then blotted

on filter paper. The plant material (edible leaves) was

lyophilized and used to determine the biomass (dry weight,
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DW), NO3
- concentration, total reduced N concentration,

and the different parameters that define the NUE (as

described below).

Plant Analysis

NO3
- was analyzed from an aqueous extraction of 0.2 g of

dried and ground leaf material in 10 ml of millipore-fil-

tered water. A 100-ll aliquot was taken for determination

of NO3
- and added to 10% (w/v) salicylic acid in sulfuric

acid at 96%, and the NO3
- concentration was measured by

spectrophotometry following the method of Cataldo and

others (1975). The results were expressed as mg kg-1 fresh

weight (FW).

For the total reduced-N determination, a sample of 0.1 g

dry weight (DW) was digested with sulfuric acid and H2O2.

After dilution with deionized water, a 1-ml aliquot of the

digest was added to the reaction medium containing buffer

(5% potassium sodium tartrate, 100 lM sodium phosphate,

and 5.4% [w/v] sodium hydroxide), 15% (w/v) sodium

silicate/0.03% (w/v) sodium nitroprusside, and 5.35% (v/v)

sodium hypochlorite. Samples were incubated at 37�C for

15 min, and total reduced N was measured by spectro-

photometry according to the method of Baethgen and Alley

(1989). Total nitrogen content (TNC) was assumed to

represent the sum of organic N and NO3
-. The total

reduced and total N were expressed as mg g-1 DW.

For measuring the total Se content, the dried plant

matter and 25 mg of sample were digested with 2.5 ml of

concentrated HNO3 and 1 ml of H2O2 in an analytical

microwave oven. The resulting solution was diluted to

25 ml with deionized water and the metal concentration

determined by ICP-MS according to the method of Pedrero

and others (2006).

Total nitrogen accumulation (TNA) was calculated

using both the TNC and DW of the total leaves (Sorgona

and others 2006), with the result expressed as mg N:

TNA ¼ TNC� total leaves DW:

Nitrogen-utilization efficiency (NUtE) was calculated as

follows (Siddiqi and Glass 1981) with the results expressed

as g2 DW mg-1 N:

NUtE ¼ Total leaves DW=TNC:

Nitrogen-uptake efficiency (NUpE) was calculated as

follows (Elliot and Läuchli 1985):

NUpE ¼ TNA=RDW

where RDW is the root dry weight. The results are

expressed as mg N g-1 DW. Nitrogen efficient ratio

(NER) was calculated as follows (Elliot and Läuchli 1985):

NER ¼ DW=TNA

Statistical Analysis

The data were subjected to a simple analysis of variance

(ANOVA) at 95% confidence using the program Stat-

graphics 6.1. A two-way ANOVA was applied to ascertain

whether the Se application rate and the forms of Se used

significantly affected the results, and the means were

compared by Fisher’s least-significant differences (LSD).

The significance levels for both analyses were expressed as

*p \ 0.05; **p \ 0.01; ***p \ 0.001 and not significant

(ns). Data are given as mean ± standard error (n = 9).

Results and Discussion

In plants, stress negatively affects growth and development

and also generates reactive oxygen species (ROS), which

damage numerous macromolecules and cell structures.

Consequently, under adverse conditions, one of the most

reliable and widely used indicators of stress is plant bio-

mass (Moran and others 2002; Blasco and others 2008).

Our results with respect to shoot biomass reveal significant

differences depending on the form and rate of Se applica-

tion (Fig. 1), with, in general, greater growth when selenate

was applied instead of selenite (p \ 0.001, Fig. 1). In

general, the results indicate that selenate is less toxic than

selenite, given that the plant tolerated up to 80 lM selenate

with no growth reduction, whereas for selenite all doses

above 5 lM reduced growth progressively. The highest

values for shoot biomass were registered at the rates of

20 lM for selenate and 5 lM for selenite. These values

resulted in marginally greater plant growth than in the

control (Fig. 1).

In plants, Se uptake and accumulation are important for

the effectiveness of a biofortification program. Further-

more, the possible involvement of this element in NUE,

and consequently the concentration of total reduced N,
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Fig. 1 Shoot biomass in lettuce Lactuca sativa L. treated with

different forms and application rates of Se. Data are mean ± standard

error (n = 9)
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offers some idea of the interaction between Se and N and

therefore of the potential repercussions for plant growth

and development. Thus, Fig. 2 shows that the foliar Se

concentration increased with the application rate

(p \ 0.001), peaking in the 120-lM treatment for both Se

forms applied (Fig. 2). As reflected in Fig. 2, it is striking

that for most of the application rates, the foliar concen-

tration of Se was higher with SeO4 than with SeO3.

The NO3
- concentration is important in plants grown

for human consumption because a high intake of this

nutrient can be harmful to human health (Santamaria 2006)

and therefore diminishes the quality of the products

obtained. Figure 3 shows the results for the foliar con-

centration of NO3
-, with a significant decline (p \ 0.001)

as the application rate of Se increased, for both selenite and

selenate (Fig. 3). In general, it was also noteworthy that

NO3
- values were lower when selenite rather than selenate

was applied (Fig. 3). It should be mentioned that NO3
-

concentrations in our work that were below the limit

imposed by the SCF, regardless of the rate and form of Se

applied (Fig. 3), suggest that application of this element

increases the quality of the lettuce obtained. In the case of

selenate, this decline in NO3
- concentration may be due to

the antagonistic effect of NO3
- at the level of root uptake

of the selenate, whereas in the case of selenite, the decrease

in the foliar concentration of NO3
- could be due to a toxic

effect of selenite inhibiting or affecting the root trans-

porters of NO3
-. Another determining factor in the

decrease in foliar NO3
- is reduction through the enzyme

nitrite reductase (Aslam and others 1990). In our work,

only selenite induced this enzymatic activity (data not

shown), a situation that could explain why selenite caused

a greater reduction of the foliar concentration of NO3
- than

did selenate (Fig. 3).

The result of NO3
- assimilation is reflected in the foliar

concentration of total reduced N, which can be seen in

Fig. 4. The data indicate significant differences between

the various rates of Se added (p \ 0.01), although not

between the different forms (p [ 0.05; Fig. 4). The highest

total value for reduced N was found for the rate of 60 lM

of selenite and 80 lM of selenate (Fig. 4), with both

treatments registering values higher than those of control

(Fig. 4). These data suggest that the application of both

forms of Se increased N assimilation. In general, consid-

ering the data described to date, the application of selenate

up to a rate of 20 and 5 lM of selenite proved beneficial for

the cultivation of lettuce because (1) it did not affect bio-

mass production, (2) it diminished the foliar concentration

of NO3
-, and (3) it increased the foliar concentration of

total reduced N.

Although there are several factors that affect growth of

lettuce, N is a determining element for yield of this crop.

For lettuce cultivation, which is highly dependent on N

availability, apart from knowing the concentration of NO3
-

and of total reduced N, it is important to determine the

parameters of NUE to assess the need for nitrogenous

fertilizers (Lawlor 2002). The data compiled show an

increase in TNA when Se was applied in the form of sel-

enate as the concentration is increased (Table 1). However,

when the applied form was selenite, the values for NUE

fell with increasing application rates, with the lowest value
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corresponding to 40 lM (Table 1). However, NER and

NUtE behaved similar to TNA (Table 1). Selenite appli-

cation lowered efficiency when the applied concentration

was higher than 5 lM, reaching minimum values for NER

and NUtE with an application rate of 120 lM (Table 1).

However, when Se was applied in the form of selenate, we

found an increase in NER and NUtE starting from the rate

of 20 lM; this rate also registered the maximum value

(Table 1). These parameters agree with the results found

for biomass (Fig. 1), where selenate increased biomass

with respect to selenite, indicating that this trace element,

either as selenite at 5 lM or selenate at 20 lM, improved

NUE and therefore biomass production in lettuce plants.

Finally, the results for NUpE (Table 1) were similar to

those found for the foliar concentration of NO3
- given that

both Se forms decreased NUpE (Table 1).

Conclusion

According to the different parameters analyzed in this

work, Se application affected NUE in lettuce plants.

Application of both selenite and selenate reduced NO3
-

uptake, thereby lowering the NUpE and the foliar con-

centration of this anion. In addition, the application of

selenate at a rate of 20 lM and selenite at 5 lM induced N

utilization, reflected by an increase in NER and NUtE,

coinciding with a boost in biomass production. Notably,

our results indicate that when selenite is applied at a high

rate it is much more phytotoxic, which is associated with a

greater reduction of NUE in these plants. In short,

according to our results, the application of 20 lM of sel-

enate would be highly beneficial for the cultivation of

lettuce because apart from lowering the levels of NO3
-, it

would significantly improve NUE and therefore agricul-

tural production of this crop.
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