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  Abbreviations  

  Fe    Iron   
  HPLC-ICP-MS     High performance liquid chromatography inductively coupled plasma mass spectrometry   
  N    Nitrogen   
  RDA    Recommended daily allowance   
  Se    Selenium   
  SeCys    Selenocystein   
  SeMet    Selenomethionine   
  XAS    X-ray absorption spectroscopy   
  Zn    Zinc       

 Key Points 

    Lentil ( • Lens culinaris  L.) is an excellent medium-energy source of protein and several micronutrients 
including selenium.  
  Lentils produced on high-Se soils contain appreciable amounts of Se, mostly as selenomethionine; • 
consumption of 50–100 g of lentils can satisfy daily Se requirements.  
  Lentils can be enriched in Se through conventional plant breeding and Se-fertilization. • 
Se-bioforti fi cation of staple foods may be a sustainable solution to address Se de fi ciency.    
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    Introduction 

 Selenium (Se) is an essential nutrient for humans and animals. Its nutritional functions are discharged 
by a group of proteins that contain Se in the form of selenocystein (SeCys), which is synthesized by 
the cotranslational addition of inorganic selenide to tRNA-bound serine  [  1  ] . The human selenopro-
teome consists of 25 selenoproteins  [  2  ] , including four glutathione peroxidases, which catalyze the 
reduction of hydroperoxides  [  3  ] ; three thioredoxin reductases, which are NADPH-dependent 
 fl avoenzymes that function in intracellular redox regulation  [  4  ] ; three iodothyronine 5 ¢ -deiodinases, 
which catalyze the removal of iodine from the thyroid hormones (T 

4
 , T 

3
 ); and selenoproteins P (the 

major transport form)  [  5  ] , W (in muscle)  [  6  ] , and R (methionine sulfoxide reductase)  [  7  ] . Because 
many selenoproteins have antioxidant functions, Se is regarded as important in metabolic protection 
from cellular-oxidative stress. 

 Two human diseases have been associated with severe endemic Se de fi ciency: Keshan disease 
(a cardiomyopathy) and Kashin-Beck disease (an osteoarthropathy). Each occurs in areas of central 
and northeastern China and eastern Russia in mountainous areas where soil Se levels are very low 
(<125  m g/kg) and locally produced grains generally contain <40  m g Se/kg. In these areas, the blood 
Se levels of residents are typically <25 ng/mL. Because Keshan disease is also associated with cardio-
philic RNA-viruses, Se de fi ciency may also increase risks for other diseases with viral etiologies. 
As many as 100 million people worldwide may be Se-de fi cient, mainly due to low concentrations of 
Se in commonly eaten foods  [  8–  10  ] . 

 Epidemiological studies indicate Se status is inversely associated with cancer risk, and 
Se-intervention reduces cancer risk through several cellular and metabolic mechanisms in studies 
with a wide variety of animal tumor models  [  11,   12  ] . Supranutritional intakes of Se (ca. 300  m g/day) 
have been shown to reduce the risk of several types of cancer  [  13  ] . Thus, Se-enriched foods may be 
an effective and sustainable means of increasing Se intakes to support good general health as well as 
reduce cancer risk. Novel, food-based approaches for increasing Se intakes are needed to support 
healthful Se nutrition, especially in resource-poor countries with limited access to nutritional supple-
ments. Bioforti fi cation of lentils with Se constitutes such an approach. 

 Lentil ( Lens culinaris  L.) is a nutritious grain legume with relatively high protein content (ca. 
20–30 %) and moderate energy content (ca. 4.2 kcal/g). Lentil is grown in many countries and is a 
staple component of diets in Asia and the Middle East as well as vegetarian diets around the world. 
The Se content of lentil re fl ects the Se content of the soils in which it is grown. Accordingly, lentils 
grown on low-Se soils have 22–180  m g Se per g, while lentils grown on the relatively high-Se soils of 
western Canada, North Dakota, and the USA have 672–1,200  m g Se per g  [  14  ]  (unpublished data). 
Such high-Se lentils can supply daily Se needs at the daily consumption rate of 50–100 g. Because 
lentils can be sourced from high-Se areas, bred for their capacity to retain Se, and produced using 
Se-fertilization, they can be used to address Se de fi ciency in lentil consuming countries. 

 This chapter presents recent results on the Se-enrichment of lentils and implications of the lentil 
model to other pulses.  

   Introduction to Lentils 

 Pulses, including lentil, pea ( Pisum sativum  L.), and chickpea ( Cicer arietinum  L.), are high-protein, 
medium-energy legume crops that are staple foods for millions of people around the world. Lentil is 
a traditional crop grown mostly in low-rainfall and dryland cropping systems in rotation with cereals, 
wheat ( Triticum  sp.), and rice ( Oryza sativa  L.). Lentils were  fi rst grown 8,500 years ago in the Near 
East; their cultivation has since extended to the Mediterranean, Asia, Europe, and the Western 
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Hemisphere, including Canada and the USA. Current annual world lentil production is approximately 
four million MT, more than 85 % of which occurs in  fi ve regions: south Asia (India, Nepal, and 
Bangladesh, 32 %), western Canada (29 %), Turkey and northern Syria (18 %), Australia (4 %), and 
the Midwestern USA (North and South Dakota, Eastern Montana) (3 %)  [  15  ] . Canada and the USA 
are the major lentil producing and exporting countries. North American lentils encompassing several 
market classes are supplied to more than 100 countries (Table  20.1 ).  

 Lentils were introduced to the USA and Canada in the early 1900s; however, agronomic improve-
ment did not begin until the early 1980s. Over the last 40 years, global lentil production has increased 
by 6.8 % annually  [  16  ] , and the lentil industry is a now major part of Canadian and the US prairie 
agriculture with a third of global lentil production now originating in Saskatchewan and the American 
Midwest  [  17  ] . Lentils are typically rotated with wheat or canola ( Brassica napus  L.) in North America, 
and with rice or wheat under rain-fed conditions in Asia. Annual lentil production in developing coun-
tries is declining, mainly due to low yields obtained from marginal soils with relatively few inputs. 
In Bangladesh, for example, farmers are shifting from lentils to high-yielding cultivars of rice and 
wheat. The main drivers of this shift are poor soil conditions, lack of drought tolerance, poor disease 
resistance, and prohibitively long harvest times in triple rotation cropping systems. In contrast, supe-
rior yields and an excellent  fi t into existing crop rotations have increased Canadian and the US red and 
green lentil production during the last two decades. 

   Table 20.1    Market classes of lentils grown in North America (adapted from Thavarajah et al.  [  14  ] ; personal commu-
nication with Drs. Vandenberg and McPhee)   

 Market class  Genotype  Seed wt. (mg)  Major consuming countries 

 Extra small red  CDC Robin  <30  Bangladesh, Pakistan, Egypt 
 CDC Rosetown 
 CDC Imperial 

 Small red  CDC Impact  30–50  England, Middle East, Sri Lanka, India, Pakistan 
 CDC Redberry 
 CDC Imax 
 CDC Impala 
 CDC Maxim 
 CDC Rouleau 
 CDC Blaze 

 Large red  CDC KR-1  >55  USA, Dubai, Sri Lanka 
 RedChief 

 Small green  CDC Milestone  30–40  Italy, Morocco, Greece, Mexico 
 CDC Viceroy 
 Eston 

 Medium green  CDC Impress  50–60  Latin America, Europe 
 CDC Richlea 
 CDC Meteor 

 Large green  CDC Greenland  >65  Spain, Turkey, Iran, Germany, Algeria 
 CDC Improve 
 CDC Plato 
 CDC Sedley 
 Laird 
 Riveland 
 CDC Grandora 
 CDC Sovereign 
 CDC Glamis 

 Spanish brown  Pardina  30–40  Spain, South America 
 French green  CDC LeMay  30–40  France 
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 Lentils are important pulse crops in sustainable cropping systems. They provide signi fi cant bene fi ts 
through the  fi xation of atmospheric nitrogen (N), which improves soil fertility. Generally, grain 
legumes  fi x up to 450 kg N per ha. On average, lentils  fi x N in amounts ranging from 5 to 191 kg N 
per ha  [  18  ] , which is in general low compared to other grain legumes. Lentil is well adapted to semi-
arid, temperate climatic conditions, requiring only 10–12 in. of rain and a soil pH of 7 for high grain 
yields. Lentils have indeterminate (branching) growth, and plant height can range from 20 to 75 cm. 
Lentil leaves produce tendrils and  fl owering begins at the 11th or 12th node stage. Lentil  fl owers are 
self-pollinated. Generally, seed pods are <2.5 cm long, containing one or two seeds. Lentils are 
classi fi ed by seed size: large (Chilean) or small seeded (Persian). Seed coats can be red, green, brown, 
gray, or black, and cotyledons can be red, green, or/and yellow. Lentil grain yields range from 500 to 
2,800 kg per ha  [  19  ] . Average yields range from 650 kg per ha in India to 1,345 kg per ha in North 
America  [  15,   19  ] ; however, yields approaching 2,800 kg per ha are possible for some cultivars with 
appropriate crop management. 

 Lentil production and consumption have been increasing  [  15  ] . This is likely due to the convenience 
and economy of its short cooking time. The nutritional composition of lentils has been reported 
(Table  20.2 ); however, composition can vary with genotype and growing location/country. Lentils and 
peas produced in North America are typically high in Se as well as two other essential micronutrients: 
iron (Fe) and zinc (Zn). For example, 50 g of lentils or peas can provide a minimum of 25–50 % of the 
recommended daily allowances (RDA) of these three nutrients. Further, because lentils also contain rela-
tively low concentrations of phytic acid  [  20  ] , which forms nonabsorbable complexes with divalent cat-
ions, it can be expected that the Fe and Zn in lentils should be relatively highly bioavailable. Lentils also 
have a favorable amino acid pro fi le that complements those of cereal grains to produce a dietary protein 
mixture of high biologic value. For these reasons, lentils can be an important source of nutrition in grain-
based diets. Speci fi cally, we have undertaken to determine the potential of Se-bioforti fi cation of lentils 
to the end of developing lentil as a sustainable, food-based approach to preventing Se de fi ciency.   

   Selenium Species in Lentils: Implications for Bioavailability 

 Plants uptake Se from the soil primarily as selenate or selenite and translocate it to the chloroplast 
where it follows the sulfur assimilation pathway. Selenate is reduced to selenide, which reacts with 
serine to form SeCys and is further metabolized to other organic Se forms including selenomethionine 
(SeMet). Therefore, the major Se-species in lentils have been thought to be SeCys and SeMet, which 

   Table 20.2    The chemical composition of lentils (average of 
green and red varieties) grown in North America  [    14,   20,   24 ,  48  ]    

 Major nutrient component  Concentration 

 Carbohydrates (63.1 %)  [  47  ]  
 – Starch (%)  35–53 
 – Oligosaccharides (%)  5–9 
 – Cellulose and hemicellulose (%)  10 

 Protein (%)  [  20  ]   25–30 
 Fat (%)  <1 
 Ash (%)  3.1 
 Micronutrients  [  24  ]  

 – Iron (mg/kg)  73–90 
 – Zinc (mg/kg)  44–54 
 – Selenium ( m g/kg)  425–673 
 – Beta carotene ( m g/100 g)  110–313 

 Phytic acid (mg/g)  [  3  ]   2.5–4.4 
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is predominantly protein-bound  [  21,   22  ] . Using synchrotron X-ray absorption spectroscopy (XAS), 
we found that most (86–95 %) of the Se in Saskatchewan lentils was present in organic forms with the 
remainder as selenate  [  22  ] . Using high performance liquid chromatography-inductively coupled 
plasma-mass spectrometry (HPLC-ICP-MS), we found that most (69 %) of the organic component 
was SeMet, with small amounts of SeCys (7 %) and other selenooligopeptides such as  g -glutamylsele-
nocysteine  [  14  ] . More than half of the SeCys occurred in the embryo axis  [  14  ] . 

 SeMet as the dominant Se-species suggests that lentil-Se is likely to have good biological avail-
ability. Free SeMet is well utilized  [  8  ] , being actively absorbed by the methionine transport system 
and then trans-selenated to SeCys, which is catabolized to selenide, the obligate form of Se incorpo-
rated into selenoproteins  [  23  ] . SeMet is also incorporated, as a methionine mimics, in general protein 
synthesis; this nonspeci fi c incorporation into proteins means that ingestion of SeMet supports 
signi fi cant tissue levels of Se  [  8,   23  ] . Because the same phenomenon occurs in plants, SeMet in lentil 
proteins may determine its bioavailability. We found that Se from Canadian lentils (727  m g Se per kg) 
was effective in raising blood Se concentrations in healthy Sri Lankan children  [  24  ] ; children fed with 
50 g Se-rich red lentils per day had signi fi cantly higher blood Se concentrations 2 h after their meal 
(82 ppb) compared to children fed with local lentils (64 ppb). Thus, we believe that lentils containing 
nutritionally signi fi cant amounts of bioavailable Se can make important contributions to public health, 
particularly in South Asia. Such lentils can be provided by sourcing from Se-rich production areas, by 
selecting lentil cultivars that ef fi ciently utilize soil Se, or by using Se-containing fertilizers.  

   Sourcing High-Se Lentils 

 Soils are highly variable with respect to the distribution of Se in forms that can be utilized by plants. 
Most soils contain between 1.0 and 1.5  m g Se per kg  [  25  ] ; those with <0.6  m g/kg are considered 
de fi cient. The species of Se in soils depend on pH, aeration, organic matter content, texture, microbial 
activity, and the presence/absence of competitive ions (sulphate, phosphate) and organic compounds 
such as polysaccharides  [  26  ] . Selenate (VI) tends to be the major species in aerobic and neutral to 
alkaline soils, whereas selenide (-II) and elemental Se (0) dominate in anaerobic soils  [  27  ] . In acidic 
soils, Se is poorly available to plants, occurring mainly as insoluble selenides. In lateritic soils, it 
binds strongly to Fe to form insoluble and unavailable ferric hydroxide-selenite complexes. Selenate 
is water-mobile and can be leached from soils, as has occurred in New Zealand and Tasmania  [  28  ] . 
Consequently, some regions of the world have soils with low or unavailable Se, resulting in a food 
chain that is Se-de fi cient; other regions with higher amounts of plant-available Se support the produc-
tion of foods with greater Se contents. Examples of the latter include the major lentil growing regions 
of Saskatchewan, Canada, which have soil Se concentrations of 37–301  m g/kg  [  14  ] . 

 A survey of the Se content of lentils grown in six major regions shows considerable variation, with 
Turkey and Morocco producing very low-Se lentils (<30  m g/kg), Nepal and Australia producing mod-
erate-Se lentils (140–180  m g/kg), and Saskatchewan and North Dakota producing high-Se lentils 
(<1,600  m g/kg) (Fig.  20.1 ). These differences re fl ect differences in soil Se content, with soils in parts 
of the Northern Great Plains of North America being rich in plant-available forms of Se.   

   Utilizing Se-Ef fi cient Cultivars 

 Lentils grown in the Se-rich soils of Saskatchewan are naturally rich in Se (425–673  m g/kg), with 
some genotypes having 40–50 % more Se than others  [  14  ] . The extra-small genotype, CDC Robin, 
and two of the large green lentil genotypes, CDC Sedley and CDC Grandora, had the greatest Se 
concentrations at 612–672  m g/kg. A single 100 g serving of such lentils would provide as much as 
77–122 % of an adult’s RDA of Se (Fig.  20.2 ).  
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  Fig. 20.1    Total Se concentration in lentils from different lentil growing countries (modi fi ed with new data from  [  24  ] ). 
Number of samples from each region: Syria ( n  = 64), Nepal ( n  = 255), Morocco ( n  = 72), the USA (Pullman, Washington, 
 n  = 216), the USA (North Dakota,  n  = 150), Australia ( n  = 57), Turkey ( n  = 74), Canada ( n  = 912). Lentil seed selenium 
concentrations of major lentil producing and exporting countries       

  Fig. 20.2    Frequency distribution of Se uptake in lentils grown in Saskatchewan, Canada (data from Thavarajah et al. 
 [  14  ] ). %RDA was calculated based on the mean Se concentration across eight location for 100 g of lentils. Variation in 
lentil genotypes in their ability to enrich seed selenium concentrations and %RDA of selenium from 100 g serving       
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 Enhancing the ef fi ciency of soil-Se uptake by lentils would be possible through selective breeding, 
using the approach termed “bioforti fi cation.” The uptake of soils Se by the lentil plant is likely governed 
by several genes. The broad sense heritability of Se content in Canadian grown lentils was 40 %, with 
4–5-fold differences in Se uptake among genotypes  [  14  ] . This suggests it may be worthwhile to 
screen available lentil germplasm for grain Se levels as a proxy for Se uptake capacity.  

   Selenium Fertilization 

 Selenium fertilization can increase crop Se contents. Allaway et al.  [  29  ]  demonstrated that application 
of sodium selenate to Se-de fi cient Oregon, USA, soils increased the Se concentration of alfalfa 
( Medicago sativa  L.) from 0.01–0.04 to 2.6–2.7 mg/kg. Since then, the ef fi cacy of Se-fertilization has 
been well established as a means to prevent Se de fi ciencies in North America, Australia, Finland, and 
New Zealand  [  8,   30  ] . Se-containing fertilizers (16 mg/kg as sodium selenate) have been used in 
Finland since 1984 to elevate Se concentrations in their major food crops, and this practice resulted in 
increases in the daily Se intake of Finnish consumers from 39 to 110  m g of Se per day  [  31  ] . While 
either selenate or selenite can be used for Se-fertilization, selenate appears to be used by plants with 
greater ef fi cacy. This has been shown for barley ( Hardeum vlugare  L.)  [  32,   33  ] , red clover ( Trifolium 
pretense  L.)  [  34  ] , perennial ryegrass ( Lolium perenne  L.)  [  35  ] , and wheat ( Triticum aestivum  L.)  [  36  ] . 
Accordingly, we have found selenate more effective than selenite for the Se-fertilization of lentils, 
with application of aqueous solutions containing 2 ppm Se resulting in seed Se concentrations to 
2.5–8.7 mg/kg  [  37  ]  (Table  20.3 ). The mechanism of selenate uptake by plants was discussed above 
and plant roots are known to update selenate through the high af fi nity sulphate transporters  [  38,   39  ] . 
However, mechanism of selenite uptake is not well understood in plants and has yet to be studied in 
lentil. Arvy  [  40  ]  suggests that selenite is taken up by plant roots through passive diffusion, yet a recent 
study indicates that uptake in wheat is an active process mediated through phosphate transporters. 
We have found that lentil genotypes differ in their responses to soil applications of Se. For example, 

   Table 20.3    Mean total Se concentration in seeds of selected lentil breeding lines grown under 
controlled conditions  [  37  ]    

 Lentil breeding line  Total Se concentration a  (mg/kg) 

 PI320937  8.7  a  
 ILL 7537  8.1  a  
 CDC Robin  7.5  ab  
 LR 59-81  6.2  bc  
 PI572359  5.8  c  
 2670B  5.7  c  
 CDC Redberry  5.6  cd  
 964a-46  5.5  cd  
 S06-5P1-W08SI  5.4  cd  
 S06-1P1-W08SI  5.1  cde  
 ILL 7502  4.3  de  
 72815  3.7  ef  
 Ill 1704  2.8  f  
 Eston  2.5  f  
 Mean ± SE b   5.4 ± 0.1 
 Broad-sense heritability (%) c   88 

  These plants were treated with 2 ppm of selenate 
  a Means within a column followed by different letters are signi fi cantly different at  p  < 0.05 
  b SE, pooled standard error of the mean calculated from the mean square of ANOVA ( n  = 84) 
  c Broad-sense heritability is the proportion of genotypic to phenotypic variance     
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the small green lentil genotype Eston shows a signi fi cantly greater increase in Se uptake than other 
genotypes in high soil Se environments  [  37  ]  (Fig.  20.3 ). Moreover, Se uptake in lentils is dose-
dependent, with doses of 5–10 mg/kg increasing lentil Se concentrations 2–4-fold (Fig.  20.3 ).   

 Foliar application can be more effective than soil application of Se-fertilizer for increasing crop Se 
content  [  41  ] . Foliar application of Se has been demonstrated effective for the Se-enrichment of wheat 
 [  36  ] , barley  [  41  ] , rice  [  42  ] , broccoli  [  43  ] , and chicory  [  44  ] . Foliar application of Se has not been 
investigated for lentils, but there is no reason to expect it will be less effective than application of Se 
to the soil. 

 Selenium is not considered an element essential for higher plants. However, bene fi ts have been 
reported for plants treated with Se  [  43,   45  ] . These include increased tuber yield in potato ( Solanum 
tuberosum  L.) and increased vegetative growth in rye grass ( Lolium perenne  L.) and lettuce ( Lactuca 
sativa  L.) exposed to UVB radiation  [  46,   47  ] . Lyons et al.  [  45  ]  found a 43 % yield increase in mustard 
( Brassica rapa  L.) in response to a low dose (22  m L of 0.001 M selenite) of Se to the soil, and noted 
that increased respiratory activity in leaves and  fl owers may have contributed to the greater seed 
production.  

   Conclusion 

 Lentil is an important food crop in many parts of the world. It also can contribute to the growing 
global demand for protein foods. Lentil is produced in and exported from regions relatively rich in the 
essential nutrient Se, which is limiting in several parts of the world. Lentil can also be enriched in Se 

  Fig. 20.3    Response of seed Se concentration to Se-fertilization for selected lentil genotypes grown under controlled 
conditions (Thavarajah et al., unpublished data). Changes of lentil seed selenium concentrations of different lentil geno-
types to added selenium fertilizer rates       
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through the use of Se-fertilizers. Moreover, this pulse crop shows genetic potential for bioforti fi cation 
in Se, which could further enrich Se in seeds produced in marginal soils. Current evidence suggests 
that lentils so enriched, when consumed in modest amounts (50–100 g/day), can provide daily Se 
needs. Thus, lentils may be a sustainable food-based approach to malnutrition, including the preven-
tion of Se de fi ciency. Similar strategies are likely to be ef fi cacious for other pulses.      
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