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Food security

“Sufficient, safe and nutritious food to meet dietary needs    
and food preferences for an active and healthy life for all” 
      (www.fao.org) 

Hungry (2006): 
 872.9m energy-malnourished <1825 kcal d-1

      13.4% globally*

*Minimum daily energy requirement (MDER) assuming light work; FAO, 2006: http://faostat.fao.org/

“Hidden hungry” (i.e. higher risk of physiological disorders):
 Vitamins and minerals, e.g. 
      ~50% Fe  
      ~30% Zn 
      + Se, Ca, Mg, I, Cu…



Biofortification of food crops

The process of increasing the bioavailable nutritional 
content of the edible portion of crop through: 

  breeding (genetic biofortification) 

  agronomy (agronomic biofortification) 



Biofortification of food crops

www.harvestplus.org



Oct. 2009 

“The preferred strategy to 
eliminate hidden hunger… [is to] 
increase the diversity of diet with 
increased access to fruit and 
vegetables… 

where the lack of infrastructure or 
other factors prevents [this], 
biofortified varieties may provide a 
good short-term solution”

Biofortification of food crops



Biofortification of food crops

http://www.parliament.uk/documents/post/postpn367_biofortification.pdf  



Evidence of widespread mineral deficiencies in all countries

 Dietary surveys (vs recommended intakes)

 Tissue analysis (e.g. blood plasma, toenails etc.)

Mineral biofortification of food crops 
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Standing Committee on the Scientific Evaluation of Dietary Reference Intakes, Food & Nutrition Board, Institute of Medicine (1997). Dietary 
reference intakes for calcium, phosphorus, magnesium, vitamin D, and fluoride. Washington DC: USA, NATIONAL ACADEMY PRESS. P. 24. 

 & AI

~2σ  

US Dietary Reference Intake (DRI) framework

~2σ (No LRNI stated) 



Compare DRV/DRIs with UK & US dietary intake surveys

2003/2004

1997/2005



Ca intake 
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K-deficient: 40.2m UK & US adults (esp. women)   = 14.6%

Mg-deficient: 25.5m UK & US adults (esp. women)  = 8.8%

Ca-deficient: 25.5m UK & US adults (esp. US women)  = 8.8%

Suboptimal mineral intake is widespread 

Broadley MR, White PJ. (2010). Eats roots and leaves. Can edible horticultural crops address dietary 
calcium, magnesium and potassium deficiencies? Proceedings of the Nutrition Society, 69, 601-612.



Mineral deficiencies are widespread 



UK / US not energy restricted (trade and production) 
  
                    US =   1st (3830 kcal d-1) 
                    UK = 16th (3440 kcal d-1)

UK / US diets “diverse” in theory (non-starchy foods)

…but UK mean (median) fruit + veg. portions d-1

♀ = 2.9 (2.4)
♂ = 2.7 (2.2)

   

http://faostat.fao.org/

Mineral deficiencies are widespread… why?



Dietary sources of minerals

♀ ♂
Calcium intake (UK)

cereals**

milk and dairy

meat

fish

**N.B. UK legislation requires processed wheat flour to be fortified with Ca and Fe, and 
the “B vitamins” thiamin and nicotinic acid (“Statutory Instrument 1998 No. 141, The 
Bread and Flour Regulations 1998”; http://www.opsi.gov.uk/si/si1998/19980141.htm).
Processed flour must contain Ca within the range 235-390 mg 100 g-1 flour; exceptions for 
wholemeal flour, self-raising flour with Ca >200 mg 100 g-1, wheat malt flour

Broadley MR, White PJ. (2010)
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Simulate altered food consumption and composition
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Current

+ 1 veg. (excl. potato)

Biofortified 
(+50%, + 50% & 2 veg.)



Calcium  0.5m  0.3m  1.0m (60%) 

Magnesium  1.4m  2.0m  4.0m (75%) 

Potassium  3.0m  4.1m  4.2m (70%) 

Impact of horticultural consumption / biofortification

+2 veg. +50% biofort. both



Biofortifying Brassica with Ca and Mg (2009-2013)



Vacuolar Ca accumulation via P2B-ATPases (ECA/ACA), Ca2+/H+ antiporters (CAX)

plastid 

vacuole 
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White PJ & Broadley MR (2003). Annals of Botany, 92, 487-511



Overexpression of modified CAX1 (sCAX1) increases bioavailable Ca in: 

Carrot:   100% increase in Ca Morris J et al. (2008). PNAS 105, 1431-1435

Lettuce: 25-32% increase in Ca Park S et al. (2009). Plant Biotechnol. J. 7, 106-117

Tomato:  >20% increase in Ca Park S et al. (2005). Plant Physiol. 139, 1194-1206

Potato:  >100% increase in Ca Park S et al. (2005). J. Ag. Food Chem. 53, 5598-5603

Candidate genes



Park et al. (2004). Molecular Breeding, 14: 275-282. 

Candidate genes



Morris J et al. (2008) PNAS, 105, 1431-1435 

Candidate genes
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Brassica is a good breeding target for Ca and Mg 



7 11 16 19 23 27 31 36 39 43 47 51 55

Brassica rapa rapid-cycling, selfs easily, sequenced, current major focus for 

GxE work and novel gene identification: 

Brassica rapa, R-o-18, staged sowing

Days after sowing (composite image)

10 cm

Brassica is a good breeding target for Ca and Mg 



IMB211 – leaf Ca IMB211 – leaf Mg

R500 – leaf Ca R500 – leaf Mg

Ca (mg kg-1) Mg (mg kg-1)

GxE  



F1 hybrids in field vs glasshouse experiments (2002-2007)…
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…indicates strong genetic component to leaf/shoot Ca and Mg

Broadley MR et al. 2008. Plant Physiology, 146, 1707-1720.

GxE



A01 A02 A03 A04 A05

A06 A07 A08 A09 A10

B_10806010.0
B_10853616.1
B_101571913.6

X_108657428.3

B_102953436.5
B_107075444.0
B_102293748.9
X_102971255.0

B_108397963.4

B_108506071.4

B_104649080.1
B_105832084.8

B_106911892.8
B_1078734100.5
B_1083235106.9
B_1003895113.0

B_1068139122.8
B_1036106128.6

B_1040373137.3
X_1030250141.6

B_1067157149.8

B_10794350.0
B_10478698.2
B_106935311.6
B_101585913.8
B_107916819.0
B_103098923.4

B_107566935.0
B_106122541.4
B_104302446.1
B_102294747.6

B_10105790.0
B_10495453.4
B_10499456.3
B_10814579.9
B_104042613.8
B_108010420.1
B_100797127.1
X_101856331.5
B_107337137.5

B_105117852.3
B_107414954.8

B_106053969.5

B_103551978.8
B_105627786.4

B_106126495.4

B_10761740.0
B_10497703.1
B_10690038.7

B_107661524.3
B_106372530.6
B_108645134.0

B_105733244.5
X_104522151.0
B_108112954.0

B_10619720.0
B_10044365.2

B_103593515.4
B_105423022.4
B_104187628.7

B_101786640.1

B_108605262.9
B_108637364.4
B_100665172.0
B_102765079.6

B_10488530.0
B_10460587.2

B_106602615.1

B_105200528.6
B_105776635.9
B_104833042.1

B_107600959.8
B_101691861.5
X_104326070.9
B_106832476.8

B_108397488.0

B_105495899.2

B_1002627111.1

B_10604960.0
B_10827956.9
B_10463848.0

B_108643921.1
B_100758827.7

B_107570735.5
B_104424140.8

X_105350651.8
B_108553457.7

B_104077275.0

X_10654690.0
X_10832771.4

B_108814411.9
B_108380516.5

B_102489530.1
B_108617336.3

B_105908346.6
B_108601153.1

B_107674562.3

B_104617471.5
B_102491675.8
B_103289880.8

B_104739791.3

B_10206300.0

B_10094219.0

B_105682617.3

X_106862525.4
B_105277431.7

B_107216442.8

B_107510352.7

B_106823563.6

X_104437672.7
B_104971275.8

B_104400388.7

B_104953397.7

B_1074696107.8
B_1087899113.7
B_1033566115.3

B_1079976 B_10699780.0

B_107452911.9

B_108499724.7
B_108377932.2
X_108892638.4
B_104844843.1

B_106682751.3

B_108620962.5

Nutrient-responsive genes

GEMs

GxE
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Essential for animals, not plants

Selenium

Many identified roles in health

25 mammalian selenoproteins



References

>3200-
7500

>3200-7500 ng/ml toxicity - death/mortality Yang et al 1983, Lech et al 
2002

>490-
<640

Selenium related side-effects; no serious toxicity Reid et al 2004

>250 Selenium related side-effects; hair loss, dermatitis Lippman et al 2009

180

160 Protection against some cancers; [increased risk of diabetes, high blood 
pressure and hypertension]

Yu et al 1999, [Bleys et al 
2007, Laclaustra et al 2009]

140 Protection against some cancers; reduction in total mortality Nomura et al 2000, Combs et 
al 2001, Bleys et al 2008, Yu 
et al 1999, [Vogt et al 2003]

120 Optimisation of selenoprotein P, protection against some cancers, reduction in 
total mortality

Combs et al 2001, Burk  2006, 
Hurst 2010, Thompson 2004, 
Bleys et al 2008

100

80 Optimisation of glutathione peroxidase Thompson 2004

60 Optimisation of iodothyronine deiodinases Thompson 2004

40

20 < 20-40 ng/ml Se deficiency diseases, Keshan, Kashin-Beck, cretinism (with 
iodine deficiency)

Thompson 2004; Shi et al 
2010
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SJ Fairweather-Tait et al. (2011). Current diversity in Se recommendations. Compiled using the 
EURRECA Nutri-RecQuest database. Where recommendations are given as ranges the midpoint has 
been used. Males (M) and females (F) are shaded as dark grey or light grey bars respectively. 

Selenium recommended intakes 



Selenium intake (μg d-1)

0 10 20 30 40 50 60 70 80
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UK

Germany

France

Sweden
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Netherlands

Switzerland

Finland

♀ RNI  ♂

Rayman MP 2000. The Lancet, 356, 233-241.

Selenium actual intakes 



Adams ML et al. (2002). Journal of the Science of Food and Agriculture, 82, 1160-1165.

Canada = 0.760 mg kg-1 

Wheat-grain Se (UK) 
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Low dietary Se intakes in UK

SJ Fairweather-Tait et al. (2011). Antiox. Redox Signal. 14, 1337-83.  Figure 5a. UK wheat imports 1961-2006.
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~17 μg Se person d-1
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Low baseline selenium in UK soils 



Biofortification experiments, UK (2005-2009)



University of Nottingham, Sutton Bonington Farm, 2006 

Biofortification experiments, UK (2005-2009)



Na2SeO4 application rate (g Se ha-1)
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Broadley MR, Alcock J, Alford J, Cartwright P, Fairweather-Tait SJ, Foot I, Hart DJ, Hurst R, Knott P, 
McGrath SP, Meacham MC, Norman K, Mowat H, Scott P, Stroud JL, Tovey M, Tucker M, 
White PJ, Young SD, Zhao F-J (2010). Selenium biofortification of high-yielding winter wheat 
(Triticum aestivum L.) by liquid or granular Se fertilisation. Plant & Soil, 332, 5-18.

Stroud JL et al. (2010). Plant & Soil, 332, 19-30.
Stroud JL et al. (2010). Plant & Soil, 332, 31-40.  
Hart DJ et al. (2011). Food Chemistry, 126, 1771-1778.

Biofortification experiments, UK (2005-2009)

16-24 ng Se g-1 grain . g-1 Se ha-1



Biofortification experiments, UK (2005-2009)

Hart DJ et al. (2011). Food Chemistry, 126, 1771-1778.

5 g Se ha-1 = ~3.5 μg Se slice bread 



Hurst et al. (2010). American Journal of Clinical Nutrition, 91, 923-931.

Health outcomes...? (feeding studies UK, 2005-2009)
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Biofortification-related work, Malawi, Zambia (2008-…)

Phase I, 2008-11

Phase II, 2010-11

Phase III.…



Phase II: data integration 
Biofortification-related work, Malawi, Zambia (2008-…)



van Lettow et al. 2004. BMC Infectious Diseases 4: 61 

Low plasma Se status in Malawi 

n=579 HIV+

n=222 HIV-

~55 ng mL-1

~40 ng mL-1



Fairweather-Tait et al. (2011). Antiox. Redox Signal. 14, 1337-83



Agricultural Input Subsidy Programme (AISP) since 2005/06

0.2 Mt fertilizers distributed in 2008/09 

http://go.worldbank.org/KIGRBOO0B0

Yield security in Malawi 

3.2 Mt maize in 2007 (1.2 Mt exported)

6.6% of GDP spent on AISP

Coupons worth ~10% of income for 
half of all households
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Yield security in Malawi 



>50% of Malawian calorie intake from maize (0.35 kg person-1 d-1)

http://go.worldbank.org/KIGRBOO0B0
http://faostat.fao.org

Yield security in Malawi 



maize

potato

cassava

raw sugar

other pulses

groundnut oil

veg. oil

plantain

wheat

rice

beans

banana

other fruit

Dietary energy availability in Malawi 

2,172 kcal person-1 d-1

FAO, 2011 (2007)



Phase I 

- Fertilizer experiments 

- Soil / grain survey 



Phase I: soil / grain Se-survey 

Chilimba ADC et al. unpublished



Phase I: soil / grain Se-survey 

Chilimba ADC et al. unpublished



Population density Soil type (FAO) 

Chilimba ADC et al. unpublished



Se intake from non-maize sources: 
  15-22 μg d-1 

Se intake from maize sources: 

50% of population       <6.0 μg d-1

75%            <7.0 μg d-1

90%             <7.5 μg d-1 

Se deficiency is the norm, based 
on intake…

Phase II: data integration 

Chilimba ADC et al. unpublished



Fairweather-Tait et al. (2011). Antiox. Redox Signal. 14, 1337-83
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Phase I: fertilizer experiments 
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Phase I: fertilizer experiments 
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Maize-grain Se (2009) 



Phase I: preliminary conclusions 

0.015 mg Se kg-1 grain . g-1 Se ha-1  [~9 g ha-1 for 55 μg d-1]

200 kg ha-1 fertilizer basal dressing typical  [e.g. 23:10:5:5 NPKS] 

Existing products would deliver 10 / 2.2 g Se ha-1 at typical N rates
       [23:10:5:5:0.005Se]  
       [25:5:5:0.0012Se]  

200,000 t fertiliser Se-enriched at USD $30 t-1 (??) = $6m annum-1 

        [<50¢ capita-1]
         

  



Selenium intake (μg d-1)
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Rayman MP 2000. The Lancet, 356, 233-241.

Selenium actual intakes 



TFs / Dietary intakes

Phase III: data integration 

health 
outcomes 



Summary

Billions are malnourished due to mineral supply limitations 

Biogeochemical cycles, agriculture, dietary choice underpin supply 

Much more data collection / integration required 
  - soils-crops-people-health outcomes

Nutritionally-informed agriculture: mineral intervention when required 
  - engagement // fertilizer and breeding sectors 
  - awareness of likely market failure 
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