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Nutrition

“the science of food and it´s relation with health”
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Macronutrients

carbohydrates, proteins, fats, 
macro minerals and water

Micronutrients

vitamins and trace 
elements
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Micronutrient Malnutrition

• Iron
• Zinc
• Iodine
• Vitamin A
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The best way to avoid micronutrient deficiencies is by way of a varied 
diet, rich in vegetables, fruits and animal products 



“Biofortification”
A sustainable strategy to engineer and/or 
breed for staple crops with elevated Fe, 

Zn and pro-vitamin A concentrations.

The second best approach, especially for those who cannot affordThe second best approach, especially for those who cannot afford a a 
varied diet, is by way of nutrientvaried diet, is by way of nutrient--dense staple crops dense staple crops 
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Minerals Must be AcquiredAcquired from 
the Soil Environment and then 
TransportedTransported to and PackagedPackaged
Within the Edible Tissues.



Pathways for Whole-Plant Metal Transport
Leaf Apoplasm Leaf Symplasm

Roots

Seeds

Xylem

Phloem

M M

M
M

M = Metal
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Important Gene Groups for Metals in Plants

• Biosynthetic genes
• Phytosiderophores, Nicotianamine

• Divalent metal transporters
• ZIPs, NRAMPs, CE (cation efflux) family, etc. 

• Metal-chelate transporters
• YSL (Yellow-Stripe Like) family members

• Metal storage
• Ferritin
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Strategy II
(Rice, wheat)

Fe (III)-
chelate

PMinside outside
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Siderophore/
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inside

Ligand 
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Soil 
particle-
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Iron absorption mechanisms in plantsIron absorption mechanisms in plants

Strategy I
(Soybean, Arabidopsis)

ATP

ADP

NADH

NAD+

Fe (II)
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Fe (II)

H+

FRO2



Soybean (Soybean (GlycineGlycine maxmax.).)

First grown as a crop in China 5000 years ago 
(one of the 5 sacred plants-rice, wheat, barley and 
millet)

First shipment to the US: 1804 

First commercial crop: planted in 1929

Now:  essential source of protein and oil with a 
multitude of uses in both human food and animal 
feeds, with numerous industrial applications
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Edible usesEdible uses
•• SeedSeed

•• TofuTofu

•• MisoMiso

•• FlourFlour

•• BreadBread

•• CandyCandy

•• CrackersCrackers

•• CoffeeCoffee

•• ButterButter

•• MilkMilk

•• SproutsSprouts

•• Cooking oilCooking oil

The many uses of soybeanThe many uses of soybean

NotNot--so edible usesso edible uses
•• BiodieselBiodiesel

•• TextilesTextiles

•• CrayonsCrayons

•• PlasticsPlastics

•• PaintPaint

•• InsecticideInsecticide

•• PaperPaper

•• RubberRubber

•• CosmeticsCosmetics

•• Electrical insulation Electrical insulation 

•• Soap/ShampoosSoap/Shampoos
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TheThe problemsproblems

1.1. LimitedLimited growthgrowth inin ironiron deficientdeficient soilssoils

2.2. LowLow ironiron absorptionabsorption limitslimits amountamount thatthat
cancan bebe transportedtransported to to thethe seedsseeds
((edibleedible portionportion))
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Agrobacterium transformation of soybean with AtFRO2 gene

38 transgenic lines with  AtFRO2 (2 parental lines)AtFRO2 (2 parental lines)

Materials
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Vasconcelos et al Planta (2006) 224:1116–1128



AtFRO2 expression in different tissues

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

Pod wall Petal Seed Whole
root

Root tips Roots
no tips

Milli-Q
water

Negative
control

Tissue

R
el

at
iv

e 
R

N
A

 e
xp

re
ss

io
n

Effects of Effects of AtAtFRO2 expression in the FRO2 expression in the nutritional enhancement of soybean (nutritional enhancement of soybean (GlycineGlycine max.max. L)L)



Soluble assay for quantification of Soluble assay for quantification of reductasereductase activityactivity

ReductaseReductase:: Av. AbsAv. Abs535535 x Vol. Sol/1000x Vol. Sol/1000

0.02214 x Root FW x Assay min/600.02214 x Root FW x Assay min/60
== µµmol Fe/ g FW hmol Fe/ g FW h
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Iron Iron reductasereductase activityactivity

392392--3 line: 23 X 3 line: 23 X 
higher activity higher activity 
vs. controlvs. control
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392-3

LocalizationLocalization of of reductasereductase activityactivity
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Control
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88.54 ± 8178.05 ± 34*Zn

596  ± 751303 ± 165*P

7395 ± 4639606 ± 560*K

0.9 ± 0.32.9 ± 0.5**Mn

86 ± 2098±5Fe

Wild-type392-3Mineral (µM)

Xylem nutrients
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MicronutrientsMicronutrients

56 ± 3149 ± 9**100 ± 4346 ± 11**136 ± 3283 ± 6**Zn

4558 ± 1956106 ± 393*12284 ± 73817490 ± 880*4658 ± 346912 ± 105*P

33692± 255646004 ±2467*46430± 797951266± 2875*27244 ± 38930575±1306*

K

122 ± 10258 ± 13**122 ± 10258 ± 13**65 ± 2188 ± 8**Mn

41 ±394± 6**201 ± 11582 ± 25**196 ± 8766 ± 31**Fe

Wt392-3Wt392-3Wt392-3

StemsRootsShoots
Mineral   
(µg.g-1)
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112 ± 3**96 ± 2120 ± 4***49 ± 11142 ± 69***435 ± 18100

110 ± 3**103 ± 163 ± 1***39 ± 1294 ± 14***153 ± 332

112 ± 4**92 ± 152 ± 2***38 ± 1147 ± 19126 ± 210

III

111 ± 5**89 ± 1135 ± 5***54 ± 41073 ± 24***193 ± 6100

104 ± 3**94 ± 353 ± 265 ± 6308 ± 39*234 ± 1532

118 ± 4**93 ± 258 ± 458 ± 2308 ± 16291 ± 810

II

116 ± 1**105 ± 7125 ± 3***58 ± 4734 ± 106*430 ± 34100

104 ± 2**93 ± 161 ± 274 ± 6287 ± 35260 ± 1432

94 ± 290 ± 269 ± 259 ± 7379 ± 32**241 ± 1310

I

392-3Wt392-3Wt392-3Wt

SeedsPericarpShoot
Fe 

(µM)

Co
lle

ct
io

n
st

ag
e



0

20

40

60

80

100

120

140

10 32 100

Fe(III) EDDHA concentration (µM)

nm
ol

Fe
re

du
ce

d.
um

-2
.s

-1
(1

0-1
1
)

Thorne
392-3

Effects of Effects of AtAtFRO2 expression in the FRO2 expression in the nutritional enhancement of soybean (nutritional enhancement of soybean (GlycineGlycine max.max. L)L)

FC-R activity measured in vivo in protoplasts 



SHOOTSROOTS
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CONCLUSIONS
Seed iron levels increased by 10% 

 Leaf, pericarp and pod wall iron concentrations increased

 Protoplasts from transgenic leaves had three (3)-fold higher reductase activity

 Ferritin expression levels were higher in transgenic leaves

Mn, K, P, Zn: significantly higher concentrations in leaves, pod walls, roots and xylem sap

 Zn concentrations were also higher in the transgenic seeds

 Ubiquitous role of the iron reductase in plant mineral dynamics? 

 Biofortification tool for green leafy vegetables?



Effects of Effects of AtAtFRO2 expression in the FRO2 expression in the nutritional enhancement of soybean (nutritional enhancement of soybean (GlycineGlycine max.max. L)L)

Acknowledgments

Mike Grusak, USDA/ARS ChildrenMike Grusak, USDA/ARS Children’’s Nutrition Research Center, Houston TXs Nutrition Research Center, Houston TX

Tom Clemente, University of NebraskaTom Clemente, University of Nebraska--LincolnLincoln

CNRC labCNRC lab

ESBESB-- UniversidadeUniversidade CatCatóólicalica do Portodo Porto

FCT (Portuguese Foundation for Science and technology)FCT (Portuguese Foundation for Science and technology)



Effects of Effects of AtAtFRO2 expression in the FRO2 expression in the nutritional enhancement of soybean (nutritional enhancement of soybean (GlycineGlycine max.max. L)L)

THANK YOU FOR YOUR ATTENTION


