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Preface

It’s well-know natural mineral elements could show both toxicity and nutrient
benefits, depending on their doses. In the past decades, phytoremediation was
introduced to remove excessive mineral pollutants from soil with green plants and
biofortification was another innovative biotechnology raising the mineral level in
human foods. Because of different aims, the researchers get used to separately
develop and utilize these two bio-technologies in their fields. Actually, they are
two sides of one coin and could be closely integrated, especially for essential
mineral trace elements, such as Fe, I, Cu, Zn, and Se. In this book, authors
reviewed two pathways to connect phytoremediation and biofortification, as pre-
viously proposed by several international groups. First, the plant materials from
phytoremediation can be further used as supplementary sources of mineral nutri-
ents. Second, the micronutrient-laden plant materials can be made as green fer-
tilizers to increase concentrations of micronutrient in agricultural soils. In 2009, 1
led a Chinese research group to make the roadmap of agricultural technology to
2050 in China, which raise a new conception on functional agriculture to produce
nutraceutical foods. This trend has encouraged more studies to focus on integrating
advanced biofortification and phytoremediation technologies in the practice. I
believe this novel insight would determinately benefit the works in environmental
remediation and micronutrient fields.

Prof. Qiguo Zhao

LFe

Chinese Academy of Sciences
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Chapter 1

Phytoremediation and Biofortification:
Two Sides of One Coin

Xuebin Yin, Linxi Yuan, Ying Liu and Zhiqing Lin

Abstract Phytoremediation is a biotechnology to clean the contaminated sites by
toxic elements (e.g. Cd, Cu, Zn, As, Se, Fe) via plant breeding, plant extracting, and
plant volatilizing. Biofortification is an agricultural process that increases the uptake
and accumulation of trace mineral nutrients (Fe, I, Cu, Zn, Mn, Co, Cr, Se, Mo, F,
Sn, Si, and V) in staple crops through plant breeding, genetic engineering, or
manipulation of agricultural practices. However, these two biotechnologies could be
connected closely just like two sides of one coin. Actually, plant materials produced
from phytoremediation could be used as supplementary sources for foods, animal
feedstuff for fortified meat, or green fertilizers for fortified agricultural products.
Furthermore, the transgenic technology will substantially increase their accumu-
lation of micronutrient elements in plants or staple crops, which could be used for
phytoremediation and biofortification, respectively. Future work will be needed to
phytoremediate and biofortify multiple micronutrients, and then integrate both.

Keywords Phytoremediation - Biofortification - Integration - Micronutrition

Phytoremediation is the use of plants and their associated microbes for environ-
mental cleanup, which has gained public acceptance in the past 15 years as a cost-

X. Yin (D<)
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competitive and nondestructive green technology. Phytoremediation provides an
alternative for engineering-based physical and chemical remediation methods.
Meanwhile, biofortification is an agricultural process that increases the uptake and
accumulation of mineral nutrients in agricultural products through plant breeding,
genetic engineering, or manipulation of agricultural practices. The development and
uses of biofortified agricultural products have recently become a promising strategy
to increase the dietary nutrient intake for humans. Indeed, both phytoremediation
and biofortification technologies are based on the phytoextraction process that
involves plant uptake, accumulation, and transformation of nutrient elements from
soil (Zhao and McGrath 2009). Although phytoremediation and biofortification
have different goals, these two processes sometimes can be closely connected. This
chapter discusses the applicability of different mineral nutrients (e.g., selenium,
iron, and zinc) and toxic metals (such as cadmium and copper) in several suitable
plant species. Both phytoextraction and biofortification have focused on enhancing
the efficiency of elemental uptake and accumulation in plants. There is a strong need
for better understanding the processes that affect element bioavailability, rhizo-
sphere processes, plant uptake, translocation, distribution, and transformation in
soil-plant systems. All these processes are essentially important for successful
implementation of phytoremediation and biofortification strategies. In the future,
phytoremediation of contaminated agricultural water and soil and biofortification of
nutritionally important trace elements shall be integrated to meet the different goals
of the phytotechnologies. Indeed, in some cases, phytoremediation and biofortifi-
cation processes are the two sides of one coin. In this chapter, we will address this
emerging concept and discuss some of the environmental and human health con-
cerns associated with the processes of phytoremediation and biofortification.

1.1 Essential Micronutrient Elements for Humans

There are 20 mineral elements that are essential for human health (Vander et al.
2001), including 7 major mineral elements (Ca, P, K, S, Na, Cl, and Mg) and 13 trace
elements (Fe, I, Cu, Zn, Mn, Co, Cr, Se, Mo, F, Sn, Si, and V). These elements cannot
be synthesized by the body and must be continuously supplied from foods. The main
physiological functions and recommended nutritional intake (RNI) and upper limit
(UL) of the essential mineral trace elements are shown in Table 1.1. Because
concentrations of these essential elements in soil vary substantially, plant-derived
foods contain different contents of those 13 essential trace elements. When foods are
lacking in one of the essential mineral nutrients in a region, local residents will suffer
from malnutrition which will result in health problems. The international micronu-
trient organization reported that malnutrition or so-called “hidden hungry” affected
one in three people worldwide. For example, approximately 2/3 Chinese dietary
selenium intake is about 40 microgram per day, which is significantly lower than the
recommended selenium intake value of 55 g per day according to the World Health
Organization (WHO); about one half of the Chinese population has dietary iron
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Table 1.1 Main functions, RNI, and UL of 13 mineral trace elements essential for humans

Elements Main functions

RNI *

(mg/
day)

UL ?
(mg/
day)

Iron a. Important part of hemoglobin

b. Participates in the nitrogen body exchange and breathing

process

c. Catalyzes f3, carotene into vitamin A

d. Induces antibodies synthesis and enhances immunity
Iodine a. An essential constituent of the thyroid hormones thyroxine

b. Promoting growth and development of humans

a. Participates in the synthesis and degradation of carbohydrates,

lipids, proteins, and nucleic acids.

b. Promotes children’s intellectual development
c. Accelerates teenagers’ growth
d. Affects the palate and appetite
e. Affects male fertility
a. Enhances immunity
b. Anti-aging
c. Inhibit cancer
d
e
a
b
c
a

Zinc

Selenium

. Protects the heart

. Antagonist heavy metal

. An important component of proteins and enzymes

. Closely related to human body hematopoiesis

. Affects antioxidant ability of body

. An important component of xanthine oxidase and aldehydes
oxidase

. Takes part in the electronic transmission of cell

. Restrains the breeding of virus in cell

. Promotes protein metabolism and body growth

. Influences lipid metabolism

. An important part of glucose tolerance factor

. Plays an essential role in the development of bone

. Participates in the metabolism of the polysaccharide

. Is a component of hydrogenated enzyme

. Promotes the formation of insulin

. Lowers blood glucose

. Is a component of Vitamin B12

. Participates in hemoglobin synthesis

. Maintains normal metabolism of fat

. Is a constituent of nucleic acid

. Promotes the growth of bones and teeth

. Plays an important part in the growth of bones and teeth

. Has a function in the tertiary structure of proteins or other
biosubstances

. Is used as catalyst for polymerization, transesterification, and
olefin condensation reactions

Copper

Molybdenum

Chromium

Silicon

Nickel

Cobalt

Vanadium

Fluoride
Tin

O PO g o OoTRr o 0o 0o

o

15

0.15

0.05

2.0

60

0.05

0.1

0.03

1.5
15

50

1.0

45

04

8.0

280

0.5

0.6

3.0

Note * Means male adult (ages: 18-50)
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intake of about 3 microgram per day, which is also lower than the recommended
value of 15 microgram by WHO. Globally, there are 80 % children with zinc
deficiency for their rapid growth. To increase dietary intake of essential micronu-
trient elements, biofortification was proposed and regarded as an economic and
promising approach for developing countries. Scientists worldwide have published
many research papers in the past two decades (http://apps.webofknowledge.com).
These studies help with better understanding on the biofortification technology,
potential health effects, and food safety regulations.

While the 13 trace elements are considered essential for human health, they can
also become environmental pollutants due to their excessive levels in soils. To
protect the environment and to minimize local environmental risk, the polluted sites
need to be remediated. In the past decades, phytoremediation was introduced as a
successful green biotechnology (Terry and Bafiuelos 2000). However, one of the
difficulties that we are facing in phytoremediation management is to deal with the
large volume of polluted plant waste materials harvested from phytoremediation
sites. Different management options have been discussed by researchers regarding
the disposal of plant waste materials, including landfill and incineration. But, none
of them are sustainable or environmental-friendly. Generally, the phytoremediation
plant waste materials contained high concentrations of the pollutant trace elements,
and were potentially toxic to humans and wildlifes via direct consumption exposure.
One may hypothesize that those polluted plant materials can be used to produce
agricultural crops that are enriched with the essential micronutrients. For example,
selenium, zinc, and iron-laden plant materials can be used as valuable sources of
nutrients in agricultural production systems. However, the plant materials should
not contain high levels of other toxic heavy metals, such as cadmium, arsenic, and
mercury. All these will be further discussed in this book.

1.2 Can Phytoremediation Plants Become Sources
of Human Micronutrient Elements?

Some plants are able to concentrate large amounts of specific trace elements in their
leaves or stems (Robinson Brett et al. 2009; Schwitzguebel et al. 2009). This natural
process has been applied to remediate the metal-polluted soil and water. As a result,
the plant materials produced from phytoremediation can be further used as
supplementary sources of mineral nutrients to produce food or feedstuff or
functional biofortified agricultural products. Micronutrient-laden plant materials
can be used as green fertilizers to increase concentrations and bioavailability of
micronutrient trace elements in agricultural soils, or used as animal feed to increase
dietary intake of micronutrients by animals which further enhances the accumu-
lation of micronutrients in animal originated food products. Therefore, to integrate
phytoremediation and biofortification processes, the chemical composition of
phytoremediation plant materials is of utmost concern. The contents of toxic metals
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accumulated in plant materials will essentially jeopardize the use of phytoreme-
diation plant materials for biofortification. It is critically important to screen and
select the right plant species and acceptable phytoremediation field sites to
implement the integration of phytoremediation and biofortification strategies. In
general, there are two very basic requirements to meet this goal: first, the selected
plants should be edible; second, the edible part of the plant should accumulate more
micronutrients, but very less toxic trace elements. For example, Indian mustard was
used for phytoremediation of selenium-contaminated water and soil in agricultural
lands of the San Joaquin Valley, Central California. The selenium-laden mustard
plant materials have also been used as biofortified selenium supplement for animals
and humans (Bafiuelos et al. 2007, 2009, 2011; Turan and Bringue 2007; Hamlin
and Barker 2008). Additionally, researchers have also applied genetic engineering
technology to substantially increase plant accumulation of micronutrient elements
(Bafuelos and Lin 2009; Manohar et al. 2011).

Phytoremediation commonly selects the plant species that accumulate more
pollutants in shoots, and focuses on the phytoextraction or remediation efficiency,
while biofortification focuses on increasing micronutrient contents in crops. If the
biofortified materials are directly utilized as food supplements to increase human
mineral dietary intake, the phytoremediation plant should be edible.

1.3 Managing Toxic Metals in Plant Tissues

When phytoremediation plant materials can be used as sources of nutrient trace
elements for biofortification, the connection between phytoremediation and
biofortification could be still problematic. Since the contaminated sites are often
contaminated with multi-pollutants, including toxic cadmium, mercury, and
arsenic, the use of phytoremediation plant materials for biofortification becomes
more difficult.

Previous studies indicated that the manipulation of soil physicochemical
properties, including soil pH, total organic carbon (TOC), fulvic acid (such as
citrate), and chelate can change the uptake and accumulation of various nutrient
elements by plants. Some organic acids produced in the rhizosphere may play
important roles in determining bioavailability of mineral trace elements in the soil
and affect nutrient uptake efficiency via roots.

1.4 Future Research Needs

Recent studies on phytoextraction have been partially focused on the development
of biofortified agricultural products. New efforts have been made to integrate the
phytoremediation with biofortification processes. There are still many scientific
questions that have not been answered. The future research shall investigate the
feasibility of biofortification of multiple micronutrients, such as increasing
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accumulation of both selenium and zinc in crops or vegetables (Srivastava et al.
2009; Zhu et al. 2009) For example, Thlaspi caerulescens is zinc hyperaccumulator
and Stanleya pinnata is selenium hyperaccumulator. The application of these two
plant materials as green manures in agricultural soils could significantly increase
the total content and bioavailability of both zinc and selenium in the soil, and
therefore, enhance the accumulation of zinc and selenium in the edible portion of
crops.
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Chapter 2

Selenium in Plants and Soils, and Selenosis
in Enshi, China: Implications

for Selenium Biofortification

Linxi Yuan, Xuebin Yin, Yuanyuan Zhu, Fei Li, Yang Huang,
Ying Liu and Zhiqing Lin

Abstract The total selenium (Se) content of soils in Enshi, China, the so-called
“World Capital of Selenium”, is concentrated in a range of 20-60 mg/kg DW
which is approximately 150-500 times greater than the average Se content
(0.125 mg/kg DW) in Se-deficient areas and approximately 50—150 times greater
than that (0.40 mg/kg DW) in Se-enriches areas in China, respectively. However,
the distribution of Se in soils is greatly uneven with some exceptionally high
contents of more than 100 mg/kg DW, which is very likely caused by the micro-
topographical features and leaching conditions. Among the 14 plant species in
Enshi, Adenocaulon himalaicum has the highest contents of Se from 299 to 2,278
(mean 760) mg/kg DW in the leaf, from 268 to 1,612 (mean 580) mg/kg DW in the
stem, from 227 to 8,391 (mean 1,744) mg/kg DW in the root, and therefore was
identified as a secondary Se-accumulating plant. Furthermore, the SeCys2 fraction
was predominant in the tissues with a proportion of 70-98 %, which is quite
different from other Se-accumulating plants, e.g., garlic, onion, and broccoli.
Although the Se concentration in resident foods and the daily Se intake decreased
significantly from 1963 to 2010 in Enshi, the present daily Se intake (575 pg/d) is
still above the recommended maximum safe intake of 550 pg/d, which indicates
that there may be potential risk for selenosis in Enshi. Both Se distributions in soils
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and plants and human daily Se intakes obviously indicate that Enshi, China should
be Se-phytoremediated to decrease the risk for selenosis there. Fortunately, Se-
biofortification was taken as an effective method to overcome this problem.
Hopefully, Enshi, China is moving on a natural field-scale trial for integration of
Se-phytoremediation and Se-biofortification.

Keywords Selenium - Enshi, China - Soil - Plant - Selenium intake

2.1 Introduction

Selenium (Se), discovered by the Swedish chemist Jakob Berzelius in 1817, is a
metalloid and states in group VIA with an atomic weight of 78.96. Selenium has
five valence states in nature, including selenide (2—), elemental Se (0), thiosele-
nate (2+), selenite (4+), and selenate (6+). Selenium is an essential nutrient for
humans and animals to form important selenoproteins, including glutathione
peroxide, thioredoxin reductase (Terry et al. 2000; Zhu et al. 2009). In 1973, Se
was found to be involved in forming the active center of glutathione peroxidase
and thioredoxin reductase enzymes; these enzymes play important roles in
reducing certain oxidized molecules in animals (Liu et al. 2010).

The range between the beneficial and harmful concentrations of Se is quite
narrow; the minimal Se nutrition levels for animals is about 0.05-0.10 mg/kg dry
forage feed, while the toxic exposure level is 2-5 mg/kg dry forage (Wilber 1980;
Wu et al. 1996). The World Health Organization (WHO) recommended the
required dietary intake of Se to be 50-200 pg/day for adults (WHO 1987). Two
well-known endemic diseases, Keshan Disease (a degenerative heart disease
bursting out in Kesha, Heilongjiang, China) and Kaschin-Beck Disease (an oste-
oarthropathy which causes deformity of the affected joints) were linked to soil Se-
deficiency and low Se daily intake (Tan and Huang 1991; Tan et al. 2002).
However, because of long-term exposure to high levels of Se, Se toxicological
symptoms, including hair and nail loss and nervous system disorders, extensively
occurred in inhabitants in two notable Se-enriched areas, Enshi, Hubei, China and
Ziyang, Shanxi, China (Yang et al. 1981a, b, 1983; Mei 1985; Li et al. 2011).

2.2 Enshi, the World Capital of Selenium

Enshi (E 108°23’12"-110°38'08", N 29°07'10"-31°24'13") is a national minority
autonomous prefecture located in Northwestern Hubei Province, China (Fig. 2.1).
From early 1930 to 1960, people living in Yutangba, Huabei, and Shadi villages of
Enshi, experienced loss of hair and nails, showing the typical symptoms of Se
toxicity (Zhang et al. 1998). For instance, 19 of 23 local inhabitants in Yutangba
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showed visible Se poisoning symptoms and all livestock in the village died in
1963. Subsequently, villagers were evacuated from their homes in Yutangba (Mao
et al. 1990, 1997). After the occurrence of the incident, selenosis has become a
matter of concern for local governments, scientists, and Se endemic disease
investigators (Tan and Huang 1991; Zhang et al. 1998; Wang and Gao 2001; Tan
et al. 2002). Among the studies carried out in Enshi, Yu (1993) reported the
discovery of Se mines in Yutangba village, with a high Se content of 8,500 mg/kg.
The Se mines were formed in Maokou, in the late Permian period with a thickness
of 13 m, which were the “culprits” for the selenosis observed in the Yutangba
village (Fig. 2.1).

2.3 Selenium in Plants

To investigate the characteristics of Se pollution in the seleniferous areas in Enshi,
the dominant plants and their underlying soils were collected in Yutangba,
including 14 species and 8 classes (Table 2.1).

The plant samples were rinsed in deionized water, and most of the plants were
separated into root, stem, and leaf for Se content analysis, except for Adenocaulon
himalaicum, Elsholtzia splendens, Trifolium repens, Lycodium clavaturn, Polygonum
hydropiper, and Rumex japonicas that do not have true stems and were separated only
into roots and shoots. The Se content in Mosla dianthera seed was also determined.

Our results showed that Adenocaulon himalaicum had exceptional high con-
centrations of Se with 563.60 mg/kg DW in the root and 1,317.46 mg/kg DW in
the leaf, followed by Medicago sativa that accumulated Se concentrations of
150.96, 154.40, and 168.14 mg/kg DW in root, stem, and leaf, respectively.
Furthermore, the leaves of Sedum sarmentosum, Trifolium repens, and Mosla
dianthera had relatively higher concentrations of Se, compared with the Se con-
tents in roots. The Se translocation factor (i.e., the ratios of shoot to root Se
concentrations) of 4.5 was the highest in Trifolium repens, while the Se concen-
tration in the root was only 17.65 mg/kg DW. For Mosla dianthera and Sedum
sarmentosum, the Se translocation factor was greater than 2.

2.4 Selenium in Soils

The sequential chemical-extraction technique is a conventional method to evaluate
the geochemical behavior of trace elements in soil (Sharmasarkar and Vance 1995;
Mao and Xing 1999; Zhang et al. 2002). Se has several chemical forms in soil,
such as Se°, SeO32_, SeOﬁ_’ and organic Se. In the sequential chemical extraction,
the fraction by water-extraction is called the water-soluble Se (Fraction 1), the
fraction by KH,PO,—K,HPOg4-extraction is called the exchangeable Se (Fraction 2),
the fraction by HCl-extraction is called the acid-soluble Se (Fraction 3), the fraction
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Fig. 2.1 Sketch map
showing the location of
Enshi, China (a) and the
sketch geological map of
Yutangba, Enshi, and the Se
ore vents were marked (b)
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by K,S,Og-extraction is called the organic-bound Se (Fraction 4), and the
remaining fraction is called the residue Se (Fraction 5). Among those fractions, the
water-soluble Se and the exchangeable Se are considered as bioavailable Se, the
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Table 2.1 The concentrations of Se in roots, stems, and leaves of plants from Enshi (mg/kg DW)
and the ratio between the calculated shoot (Stem + Leaf) and the root

No. Latin name Class Root Stem  Leaf Shoot/Root
1 Adenocaulon himalaicum  Asteraceae 563.60 / 1,317.46 2.34
2 Siegesbeckia orientalis Compositae 112.29  84.61 4.92 0.80
3 Erigeron annuus Compositae 18.03  14.83 13.56 1.57
4 Artemisia lavandulaefolia Compositae 1.62 0.39 1.10 0.92
5 Sedum sarmentosum Crassulaceae 43.12 1994 99.22 2.76
6 Miscanthus sinensis Gramineae 2464 1479 2544 1.63
7 Miscanthus purpurascens Gramineae 123.88  25.56 62.64 0.71
8 Mosla dianthera Labiatae 8.91 7.24 12.84(Seed) 2.25
9 Elsholtzia splendens Labiatae 19.86 / 11.83 0.60
10 Trifolium repens Leguminosae 17.65 / 79.36 4.50
11 Medicago sativa Leguminosae 150.96 154.40 168.14 2.14
12 Lycodium clavaturn Lycopodiaceae 1.48 / 1.73 1.17
13 Polygonum hydropiper Polygonaceae 21.33 / 27.57 1.29
14 Rumex japonicus Polygonaceae 18.55 / 31.66 1.71

HClI-soluble Se and the organic-bound Se are regarded as the transferable Se, and
the residue Se are regarded as the un-bioavailable Se. Overall, the bioavailable Se
content in soil is the key factor for the Se accumulation in plant, and the transferable
Se content in soil provides a potential Se source for plant uptake (Zhao et al. 2005;
Zhu et al. 2008a).

The results of the total Se and the fractions of sequential chemical-extraction on
Se in soils are shown in Table 2.2. The total Se contents varied from 3 to 4 mg/kg
DW in the underlying soils of Lycodium clavaturn and Artemisia lavandulaefolia
to 100436 mg/kg DW in the underlying soil of Miscanthus sinensis, Sedum
sarmentosum, and Miscanthus purpurascens. But the total Se concentrations in
most of the soil samples collected in Yutangba contained 20-60 mg/kg DW, which
is approximately 150-500 times greater than the average soil Se content (about
0.125 mg/kg DW) in Se-deficient areas (Tan and Huang 1991; Tan et al. 2002).
When compared with the total soil Se concentrations in other Se-enriched areas
worldwide, such as 3 mg/kg DW in China and 2.41 mg/kg DW in the western
U.S., the soil total Se concentrations in Yutangba of Enshi was 10-30 times higher
(Presser et al. 1994). It should be pointed out that the soil samples containing very
high Se concentrations, such as the underlying soils of Sedum sarmentosu and
Miscanthus purpurascens, were collected from the discarded Se-coal spoils.
Although the local lithological differences could result in considerable variation in
soil Se distribution (Fordyce et al. 2000), it is likely that micro-topographical
features and hydrological conditions were the primary factors affecting the soil Se
content and distribution in the study area (Zhu and Zheng 2001).

The fractionation analysis of Se in the vegetated soils revealed that the total
Se concentration in the fraction 1 ranged from 1 to 2 mg/kg DW with lower
concentrations in the underlying soils of Lycodium clavaturn (0.30 mg/kg DW)
and Adenocaulon himalaicum (0.45 mg/kg DW), and with a higher concentration
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Table 2.2 Fractional partitioning of Se in the underlying soils (mg/kg DW)

No. Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 Total Se
1 0.45 1.81 8.44 9.13 / 19.82
2 1.28 1.58 6.31 6.46 29.70 45.33
3 0.91 1.20 7.03 8.87 24.02 42.03
4 0.64 0.82 0.92 1.17 0.21 3.76
5 1.04 3.51 12.70 10.41 111.24 138.90
6 2.30 1.77 9.86 14.49 72.38 100.80
7 6.85 15.41 82.52 62.22 268.70 435.70
8 1.35 1.42 2.91 4.59 17.84 28.11
9 0.98 2.79 4.12 5.16 5.09 18.14
10 1.09 0.91 2.28 4.17 37.17 45.62
11 1.81 1.84 3.23 3.79 32.95 43.62
12 0.30 0.66 0.77 0.99 0.46 3.18
13 0.87 2.32 12.13 8.32 37.07 60.71
14 1.19 2.18 13.30 10.94 51.47 79.08

in the underlying soil of Miscanthus purpurascens (6.85 mg/kg DW). The Se in
the fraction 2 was in a range of 1-3 mg/kg DW, with a low value in the
underlying soil of Lycodium clavaturn (0.66 mg/kg DW) and a high value in the
underlying soil of Miscanthus purpurascens (15.41 mg/kg DW). The Se distri-
bution in fractions 3 (1-4 mg/kg DW) and 4 (1-5 mg/kg DW) were different
compared with the Se distribution in other fractions. Relatively low concentra-
tions of Se in fractions 3 and 4 were found in the underlying soils of Artemisia
lavandulaefolia, Mosla dianthera, Elsholtzia splendens, Trifolium repens,
Medicago sativa, and Lycodium clavaturn. In contrast, higher concentrations of
Se in fractions 3 (7-13 mg/kg DW) and 4 (6.5-14.5 mg/kg DW) were observed
in the underlying soils of Adenocaulon himalaicum, Siegesbeckia orientalis,
Erigeron annuus, Sedum sarmentosum, Miscanthus sinensis, Polygonum hydro-
piper, and Rumex japonicas. Very high Se concentrations of 382.52 mg/kg DW
in fraction 3 and of 62.22 mg/kg DW in fraction 4 were determined in the
underlying soil of Miscanthus purpurascens. For fraction 5, Se concentrations
were very low in the underlying soils of Artemisia lavandulaefolia (0.21 mg/kg
DW), Lycodium clavaturn (0.46 mg/kg DW), and Elsholtzia splendens (5.09 mg/
kg DW). Concentrations of Sein fraction 5 ranged from 20 to 70 mg/kg DW,
with an exception in the underlying soils of Sedum sarmentosum (111.24 mg/kg
DW) and Miscanthus purpurascens (268.70 mg/kg DW).

The percentages of Se distribution among different fractions in the underlying
soils are shown in Fig. 2.2. Overall, Se in fraction 5 accounted for 40-80 % of the
total Se, 10-20 % in fractions 3 and 4, and less than 3 % in fractions 1 and 2.
Therefore, the proportion of bioavailable Se was <5 % in the underlying soils in
Enshi. However, the proportion of transferable Se was relatively high (20-40 %),
which could be used by plants for uptake. As for fraction 5, un-bioavailable Se was
predominant in the vegetated soils.
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Fig. 2.2 The percentage of the fractional partitioning of Se in the underlying soils

Table 2.3 Variations of Se concentrations in soil and stream water in Enshi during 1963-2010

Se in soil (mg/kg dry Se in stream water Sampling time References

weight) (ng/L) (year)

mean (min—max) mean (min—-max)

6.83 / 1963 Mao et al. (1997)
9.68 (0.08-45.5) 56 (0-158) 1966 Yang et al. (1981a, b)
3.45 (1.92-4.98) / 1987 Mao et al. (1997)
5.48 (0-11.89) / 1989 Zheng et al. (1993)
4.06 (2.82-5.30) / 1992 Zhu and Zheng (2001)
4.99 (2.61-7.37) 40.4 1996 Fordyce et al. (2000)
4.75 (0-12.18) 58.4 (41.6-75.2) 1999 Zhu et al. (2008b)
27.81 (3.76-79.08) 52.66 (15.13-192.70) 2010 This study

In comparing with other total soil Se concentrations reported previously by
other researchers from the same research areas in Yutangba village, the temporal
variation of soil Se concentration is shown for the time period from 1963 to 2010
in Table 2.3. The soil Se concentration in Yutangba was 6.83 mg/kg DW in 1963
(Mao et al. 1997) and 9.68 mg/kg DW, with a range of 45.42 mg/kg in 1966 (Yang
et al. 1981a, b). During the time period from 1987 to 1999, the soil Se concen-
trations were from 3.5 to 5 mg/kg DW. However, in a recent study conducted in
2010, Yin and his colleagues reported that the soil Se concentrations in Yutangba
varied from 3.76 to 79.08 mg/kg DW, with an average of 27.81 mg/kg. Based on
these Se concentrations in the soil samples collected from 1963 to 2010 by dif-
ferent research groups, the soil Se concentrations in Yutangba were high in 1963
and 1966, low and relatively stable from 1987 to 1999, and then were higher again
in 2010. Overall, the total Se content in soils in Enshi generally varied from 4 to
25 mg/kg DW which were approximately 30-200 times greater than the average
Se content (0.125 mg/kg DW) in Se-deficient areas (Fordyce et al. 2000).
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The Se concentrations in stream water were 40—-60 pg/L, which is approxi-
mately 4-6 times greater than the drinking water maximum concentration of
10 pg/L recommended by the World Health Organization (WHO) and the US
Environmental Protection Agency (Presser et al. 1994).

2.5 Plant Uptake of Selenium from Seleniferous Soil in Enshi

To estimate the ability of plants to take up Se from soil, the root bioconcentration
factors (BCF = [Se]pjant root/[S€lsoil) Were calculated for the plant species tested in
the present study (Table 2.4). Adenocaulon himalaicum, Medicago sativa, and
Siegesbeckia orientalis showed relatively high root BCFs of 28.44, 3.46, and 2.48,
respectively. For stem tissues, Medicago sativa had the highest stem BCF with 3.54,
42303 and 14.47 for S/T ([Se]plant stem/[se]soil)’ S/B ([Se]plant stem/[se] bioavailable in
soil)v and S/(B + Tr) ([Se]plant stem/[se] bioavailable plus transferable in soil)s reSpeCtiVely-
The stem of Siegesbeckia orientalis also apparently accumulated Se from the
underlying soil with BCFs more than 1. Although most of the ratios of S/B were more
than 1 in the other plant species, the ratios of S/T and S/(B + Tr) on them were lower
than 0.3 for S/T and 0.8 for S/(B + Tr). For leaf tissues, Adenocaulon himalaicum
and Medicago sativa apparently accumulated Se from the underlying soil with the
ratios of L/T ([Se]piant 1eat/[S€lsoir) Of 66.47 and 3.85, respectively, which displayed
more transportation efficiency than that in the root and the stem, especially for
Adenocaulon himalaicum. It should be pointed out that the leaf of Siegesbeckia
orientalis had a very low ratio of L/T. In contrast, the leaf of Trifolium repens could
accumulate Se from the underlying soil with a ratio of L/T of 1.74, although its root
did not display this feature. The other plant species had the ratios of L/T of less than
0.5, which revealed that those plants did not prefer Se. Similar trends were found in
the ratios of L/B ([Se]plant leaf/[se]bioavailable in soil) and L/(B + Tr) ([Se]plant stcm/
[Se]bioavai]able plus transferable in soi1)~

Overall, Adenocaulon himalaicum displayed the exceptional ability to accu-
mulate Se in its root, stem, and leaf tissues. Medicago sativa was also a good Se-
accumulator. Trifolium repens accumulates Se in its leaf part, but not in other
parts.

The relationships between plant selenium accumulation and the extracted frac-
tions in vegetated soils, and Se concentrations in different plant tissues are compiled
in Fig. 2.3. The results show that the Se concentration in root significantly correlated
with (R*> = 0.81, P < 0.05) the total Se content in the soil. The sum of bioavailable
and transferable Se, not total Se in the underlying soil dominated the Se content in
the plant stem and the plant leaf with a high positive correlation coefficient of 0.87
and 0.81, respectively, which is different from that in plant root (Fig. 2.3).
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Fig. 2.3 The relationship between the Se content of extracted fraction in the underlying soil and

the Se content of plant tissue. (a) The total Se content of underlying soil versus the Se content of

plant root, plant stem, and plant leaf, respectively; (b) The bioavailable Se content of underlying
soil versus the Se content of plant root, plant stem, and plant leaf, respectively; (¢) The sum

content of bioavailable Se and transferable Se in underlying soil versus the Se content of plant

root, plant stem, and plant leaf, respectively
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(a) Se species compositions in leaf (L), stem (S) and root (R)
of Adenocaulon himalaicum (%)
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Fig. 2.4 The Se species compositions (a) and the contents of total Se (b) in leaves, stems, and
roots of Adenocaulon himalaicum from Enshi

2.6 Selenium Hyperaccumulating Plant and its Implications

Generally, Se concentrations in plants in Se-enriched soils were less than 25 mg/
kg DW (Bell, Parker and Page 1992), except for a few Se-hyperaccumulator
species containing over 1,000 mg/kg (Ellis and Salt 2003). Our current study
shows that Adenocaulon himalaicum could be classified as a secondary Se-accu-
mulating species. Figure 2.4b shows the concentrations of total Se, Selenocystine
(SeCys2), Se-Methylselenocysteine (SeMeCys), and Selenomethionine (SeMet) in
the leaves, stems, and roots of Adenocaulon himalaicum. The total Se concen-
trations were 760 £ 692 mg/kg DW in the leaf, 580 £ 468 mg/kg DW in the
stem, and 1744 £ 2978 mg/kg DW in the root. Selenium speciation analysis
indicated that SeCys,, SeMeCys, and SeMet accounted for 70-98, 7-19, and
3—-11 %, respectively, of the total Se accumulated in Adenocaulon himalaicum
leaves (Fig. 2.4a). A similar pattern occurred in the stem and the root tissues. The
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proportion of SeCys, in Adenocaulon himalaicum increases with increasing the
accumulation of total Se in the plant tissues.

In the literature, Arabidopsis thaliana and B. juncea accumulate Se mainly in the
chemical form of selenate. However, when soils were supplied with selenate, garlic
(Allium sativum), onion (Allium cepa), leek (Allium ampeloprasum), and broccoli
(Brassica oleracea) accumulate Se primarily as SeMeCys (Beilstein et al. 1991;
Kahakachchi et al. 2004; Pilon-Smits and Quinn 2010). SeMet is a common dominant
Se species in most grains, such as wheat, barley, and rye (Stadlober et al. 2001).
However, to the best of our knowledge, this is the first time that SeCys2 is identified as
the dominant Se chemical species in higher plants. This finding will provide
important insight into Se-metabolism pathways for Se hyperaccumulator species.
Moreover, if this Se-hyperaccumulating plant species could be cultivated and planted
widely in Enshi, it could be a good Se-supplement source for animals or humans.

Generally, nonhyperaccumulating plants use Se through S pathways. However,
recent studies suggest that Se might be essential for Se hyperaccumulator species
and present specialized Se-specific transporters which are separate from S
movement (Feist and Parker 2001; Galeas et al. 2007). Even in a different Se
hyperaccumulator species (Stanleya pinnata), up to 90 % of the total Se accu-
mulated in plant tissues is in the chemical form of MeSeCys (Freeman et al. 2006).

2.7 Selenium Distribution in Staple Crops and Selenosis
in Enshi

The toxic effects of Se on human health are not commonly observed in natural
environments worldwide. However, there are 477 cases of human selenosis
reported between 1923 and 1988 in Enshi, China. In 1963, there were 283 people
suffering from loss of hair and nail due to selenosis in the region. There are no
human selenosis incidents reported in recent years, although the Se toxicity to
livestock has been occasionally observed in the villages, showing hoof and hair
loss (Fordyce et al. 2000).

To investigate the important factors that control human selenosis, a change in
dietary Se intake in the past 50 years (1963-2010) was explored. The local daily
dietary Se intake primarily depends on Se concentrations in foodstuff and the
amounts of different types of food consumed. Yin and colleagues recently esti-
mated that the food sources of daily dietary Se intake for residents in the Enshi
region include cereals (50.7 %), vegetables (17.1 %), meat (15.7 %), tuber
(13.5 %), bean (0.2 %), and others (2.8 %).

Maize is the most important cereal crop in Enshi, and the Se content in maize in
Enshi had the highest Se concentration of 33.47 mg/kg DW in 1963 (Table 2.5).
The average Se concentration in maize significantly decreased to 8.66 mg/kg DW
3 years later in 1966 (Yang et al. 1981a, b). While in the 1980s, the maize Se
concentrations varied from 4.17 to 14.07 mg/kg DW (Zheng et al. 1993; Mao et al.
1997). During the early 1990s, maize had stable but low Se concentrations within a
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Table 2.5 Variations on Se contents of food for residents in Enshi during 1963-2010

Food Source Se content (mg/kg dry weight) Sampling time (year) References
mean (min—-max)

Maize 33.47 1963 Mao et al. (1997)
8.66 (0.5-44.0) 1966 Yang et al. (1981a, b)
14.07 1987 Mao et al. (1997)
4.17 (0.77-7.57) 1989 Zheng et al. (1993)
6.47 (2.18-10.76) 1992 Zhu and Zheng (2001)
5.95 (4.40-7.50) 1995 Yin et al. (1996)
1.38 (0.182-5.60) 1996 Fordyce et al. (2000)
1.48 (0.07-2.89) 1999 Zhu et al. (2008a, b)
0.37 (0-0.79) 2010 This study

Rice 3.96 (0.3-20.2) 1966 Yang et al. (1981a, b)
1.26 (0.83-1.68) 1995 Yin et al. (1996)
1.04 (0.34-1.74) 2010 This study

Bean 11.86 (5.0-22.2) 1966 Yang et al. (1981a, b)
0.71 (0.46-1.37) 2010 This study

Carrot 11.84 1966 Yang et al. (1981a, b)
0.23 (0.07-1.60) 2010 This study

Garlic 44.80 (8.30; 87.37) 1966 Yang et al. (1981a, b)
0.53 (0.33-1.08) 2010 This study

Hyacinth bean ~ 37.23 1966 Yang et al. (1981a, b)
0.57 (0.11-3.75) 2010 This study

Chinese cabbage 36.42 (5.77-72.17) 1966 Yang et al. (1981a, b)
0.72 (0.31-2.73) 2010 This study

Pumpkin 33.20 (6.28; 60.02) 1966 Yang et al. (1981a, b)
0.76 (0.31-3.22) 2010 This study

Eggplant 38.30 1966 Yang et al. (1981a, b)
1.04 (0.43-3.21) 2010 This study

Kidney bean 28.17 1966 Yang et al. (1981a, b)
1.57 (0.41-4.14) 2010 This study

Potato 9.20 (3.17; 15.13) 1966 Yang et al. (1981a, b)
0.28 (0.04-1.07) 2010 This study

range from 5.95 to 6.47 mg/kg DW (Yin et al. 1996; Zhu and Zheng 2001).
However, the Se concentration in maize continued to decrease to 1.38—1.48 mg/kg
DW during the late 1990s (Fordyce et al. 2000; Zhu et al. 2008b). Till 2010, the
maximum Se concentration of maize was only 0.79 mg/kg DW, while 44.0 mg/kg
in maize in 1963. Similar trends were found in rice, bean, carrot, garlic, hyacinth
bean, Chinese cabbage, pumpkin, eggplant, kidney bean, and potato (Table 2.5).
Concentrations of Se in blood or plasma are common indicators of Se status in the
human body (Harrison et al. 1996). However, previous studies revealed that Se
concentrations in the muscle and whole blood, red blood cells, blood plasma, hair,
and toenails were significantly correlated with each other. In particular, human
hair samples have been considered as a good bioindicator for the Se level in the
human body (Tan and Huang 1991; Wietecha et al. 2005; Behne et al. 2010).
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Table 2.6 Variations on Se contents of hairs and Se daily dietary intakes for residents in Enshi
during 1966-2010

Se in hair (mg/kg dry Se daily dietary intake Sampling time References

weight) (pg/d) (year)

mean (min—max) mean (min—-max)

32.2 (4.1-100) 4,990 (3,200-6,690) 1966 Yang et al. (1981a,
b)

/ 1,338 1985 Yin et al. (1996)

26.4 (1.832-141) / 1996 Fordyce et al.
(2000)

17.49 (9.53-32.82) 575 (369; 526; 830) 2010 This study

In this study, we collected available data on Se contents of human hairs from Enshi
region (Table 2.6). In 1966, the mean Se content in human hair was as high as
32.4 mg/kg DW, which was correspondent to selenosis there. After 30 years, the
determined hair Se concentration was lower than that in 1966 and the value was
26.4 mg/kg DW, showing a decrease of 20 %. In this study, we also collected
some hair samples from Enshi and the Se content was 17.94 mg/kg DW. Overall,
the Se contents in human hair continued to decrease from 32.4 to 17.49 mg/kg DW
during the past 45 years, which indicated that the Se level in the human body went
down since selenosis occurred in the 1960s.

The adult daily dietary Se intake rates in different countries are compiled in
Table 2.7, showing that the Se daily intake varied from 7 to 11 pgd~" in the Keshan
disease area to 600—5,000 pug d ™' in the selenosis areas in Enshi. The recommended
dietary allowance (RDA) of Se for humans varied from country, region, age, and sex.
In 1980, the estimated safe and adequate daily Se dietary intake for adults was
50-250 pg d~', and in 1989, the RDA value was established as 77 and 55 pg d ™' of
Se for men and women, respectively (Pedrero and Madrid 2009). However, the
WHO-recommended-RDA value for adults is 55 pg d ™' for both male and female
(National Research Council 2000), and the tolerable upper Se intake level for adults
is 400 pug d~' (Food and Nutrition Board USA Institute of Medicine 2000). Yang
et al. (1989) reported that Se homeostasis was disturbed at the Se intake of 750 pg
d~" or above, and the symptoms of selenosis occurred at the dietary Se intake level of
>910 pg d~'. It was also recommended that 550 pg Se d~' was the maximum safe
intake of Se for adults in high Se areas, such as Yutangba.

Based on our collected data, the daily Se intake was as high as 4,990 pg d~' in
1966, much higher than the recommended maximum safe intake by Yang et al.
(1989). But the daily Se intake for residents in Enshi continued to decrease from
4,990 pug d~'in 1966 to 1,338 pg d~' in 1985. Although the Se intake in 2010 was
significantly lower compared with those in 1966 and 1985, the daily Se intake
value still exceeded the recommended maximum safe intake of 550 pg Se d~'
(Yang et al. 1989; Yang and Xia 1995), indicating that there may be potential risk
for selenosis currently in high Se areas in Enshi.

The Se-enriched coal stone was utilized as fuel materials for cooking and
making lime by the villagers in Enshi, and they were also ground into powder as an
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Table 7 A summary on Se intakes from different countries/regions modified from Rayman

(2004) and Gao et al. (2011)

Country/Region

Se intake
(ng/person per
day)

References

1 Keshan disease area (China)
Saudi Arabia
Czech Republic
Burundi (Africa)
New Guinea
Nepal
China (except Keshan disease area and
selenosis)
Croatia
Egypt
2 India
Belgium
Brazil
UK

France
Serbia
Slovenia
Turkey
Poland
Sweden
Germany
Spain
Portugal
Denmark
Slovakia
Greece
Netherlands
Italy
Suzhou (China)
Austria
Ireland

3 Korea
Australia
New Zealand
Switzerland
Finland

4 Japan
USA
Canada

5 Venezuela

6 Selenosis area (China)

7
15
10-25
17
20
23
26-32

27
29
27-48
28-61
28-37
29-39

29-43
30

30
30-36.5
30-40
31-38
35

35

37
38-47
38

39
39-67
43

44

48

50

58
57-87
55-80
70

80
104-199
94134
98-224
200-350
575-4,990

Yang (1990)

Al-Salehet al. (1997)
Kvicala et al. (1996)
Benemariya et al. (1993)
Donovan et al. (1992)
Moser et al. (1988)
Chen et al. (2002)

Klapec et al. (1998)

Reilly (1996)

Mahalingam et al. (1997)

Robberecht and Deelstra (1994)

Maihara et al. (2004)

Ministry of Agriculture, Fisheries and Food
(1997)

Lamand et al. (1994)

Dijujic et al. (1995)

Pokorn et al. (1998)

Giray and Hincal (2004)

Wasowicz et al. (2003)

Becker (1989)

Alfthan and Neve (1996)

Diaz-Alarcon et al. (1996)

Reis et al. (1990)

Danish Governmental Food Agency (1995)

Kadrabova et al. (1998)

Pappa et al. (2006)

Kumpulainen (1993;) van Dokkum (1995)

Allegrini et al. (1985)

Gao et al. (2011)

Sima and Pfannhauser (1998)

Murphy et al. (2002)

Choi et al. (2009)

Fardy et al. (1989)

Vannoort et al. (2000)

Kumpulainen (1993)

Hartikainen (2005)

Rayman (2004)

Longnecker et al. (1991)

Gissel-Nielsen (1998)

Combs and Combs (1986)

The present study

Note 1—Se deficiency area; 2—Se low-deficiency area; 3—Se adequate-low area; 4—Se high-adequate area;

5—Se high area; 6—Selenosis area
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agricultural fertilizer (Zhu et al. 2008b). Moreover, villagers in Enshi also dis-
charged lime onto cropland to improve the soil quality during land clearing for
agriculture or cultivation (Yang et al. 1983). These anthropogenic activities
accelerated the release and transport of Se from coal stone into the food chain and
very likely caused the Se poisoning in Enshi (Zhu et al. 2008b).

2.8 Selenium-Biofortified Agricultural Products in Enshi

Several earlier clinical trials have suggested that some organic forms of Se could
lower the risk of certain types of cancer (Clark et al. 1996; Reid et al. 2008;
Wallace et al. 2009).

Se daily intake data from the world are compiled in Table 2.7, which displays
the intake of Se varying considerably between countries/regions. Keshan disease
area (China), Saudi Arabia, Czech Republic, Burundi (Africa), New Guinea, Nepal,
China (except KD and selenosis), Croatia, and Egypt were identified as Se-defi-
ciency countries/regions because the levels of Se daily intake were below 30 pg/d;
India, Belgium, Brazil, UK, France, Serbia, Slovenia, Turkey, Poland, Sweden,
Germany, Spain, Portugal, Denmark, Slovakia, Greece, Netherlands, Italy, Suzhou
(China), Austria, Ireland were identified as Se-low to Se deficiency area because the
levels of Se daily intake were below the WHO recommended amount, 55 pg/d;
Korea, Australia, New Zealand, Switzerland, and Finland were identified as Se-
adequate to Se-low areas because of the levels of Se daily intake were in a range of
55-100 pg/d; Japan, USA, and Canada were recognized as Se-high to Se-adequate
countries with the Se daily intake of 100-200 pg/d. It is quite a high level of Se
intake in Venezuela with 200-350 pg/d; if the residents took more than 550 ng/d
Se, it would cause selenosis symptoms, such as in Enshi, China. Overall, there are
about 76 % (28/35) of countries located in Se-low areas with the Se daily intake
level less than 55 pg/d. Especially in China, the Se daily intake varied considerably
from toxic in Enshi, through low in Suzhou, to deficient in Keshan disease areas.

Soil Se distribution varied significantly in the world. More than 40 countries lack
Se resources, while about 80 % of the world’s total reserves of Se are located in
Chile, the United States, Canada, China, Zambia, Zaire, Peru, Philippines, Australia,
and Papua New Guinea (Liu et al. 2010). Although China is ranked fourth in Se
reserves worldwide, after Canada, the United States, and Belgium, Se-deficiency
occurs in a geographic low-Se belt stretching from Heilonjiang Province in the
northeast to Yunnan Province in the southwest, affecting 71.2 % of Chinese land
(Zhu et al. 2009). Therefore, Se food supplement is needed for many Chinese people.
Till date, plant-based Se intake has been the only means for humans and animals in
Se-deficient areas. Wheat, rice, and vegetables are usually Se-biofortificated to
provide organic and safe Se compounds (Zhu et al. 2009; Liu et al. 2010).



2 Selenium in Plants and Soils, and Selenosis in Enshi, China 23

2.8.1 Selenium Biofortification Strategy

Biofortification is a biological strategy, which aims to increase micronutrient
contents in the edible parts of plants, animals, or microorganisms, via breeding or
the use of biotechnology. It is considered to be a safe and effective way to alleviate
micronutrient malnutrition in many micronutrient deficient/low areas or countries
(Nestel et al. 2006; Mayer et al. 2008; Zhao and McGrath 2009). Generally, plant-
based biofortification is the most effective and worldwide used strategy, especially
on staple crops, because it is the best solution for improving the lack of nutritional
trace elements in the world (White and Broadley 2009).

However, Se is not an essential micronutrition for higher plants, and Se will be
transported via S-transportation pathway into plant tissues (Terry et al. 2000). In
fact, the ability to absorb and accumulate Se is different in different plant species.
Therefore, it is important to select special plant species which can accumulate Se
in their edible parts for biofortification. Then, the biofortification strategies are
used on these selected plants to increase the Se concentrations in the edible parts,
which can be consumed by populations in Se malnutrition status. Furthermore,
plants accumulating Se are useful as a “Se-delivery system” to supplement Se in
the mammalian diet in many Se-deficient countries or areas, and these Se-bio-
fortificated meat could be another important source for dietary Se intake. In
addition, the un-edible parts of biofortified plants and the excrements of fortified
animals could also be used as (organic) Se-enriched fertilizers for staple crops.

There are two strategies currently for Se-biofortification, agronomic approaches
and genetic approaches.

(1) Agronomic biofortification strategies

Agronomic biofortification strategies are based on application of mineral
fertilizers to improve the solubilization and mobilization of Se in the soil (White
and Broadley 2009). The different forms of Se supplied for biofortification could
be different in the Se accumulation of higher plants. Selenate is transported much
more easily than selenite, or organic Se, and plant leaves could accumulate sub-
stantial amounts of selenate but much less selenite or SeMet (De Souza et al. 1998;
Zayed et al. 1999). In addition, the mixture of organic acids with Se-mineral
fertilizers were used to chelate Se, which could obviously improve the acquisition
of Se and elevate the utilization efficiency of Se fertilizers (Morgan et al. 2005;
Lynch 2007). It is also an effective approach to develop a more extensive root
system, with longer, thinner roots with more root hairs, and by proliferating lateral
roots in mineral-rich patches (White and Broadley 2005; Lynch 2007; Kirkby and
Johnston 2008; White and Hammond 2008). Moreover, the rhizosphere microor-
ganisms played an important role in phytoavailability of Se by plants (Morgan
et al. 2005; Lynch 2007; Kirkby and Johnston 2008). It should be pointed out that
the agronomic Se-biofortification strategies to increase crop Se contents by using
inorganic Se fertilizers were very successful in Finland and New Zealand (Lyons
et al. 2003; Hartikainen 2005). Clearly, it is promising to use the Se-enriched
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plants, crops, or agricultural products grown on naturally seleniferous soils, for
example, in Enshi of China, as a natural Se supplement for people in areas with
inadequate soil Se concentrations (Terry et al. 2000).

(2) Genetic engineering for biofortification

Genetic biofortification strategies are based on genetic variations or transgenic
technology to increase abilities to acquire the objective micronutrient elements and
accumulate them in edible parts of plants (White and Broadley 2009). Addition-
ally, it is known that so-called “promoter” substances, such as ascorbate, f-
carotene, and cysteine-rich polypeptides, could accelerate the absorption of
micronutrient elements in plants, and it is possible to increase the concentrations of
mineral elements in plants by increasing the contents of “promoter” substances in
genetic ways. It is the reverse with “antinutrient” substances, such as oxalate,
polyphenolics, or phytate (White and Broadley 2009). There is genetic variation in
the concentrations of mineral elements in the grains of most cereal species. Some
researches indicate that concentrations of Fe and Zn in cereal grain vary 1.5- to 4-
fold among genotypes depending on the genetic diversity of the material tested
(Cakmak 2008; Tiwari et al. 2008). Generally, the Se levels in different plants are
as follows: brassica > bean > cereal (Liu et al. 2010). As for transgenic approa-
ches, the selenocysteine methyltransferase gene of Astragalus bisulcatus (two-
grooved poison vetch) was introduced into Arabidopsis thaliana (Thale cress) to
overexpress Se-methylselenocysteine and 7y-glutamylmethylselenocysteine in
shoots (Ellis et al. 2004; Sors et al. 2005; Pilon-Smits and LeDuc 2009).

2.8.2 Selenium Biofortification in China

Considering that there are so many Se-deficient regions in the world, it is prom-
ising to take advantage of Se-enriched plants and crops in Enshi as a natural and
green Se resource for animals and human beings.

One option is to add the Se-enriched plants in Enshi to soils in other Se-
deficient areas as a source of organic Se fertilizer supporting forage crops. Proper
amounts of this organic fertilizer can improve the Se status in the local soil as well
as provide the crops with Se and other nutrition. Second, it is a good solution to
use Se-enriched plant materials in Enshi as forage for animals in other Se-defi-
ciency areas. Third, the Se-enriched staple crops in Enshi could be regarded as
naturally Se-biofortified products, and those Se-enriched products could be con-
sumed by populations in Se-deficiency areas as Se food supplement sources. The
local business in Enshi has developed some Se-enriched products, such as tea, rice,
maize, herb, and drinks.

The development of Se-biofortification has been ongoing for decades in China
(Yang et al. 2007). Generally, Se biofortification approaches in China can be
divided into three different categories:
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(1) Selective Se-accumulated crop species

The black rice Jinlong No.1, cultivated by Jilin Academy of Agricultural Sci-
ences, could accumulate Se with a content of 6.5 ng/g DW. Jiangsu Academy of
Agricultural Sciences cultivated an Se-enriched rice species, named Longqing
No.4, which was optimized from Suzi No.4 in Yunnan province. Shanxi Academy
of Agricultural Sciences bred a new black wheat variety with Se concentration
112.8 % higher than the ordinary one. Furthermore, the selected Se-accumulated
species, e.g., black rice, red rice, could significantly increase the content of Se in
the edible parts. It is possible to mutagenize the Se-related genes in Arabidopsis
thaliana to improve the efficiency of breeding Se-enriched crops at molecular level
(Liu et al. 2010).

(2) Foliar application of Se fertilizer

Foliar spray with Se fertilizer is a practical way to improve the Se content of
staple crops in China, and it played an important role in producing Se-enriched
foods. Under the optimal application condition, Se contents of rice could be sig-
nificantly increased by 194 % and reached over 120 pg/kg (DW) without reducing
grain yields and protein/ash contents (Fang et al. 2008). Chen et al. (2002) also
found that the Se contents of rice were significantly increased to 0.471-0.640 ng/g
by foliar application of Se-fertilizer at a rate of 20 g Se/ha in the forms of sodium
selenite and sodium selenate. At present, Se-enriched rice is available in the
market and contributes significantly to consumers by improving their Se dietary
intake since rice is one of the major staple foods in China. Tea is another popular
Se biofortified product in China. Besides the Se contents of tea leaves being
increased, the number of sprouts, the yield, the amino acid contents, the vitamin C
contents as well as the sweetness and aroma of tea leaves could be significantly
increased because of the implementation of the Se biofortification strategy (Hu
et al. 2003).

(3) Application of soil Se fertilizers

This approach is to apply Se fertilizers around plant root zone to increase the
total Se content and bioavailable Se in the rhizosphere environment. Compared
with natural biofortification and foliar spray approaches, the application of soil Se
fertilizers has the following advantages: (1) it breaks down the geological limi-
tations for Se biofortification, compared with the natural biofortification in sele-
niferous areas; (2) the Se chemical forms and contents in Se-biofortified products
would be much safer than those via foliar spray; and (3) it could largely reduce the
deviation of Se contents in the biofortified products to ensure high quality on Se-
enriched products in future.

Generally, fruits and vegetables in China contain less than 3 pg/kg Se (wet
weight) while rice less than 50 pg/kg, and tea less than 250 pg/kg (Yin and Li
2011). However, the use of soil Se fertilizers could improve the Se contents in the
products by several hundred times, and it was performed on various cereals, fruits,
and vegetables (Liu et al. 2010; Yin and Li 2011). In recent years, the Se fertilizer
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application strategy was commonly used in Chinese agricultural production and
produced safe and green Se-enriched foods in the market, such as fruits, vegeta-
bles, rice, and tea. Indeed, the novel concept of functional agriculture had been
adopted by Chinese scientists and it has received more and more recognition from
growers to consumers (Zhao and Huang 2010).

2.9 Summary and Outlooks

Selenium is an essential mineral nutrient for humans and animals. Selenium is
needed for the formation of several proteins such as glutathione peroxide and
thioredoxin reductase. However, the gap between the beneficial and harmful levels
of Se is quite narrow. The Keshan disease and the Kaschin-Beck disease caused by
Se deficiency occurred in Heilongjiang, China, with a daily Se intake less than
11 pg/d and the loss of hair and nail caused by Se poisoning occurred in Enshi,
central China, with a daily Se intake more than 575 pg/d. Therefore, the con-
current endemic diseases of Se-deficiency and selenosis that happened in China
indicated the greatly uneven distribution of Se resources in China.

Although the Se concentration in resident foods and the daily Se intake
decreased significantly from 1963 to 2010 in Enshi, the present daily Se intake
(575 pg/d) is still above the recommended maximum safe intake with 550 pg/d,
which indicates there may be potential risk for selenosis in Enshi. Moreover, the
total soil Se content in Enshi concentrated in a range from 20 to 60 mg/kg DW
which was approximately 150-500 times greater than the average Se content
(0.125 mg/kg DW) in Se-deficient areas and approximately 50-150 times greater
than that (0.40 mg/kg DW) in Se-riches areas in China, respectively.

In contrast, there are about 76 % countries located in Se-deficiency areas with
the Se daily intake level less than 55 pg/d for adults. Especially in China, Se-
deficiency occurs in a geographic low-Se belt stretching from Heilonjiang Prov-
ince in the northeast to Yunnan Province in the southwest, covering about 70 % of
Chinese land.

Therefore, it is promising to take Se-biofortification naturally in Enshi. Se-
enriched plants or crops in Enshi could be taken as a source of Se-organic fertilizer
to increase the Se contents of staple crops, or as a source of Se-organic forage to
support the Se-deficiency livestock in Se-deficient areas. Se-enriched crops, such
as rice, maize, could be consumed by the population as a safe Se-supplement in Se
deficiency areas. Furthermore, an Se-hyperaccumulating plant, Adenocaulon hi-
malaicum, could be planted widely in Enshi to gain high-Se materials, and it could
also be biofortified in Se deficiency areas as a selective species.
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Chapter 3

Phytoremediation of Zinc-Contaminated
Soil and Zinc-Biofortification

for Human Nutrition

Li Zhao, Linxi Yuan, Zhangmin Wang, Tianyu Lei and Xuebin Yin

Abstract Phytoremediation of Zinc (Zn) contaminated soil is to remove Zn from
soil using Zn-tolerant plants or hyperaccumulators with the assistance of agri-
cultural or biological technologies. Zn biofortification is to increase the natural
content of Zn with high bioavailability in staple food crops to provide Zn sup-
plement sources for humans. Researches on understanding the physiological
mechanisms of Zn uptake, distribution, storage, and metabolism by plants indicate
that the two applications share certain limiting physiological processes. In this
chapter, the physiological processes of Zn in plants are introduced and certain
regulatory mechanisms are reviewed. Issues related to existing strategies, bottle-
necks, and potential improvements on Zn-phytoremediation and Zn-biofortifica-
tion will also be discussed. Though much remains to be elucidated, the
combination of high efficiency of Zn accumulation in plants for phytoremediation
and favorable Zn-accumulation in the edible part of staple crops for biofortifica-
tion appear to be a worthwhile and promising attempt.
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3.1 Zinc: An Overview

Zinc (Zn) is the twenty-fourth most abundant element on the Earth’s crust with a
content of 75 mg kg~'. Soil contains 5-770 mg kg~' of Zn with an average of
64 mg kg™, seawater has 30 pg Zn L™, and the atmosphere contains 0.1—-4 pg
Zn m—> (Emsley 2001). Zn in the environment mainly exists in the state of Zn-
sulfide and Zn-oxides, and easily associates with many other elements, such as
lead (Pb), copper (Cu), cadmium (Cd) to form mineral associations. Zn is a
transition metal with atomic number of 30 and has five stable isotopes: ®*Zn
(48.63 %), *°Zn (27.90 %), *"Zn (4.90 %), ®3Zn (18.75 %), and "°Zn (0.62 %).
Zn is radioactive, with a half-life time of 244.26 days, and it is frequently used
as a Zn radiotracer in plants. Zn commonly presents in oxidation states of +1 or +2
in the environment (Brady et al. 1983). Zn>" participates in biological or chemical
reactions. In solution, Zn exists in the +2 oxidation state and is redox-stable under
physiological conditions for a complete d-shell of electrons (Broadley 2007).
Zn tends to form strong covalent bonds with O-, N-, and S- donors and thus forms
numerous stable complexes (Greenwood and Earnshaw 1997). Tetracoordinated
and hexacoordinated Zn complexes are the most common types, though penta-
coordinated complexes also exist (Holleman et al. 1985).

Zn is an essential trace element for plants (Broadley et al. 2007), animals
(Prasad 2008), and microorganisms (Sugarman 1983). It is required in a large
number of proteins in organisms and is the only metal presenting in all classes of
enzymes. In proteins, Zn ions are often coordinated to the side chains of amino
acids, such as cysteine and histidine, aspartic acid, and glutamic acid. In organ-
isms, three main functional sites of Zn are recognized, and the function varies with
the geometry and characteristics of Zn**-ligand bonding: structural, catalytic, and
cocatalytic (Auld 2001; Maret 2005). Since Zn has no oxidant properties like iron
and copper, it exists almost entirely in divalent state, making it easily incorporated
into the biological system and safely transports both extra- and intracellularly
(Hambidge and Krebs 2007).

Zn is responsible for the normal expression of more than 20 physiological
functions in organisms, including immune function, protein synthesis, wound
healing, DNA synthesis, and cell division. A large number of proteins in biological
systems need Zn to maintain their structural stability and transcription factors.
Protection against infections and diseases is related to gene regulation and
expression under stress conditions in which Zn is required (Prasad 2010). Zn is
also a critical element required for detoxification of highly aggressive free radicals
and for structural and functional integrity of biological membranes (Cakmak
2000). Zn supports normal growth and development during pregnancy, childhood,
and adolescence. It is also required for proper sense of taste and smell. Zn defi-
ciency is among the major malnutrition in humans and has led to severe diseases,
cellular disturbances and impairments, and even large mortality especially in
infants and young children.
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Although Zn is an essential element for life, excess Zn can be harmful and can
cause Zn toxicity to organisms. The free Zn>" in solution is highly toxic to plants,
invertebrates, and even some vertebrate species. Acute adverse effects of high Zn
intake include nausea, vomiting, loss of appetite, abdominal cramps, diarrhea, and
headaches. Long-term exposure of Zn can cause chronic Zn poisoning which will
cause a greatly decreased blood copper concentration, anemia, leukocyte rare
disease, immunity damaged, weight loss, and other symptoms. Low concentrations
of Zn are necessary for normal plant growth; however, a strong phytotoxicity of Zn
and retard plant growth can appear with the presence of Zn at over 400 mg/kg.
Sewage irrigating crops, especially wheat, with sewage water containing high
levels of Zn, will result in uneven seedling emergence, less tiller, plant dwarf, and
leaf chlorosis. The diversity of microbes in the Zn-contaminated soil also appears
to decrease with increasing Zn content (Moffett et al. 2003).

3.2 Physiological Processes of Zinc in Plants

Zn plays a central role in healthy plant metabolism and growth processes. It is
transported in xylem after being absorbed by the roots and then distributed in plant
tissues. Zn is unevenly distributed in plants, and Zn concentrations in tissues could
differ greatly among plant species. Zn exists in both soluble and insoluble forms in
plant tissues. Carboxylic acids, amino acids, phytochelatins (PCs), nicotianamine
(NA), and proteins are the main complex organic compounds with soluble Zn. Zn
is also found as inorganic Zn-phosphate salts and organic Zn-phytates (White and
Broadley 2011).

Concentrations of Zn in plants vary from 25 to 150 mg kg~ DW. The foliar Zn
deficiency symptoms appear with a Zn concentration of <15 mg kg~' DW in leaf,
while toxicity symptoms become visible when leaf Zn is over 300 mg kg~' DW
(Broadley et al. 2007). Detrimental effects of Zn on plant can be observed if plant
Zn concentration reaches 400 mg kg~ '. Nevertheless, the Zn concentration in the
aerial parts can reach up to 1,000 mg kg~' DW for Zn-tolerant plants and even
more than 10,000 mg kg~' DW for Zn-hyperaccumulators (Baker and Walker
1990).

As one of the most important micromineral elements, the primary physiological
functions of Zn in plant biochemical activities include: (1) activating agent for
vitamins; (2) participating in plant cell respiration, promoting photosynthesis via
enhancing the production of chlorophyll; (3) catalyzing redox action and accel-
erating protein oxidation; (4) participating in the synthesis of growth hormones
auxin in plants, and (5) promoting plants to thrive with high resistance for diseases
and cold. Several physiological processes involved in Zn absorption, transport, and
storage by plants are introduced in detail in the following sections.



36 L. Zhao et al.

3.2.1 Zinc Uptake from Soil by Plants

Generally, Zn can be absorbed via roots primarily as Zn>" and/or Zn(OH), at high
pH in the soil solution. Zn is transported either symplastically or apoplastically
after being taken up through root cells (White et al. 2002; Broadley et al. 2007).
The uptake of Zn by plants from soil to plant roots is proposed to be driven by the
negative electrical potential in plasma membrane and mediated by the complicated
metal transport systems on the plasma membrane of root cell. The availability of
Zn in the soil to plant, rhizospheric process, and cell membranes transport are
thought to be the important biological processes controlling Zn uptake.

The availability of Zn in soil is controlled by the factors that affect the amount
of available Zn in soil solution or its sorption—desorption from/into the soil
solution. These factors usually include: the total Zn content, chemical forms of Zn
compounds, soil properties (organic matter content, carbonate, or phosphate
content, granularity, pH), environmental conditions (temperature and humidity),
concentrations of other trace elements, and relative biological activities. At low
soil pH (<6) the bioavailability of Zn generally increases with increasing
replacement of Zn>* by H* (Pilon-Smits 2005). A higher temperature can accel-
erate the biochemical activities in general, thus Zn absorption and relocation
processes could be accelerated. Organic matter can either increase the Zn avail-
ability in the soil with the formation of soluble organic zinc complexes which are
probably capable of absorption into plant roots or decrease its bioavailability by
the formation of stable solid-state organic Zn complexes (Alloway 2008).

The rhizosphere process involves complex interactions between plant roots and
rhizosphere microbes. Plant roots release a variety of organic compounds (such as
organic acid, siderophores, and phenolics) that are the natural carbon resources for
microbes (Bowen and Rovira 1991). At the same time, microbes in the rhizosphere
stimulate root growth and enhance water and micronutrient absorption (Kapulnik
1996). There are many studies about the roles of rhizosphere microbes in pro-
tecting plant from excessive heavy metal toxicity by reducing metal absorption
(Delorme et al. 2001; Whiting et al. 2001; Farinati et al. 2009). For example, under
the circumstance of excessive Zn, arbuscular mycorrhiza fungi (AMF) can
improve plant growth, reduce the Zn toxicity to plants, influence the absorption
and translocation of Zn, and facilitate the extraction of Zn by plants from soil
(Chen et al. 2003). The secretion from plants and microbes has both positive and
negative effects on plant metal uptake: the secretion protects plants by reducing the
absorption of metals, or promotes metal absorption by chelating metals to increase
metal bioavailability.

Transport of bioavailable ions across the plasma membrane of roots is a critical
step in metal uptake and accumulation. Taking Zn>* for example, the absorption
dynamics of Zn for plants can be distinguished into two stages. At the very
beginning, it is a fast and linear dynamic phase which is related to the Zn>*
adsorption on the root cell wall. Then, there is a slower saturated adsorption stage
which is related to the transport of Zn* through the plasma membrane of root cells.
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The Zn influx to the cytoplasm of root cells is mainly mediated by various classes of
protein transporters on the plasma membrane, though some plasma membrane Ca**
channels are also contributing to Zn>* uptake (White and Broadley 2011).

Some metal transporters of the ZIP protein family are considered to be the
predominant uptake systems for Zn in plants (Grotz et al. 1998; Guerinot 2000).
The ZIP transporters were characterized in Arabidopsis (Grotz et al. 1998), soybean
(Moreau et al. 2002), and rice (Ishimaru et al. 2005; Ramesh et al. 2004). The ZIP
family includes a set of transport proteins, and these transport proteins have an
important feature, i.e., they all can transport Zn>* and other metal ions from the
extracellular or organelles lumen into the cytosol (Saier 1999). ZRT1 and ZRT2 are
the earliest achieved ZIP family members by gene cloning. They stand for,
respectively, high affinity and low affinity of the Zn>* absorption transporters (Zhao
and Eide 1996a, b). ZRT1 and ZRT2 are responsible for the absorption of Zn**
across the plasma membrane, while ZRT3 in the vacuole membrane is responsible
for shipping Zn>* from the vacuole back to the cytoplasm (Macdiarmidc et al.
2000). IRT1 and IRT2, the main Fe>* uptake systems in Arabidopsis thaliana root
cells, are found to contribute significantly to the uptake of Zn and Cd by plants. An
increase of IRT1 transcript and IRT1 protein levels in the root appears after the
treatment of Fe limitation, which in turn leads to IRT1-dependent Cd and Zn
accumulation in the roots (Palmgren et al. 2008). In addition to the ZIP transport
system, yellow strip-like (YSL) proteins, which have been found mainly involved
in Fe transport, are also evaluated to contribute to the uptake of Zn complexed with
phytosiderophores or NA (Schaaf et al. 2005). HMA?2 and HMA4 are two out of the
eight gene encoding members of the type 1B heavy metal—transporting subfamily of
the P-type ATPases in Arabidopsis thaliana (Grotz and Guerinot 2006). They are
observed to play a primary role in essential Zn homeostasis.

These transport systems, to a great extension, determine the specificity and
direction of Zn** transport, and the concentration of transport protein will decide
the speed of Zn?* cross-membrane transport and the accumulation of Zn** within
the membrane. In Zn hyperaccumulator, Thlaspi caerulescens, the constitutive
expression of a Zn transporter in the root cell membrane is proved to be one of the
underlying mechanisms of natural hyperaccumulation. Researches on the molec-
ular mechanism involved in Zn hyperaccumulation and hypertolerance are
undergoing. Though much remains to be investigated, the existing knowledge
demonstrates that the transmembrane process is one of the key factors that control
essential Zn homeostasis (Clemens et al. 2002; Hussain et al. 2004).

3.2.2 Zinc Chelation and Compartmentation in Roots

After the transmembrane process, most of the Zn (primary Zn>*) is chelated by
several metal chelators in the cytosol or sequestrated in the vacuoles, keeping a
vanishingly low concentration of free Zn ion in the cytosol. This mechanism is the
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main way of heavy metal detoxification in plants, contributing to metal tolerance
and metal hyperaccumulating of plants. A lot of chelating materials have already
been discovered for plants and metallothioneins (MTs), PCs, low-molecular che-
lating agents (LCs) are three typical groups of those metal chelators.

ey

(@)

3)

MTs

MT is a kind of low molecular and cysteine-rich polypeptides found in the
cytoplasm of plant cells. The hydrosulfuryl of cysteine residues can detoxify
heavy metals (like Zn and Cd) by forming non-toxic or low-toxic complex
(Nathalieal et al. 2001). The first MT extracted from plants is wheat EC (Early
Cys) protein. It was extracted from mature embryo of wheat, and can combine
with Zn>* (Lane et al. 1987). Since then, more than 50 kinds of MTs genes
were found in different plants (Rauser 1999). MTs play an important role in
chelating with heavy metals and in regulating Zn and Cd homeostasis in plant
cells (Palmgren et al. 2008).

PCs

PCs were first extracted from the Cd stressed Rauvolfia serpentine cells by
Grill et al. (1985). Researches show that PCs are a kind of hydrosulfuryl
chelated polypeptide, consisting of homocysteine, glutamate, and glycine,
known to be required for basic tolerance of metals in all plants. Due to high
contents of hydrosulfuryl, PCs have a high metal affinity, and can be chelated
with many heavy metal ions. The biosynthesis of PCs can be induced by many
metals, including Cd, Ni, Pb, and Zn (Kalpheck et al. 1995). After a few
seconds of heavy metal processing, plant cells will induce the generation of
PCs, and then the low molecular PCs in the cytoplasm will be transported to
the vacuole where PCs-metals are formed and stored (Sun et al. 2005; Han-
gavel 2007).

LCs

In addition to MTs and PCs, the third important category of metal chelating
agents in plant is the LCs, including organic acids (such as oxalic acid, malate
acid, citric acid, and amino acids), NA, and inorganic anions (e.g. phosphate).
They play an important role in the cumulative mechanism of intracellular Zn
with the ability of improving the heavy metal tolerance. LCs has been dem-
onstrated to reduce free Zn®* concentration by forming chelating compounds
or precipitation. Studies have shown that citric acid is related with the accu-
mulation and resistance of Zn** (Sanger et al. 1998) and malate acid is a Zn**
combiner in the cytoplasm (Godbold et al. 1984). NA is a ubiquitous com-
pound in plants and has the capacity to bind Zn, Fe, and other metals (von
Wiren et al. 1999; Schaaf et al. 2004). Zhao et al. showed that citric acid has a
high affinity of Zn®*, and it can form the Zn-chelating groups in Arabidopsis
halleri (Zhao et al. 2000). In Thlaspi caerulescens, up to 70 % of root Zn may
be associated with His (Histidine) and the remaining 30 % was associated with
the cell wall (Callahan et al. 2006).
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Vacuoles are assumed to be the major sites of metal sequestration in root cells
(Martinoia et al. 2007). Once Zn has entered the cytoplasm of a root cell, espe-
cially in excessive concentration, it might be transported into vacuoles and
sequestered there as free Zn ions or organic complex. This process is also regu-
lated by numerous metal ion transport systems. Members of cation diffusion
facilitator (CDF) family of proteins have been inferred to be the key proteins
controlling this process and in contributing to Zn tolerance in plant. The CDF
family members ZRC1 and COTI, found in the Saccharomyces cerevisiae, are
related with Zn”* compartmentation in the vacuole by transporting Zn>* from the
cytosol to the vacuole (Conklin et al. 2003). Maestri et al. (2010) revealed that the
MTP1 genes from Thlaspi caerulescens, Arabidopsis halleri, and Thlaspi
goesingense are involved in increasing Zn sequestration by promoting the influx of
Zn in the vacuole. Recent evidences suggest that expression of MTP1 might also
respond to Zn deficiency, leading to increasing Zn uptake and accumulation
(Gustin et al. 2009). Another protein MTP3 in Arabidopsis was found to play an
essential role in Zn”>* tolerance and compartmentation (Arrivault et al. 2000).
Other members of CDFs family, e.g., the Mg**/H + antiporter AtMHX and the
orthologs of the Arabidopsis thaliana Zn-induced facilitator 1 (AtZIF1) protein,
can transport Zn>* and Zn**-complexes separately into the vacuole (Maestri et al.
2010).

3.2.3 Translocation of Zinc from Root-to-Shoot

Water and mineral nutrients are primarily transported through the xylem in plant.
Within the xylem, Zn is present and transported predominantly as Zn** and a
complex with organic acids or NA. It was suggested that the xylem loading be the
committed step in root export of metal ions to the shoot, partially controlling the
concentration and distribution of Zn in plants. A series of transmembrane activities
exist in these procedures that are regulated by variety of metal transporters
intracellular or on the plasma membrane.

Phenotypic analysis of Arabidopsis thaliana mutants which carry the disrup-
tions of genes HMA?2 and HMA4 that code for two HMA (HMA: Heavy Metal
Transporting ATPase) Zn pumps in the root parenchyma provides the strong
evidence to confirm that xylem loading is the key step for Zn translocation from
root to shoot (White and Broadley 2011). These HMAs are supposed to transport
Zn across the plasma membrane of root vascular cells into the xylem prepared for
transport to the shoot (Palmgren et al. 2008). The results revealed that the hma2
and hma4 genes double mutant greatly increases Zn contents in roots and
decreases Zn contents in shoots, indicating the fact that relative gene coded Zn
pumps are required for Zn translocation upwards (Hussain et al. 2004). Increasing
the expression of Zn pumps coding genes like HMA2 and HMA4 in the Arabid-
opsis thaliana could be a positive attempt to enhance the rate of the root-to-shoot
Zn translocation in Zn phytoremediation plants (i.e., the translocation factor). YSL
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proteins are also contributing to load Zn-NA complexes into the xylem (Curie
et al. 2009). The Zn sequestered in the root vacuole is thought to be released
through another class of metal transporter, members of the natural resistance-
associated macrophage proteins (NRAMPs) family, including orthologs of the
AtNRAMP3 and AtNRAMP4 transporters of Arabidopsis thaliana (Roosens et al.
2008; Verbruggen et al. 2009).

3.2.4 Zinc Distribution and Storage in Aerial Parts of Plant

Because of an effective metal excretion system lacking in plants, excessive Zn is
transported to and compartmented in certain inactive metabolic organs or sub-
cellular areas to avoid an excessive cytoplasmic Zn which can result in direct
toxicities to the plant. Compartmentation of metals such as Zn, Cd, and Ni in the
aerial parts has been regarded as one of the most probable mechanisms of metal
detoxification in hyperaccumulating plants (Broadley et al. 2007).

Micronutrients like Zn have to be unloaded from the xylem and be actively
taken up by living cells surrounding the xylem in order to enter the mesophyll in
leaf cells and other organs. From these cells, micronutrients move from cell to cell
until they reach their final destination in plants for their normal physiological
functions or, if in excessive levels, are stored in specific locations like cell wall or
vacuoles. Xylem-unloading processes are thought to be the first step in controlled
distribution and detoxification of metals in shoots, as well as in a possible redis-
tribution of metals via the phloem afterward (Schmidke and Stephan 1995). The
distribution of metal ions within the leaf after unloading them from the xylem is
found to be via the apoplastic or symplastic passage (Karley et al. 2000). The
uptake of Zn by specific cell types within shoots is also facilitated by certain metal
transport proteins. Members of the ZIP family are thought to mediate Zn** influx
to leaf cells and also involve in the Zn loading into the phloem while YSL proteins
are implicated in the same physiological process of Zn-complex in shoots (White
and Broadley 2011).

Generally, concentrations of Zn in plant cells are within the specific physio-
logical ranges, while excessive Zn can be sequestered in the aerial part of Zn
hyperaccumulating plants. Intriguingly, the forms and distribution pattern vary
between plant species. It was reported that in Athyrium yokoscense 70-90 % of Zn
was stored in the cell wall in the form of ionic compounds or directly combined
with the cell wall materials (Nishizono et al. 1987). However, in Arabidopsis
halleri and Thlaspi caerulescens, the major Zn storage compartment is mesophyll
tissues and vacuoles (Kupper et al. 1999; 2000).

Metal chelation in leaves shares the similar chelating mechanisms in the roots.
A large number of metal chelators like organic acid, glutathione, PCs, NA, and
proteins are produced or transported into the specific sites where excessive Zn
exists, forming metal chelating complexes to keep a relatively steady Zn
homeostasis in plant. The detailed mechanisms have been discussed in Sect. 2.2.
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3.3 Phytoremediation of Zinc-Contaminated Soils
3.3.1 Zinc Contamination in Soil

With thousands of years of mining and processing, anthropogenic emission of Zn
has become a primary cause for environmental Zn contamination. Zn is the fourth
most common metal in use (after iron, aluminum, and copper) with an annual
production of about 12 million tons (Tolcin 2011). About 70 % of the world’s Zn
originates from mining, while the remaining 30 % is from recycling. Globally, the
major Zn mining countries are China, Australia, and Peru. China contributes 29 %
to the global Zn production (Tolcin 2011). Zn is released into the environment
through fossil fuel combustion, mine waste, phosphate fertilizers, limestone,
manure, sewage sludge, and particles from galvanized surfaces. Soil Zn concen-
trations of over 1,000 mg kg~' DW have been found in certain agricultural fields
near industrial sites, compared with a background concentration of 100 mg kg™
DW in agricultural soils (Audet and Charest 2006). Excessive Zn of 500 mg kg™
in soil interferes with the ability of plants to absorb other essential elements, such
as iron and manganese. Zn levels of 2,000-180,000 mg kg_l (or 18 %) have been
recorded in some Zn-contaminated soil samples (Emsley 2001).

3.3.2 Phytoremediation

Soil heavy metal contamination can be remediated by different chemical, physical,
and biological techniques. The application of physical and chemical remediation
technologies at contaminated sites likely cause adverse impacts on the ecosystem
and generally the cost is relatively high for remediating a large polluted area.
Among the numerous currently available remediation techniques, phytoremedia-
tion receives more attention as a cost-competitive, environmental-friendly,
esthetically pleasing approach for site remediation.

Phytoremediation is using plants to take up, accumulate, store, degrade, or
render organic or inorganic contaminants in contaminated soil and water by taking
advantage of the natural abilities of plants. In general, phytoextraction, phyto-
stabilization, phytodegradation, phytostimulation, and phytovolatilization are the
five main subsets of phytoremediation that have been identified (Fig. 3.1) among
which phytoextraction and phytostabilization are the most commonly applied
processes for metal remediation. When applied in contaminated sites, one
restriction to be considered is that phytoextraction is potentially feasible only in
soils with low or moderate levels of contamination. However, for the heavily
contaminated sites, phytostabilization with tolerant plants may be a more suitable
strategy by stabilizing the contaminated sites and reducing the risk of erosion and
leaching of pollutants (McGrath and Tunney 2010). Continuous or natural
phytoextraction and chemically enhanced phytoextraction are two approaches that
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Phytostimulation
Phytostabilisation

Fig. 3.1 Schematic diagram of main subsets of phytoremediation

have been proposed for phytoextraction of heavy metals (Lombi et al. 2001; Ghosh
and Singh 2005)

Phytostabilization is a technique that can reduce the mobility and bioavail-
ability of metal pollutants in the soil, aiming at decreasing the risks of pollutants to
human health and the environment. Soil amendments, such as phosphate fertiliz-
ers, organic matter, Fe- and Mn-oxyhydroxides, and inorganic clay minerals can
be applied to further enhance the reduction of metal bioavailability, preventing
plants from absorbing or transporting in the surrounding environment (Berti and
Cunningham 2000). Plants having extensive and abundant roots primarily accu-
mulate pollutants in roots which are good candidate species for phytostabilization
(Mendez et al. 2008).

Compared with phytostabilization, phytoextraction exploits the ability of plants
to translocate a great fraction of metals taken up for harvesting biomass. Favorable
plant properties for phytoextraction are generally fast growing, with high biomass
production, an extended root system, and high translocation factor (TF, shoot-to-
root metal concentration ratio), accumulation in harvestable tissues, and also easy
agricultural management (Vamerali et al. 2010). Since it is more reliable to
remove metals directly out of the contaminated sites than other physiochemical
technologies, much interest is devoted to this technology and its improvement,
while a better understanding of the physiological and molecular mechanisms in
hyperaccumulators has inspired further improvement of the phytoremediation
technology.

There are both advantages and disadvantages to the use of phytoremediation.
Phytoremediation is less expensive than the traditional methods that clear the



3 Phytoremediation of Zinc-Contaminated Soil and Zinc-Biofortification 43

Table 3.1 General physiological features observed in Zn hyperaccumulators

Different parts in  General features of Zn hyperaccumulators
plants

In roots Zn uptake rates are increased, generally reflected as an increased maxima
velocity of absorption;
Zn sequestration in the roots is decreased which may be induced by an
enhanced root-to-shoot Zn transport;
The rate of loading of Zn from the root into the xylem for root-to-shoot
transport is strongly enhanced;
In shoots Zn sequestration in the shoots, mostly inside the vacuoles of leaf cells, is
highly effective;
Cellular Zn uptake rates are enhanced, with a highly effective system for
cell-to-cell Zn distribution.

contaminated sites by pumping, washing, or digging soil out of the contaminated
site. This property makes phytoremediation even cheaper than traditional reme-
diation methods. Since most plants used for phytoremediation are originally dis-
covered on metal contaminated and uninhabitable sites, the wildlife there is able to
flourish after being treated by those pioneers. But on the other hand, phytoreme-
diation is restricted by the root depth of plants being used and can function only
with low-to-moderate levels of contamination in the field. It may take many years
to remediate the contaminated sites, so it is a time-consuming remediation method.
Besides, low biomass and management of those applying plants are also the
bottlenecks that restrict the implementation of this technology.

3.3.3 Zinc Hyperaccumulation

The first Zn hyperaccumulator species was reported in 1865, when Baumann et al.
found that the Zn oxide contents reached up to 17 % in the ash of stem and leaf of
Thlaspi calaminare (Sachs 1865). Since then more Zn hyperaccumulators have
been identified. Baker et al. (1989) defined the plants that accumulate Zn more
than 10,000 mg kg~' DW (or 1 %, w/w) in the aerial parts as Zn hyperaccumu-
lators. However, Broadley et al. (2007) recently suggested that 3,000 pg g~' Zn
concentrations (DW) in the aerial part might be more realistic. So far, among the
reported metal hyperaccumulators, there are about 15-20 species for Zn, most of
them in Brassicaceae (White and Broadley 2011). In addition to Thlaspi calami-
nare, Arabidopsis halleri is another most frequently studied Zn hyperaccumulator,
which advances our understanding of Zn hyperaccumulation and hypertolerance at
cellular and molecular levels (Kramer 2010). Yang et al. (2002) identified Sedum
affredii Hance as the potential Zn hyperaccumulator in China, with an average
aboveground Zn concentration of 4,515 mg kg~' DW in the field and the highest
shoot Zn of 19,674 mg kg~ ' DW in nutrient solution. The physiological processes
of Zn uptake, transport to the xylem, and tolerance in shoot tissues are maximized
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in Zn hyperaccumulators. Certain features of Zn hyperaccumulators are summa-
rized in Table 3.1.

Molecular mechanisms of Zn tolerance and hyperaccumulation are closely
related to a set of constitutively highly expressed genes encoding metal trans-
porters in the plasma membrane and enzyme-catalyzing compounds synthesis in
physiological processes that facilitate Zn hyperaccumulating in those plants. So
far, these Zn transporters have been found in several protein families, including
ZIPs, YSLs, HMAs, ZIF1, MTPs, NRAMP (Yang et al. 2005; White and Broadley
2011). Compounds synthesized under certain enzymes catalysis (such as phytos-
iderophores and NA) are found to regulate Zn homeostasis by controlling the cell-
to-cell mobility of Zn, excessive Zn sequestration in vacuoles, or other specific
parts of plant cells. Taking one of the Zn hyperaccumulators, for example, upon
comparison of Thlaspi caerulescens and Arabidopsis thaliana, Z1P4, ZIP10, and
especially IRT3 (all from ZIP family proteins) were found to be much higher
expressed in Thlaspi caerulescens roots than in Arabidopsis thaliana roots, even at
different Zn exposures (van de Mortel et al. 2006). More molecular mechanisms
and examples that are related to other metal transporters and enzymes regulation
have been included in the part of “Physiological processes of Zn in plants”.

3.3.4 Zinc Phytoremediation Strategies

Soil Zn contamination is a typical instance of metal pollution that can be cleaned
up by phytoremediation. Many studies have been carried out both in the laboratory
and in the field to develop Zn phytoremediation technology, but no successful full-
scale application has been reported yet.

3.3.4.1 Natural Zinc Phytoremediation

Phytoremediation was first intended to utilize the natural properties of Zn-tolerant
or hyperaccumulating plants to remove excessive Zn in the soil. Although
promising, using this approach to remediate Zn contaminated sites is faced with
many difficulties in the practical application. Lacking information on the agri-
cultural management, slow growth rate, poor biomass of whole plants, and con-
suming a fairly long time and so on are only some of the barriers that block this
application. Robinson et al. (1998) evaluated Zn uptake by Thlaspi caerulescens in
pot trials and in wild populations at a mine waste site in France. It was estimated
that the plant could remove 60 kg of Zn per ha per cropping, which was considered
to be insufficient for Zn remediation. Brown et al. evaluated cadmium and Zn
uptake by Thlaspi caerulescens, silene, and lettuce in 2-year-long field studies.
The soils were contaminated by sewage sludge. A total of 18 growing-seasons will
be needed to remediate a soil containing 400 mg Zn kg~' (Brown et al. 1995).
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Though most high yielding plant species have a relatively low tolerance for Zn,
certain high biomass, and fast growing plant species may be the potential candi-
date species. Vamerali et al. (2010) reported that Brassica, Zea mays, and
Phaseolus vulgaris L. could accumulate more than 1,000 mg Zn/kg DW. Sun-
flowers and maize have strong ability to take up Zn and other metals from the soils
(Fellet et al. 2007; Tassi et al. 2008). Despite the superiority of certain field crops
in high biomass compared to hyperaccumulator plant species, phytoremediation of
Zn-polluted soils is still limited by the plant species under field conditions.

3.3.4.2 Improving Zinc Phytoremediation Efficiency

Plants used for phytoremediation are expected to have both high metal accumu-
lation in shoots and high shoot biomass production (Vamerali et al. 2010).
However, this ideal plant species has not been discovered. For this reason,
promising physical, chemical, agricultural, and biotechnological approaches for
enhancing the potential for Zn phytoremediation are explored either to improve the
growth rate or biomass of phytoremediation plants. Phytohormones can be applied
to promote root development and growth and further increase the whole plant
growth or biomass production.

Chelating agents for enhancing phytoremediation (or phytorextraction) have
been investigated to increase the heavy metal accumulation in plants having high
biomass production and metal tolerance. Previous studies reported dramatic
increases in plant Zn accumulation from soil in the presence of added synthetic
chelates (Blaylock et al. 1997). The following order of extraction efficiency to Zn
was achieved using biodegradable chelating agents to extract heavy metals from
soil: NTA > EDDS > EDTA > MGDA > IDSA (Tandy et al. 2004). Unfortu-
nately, without the appropriate management, using chelating agents to enhance
phytoremediation could result in certain side effects, such as heavy metal leaching,
reduced microbial diversity, and accumulation of refractory organic chemical
chelating agents in the environment (Romkens et al. 2002).

Genetic engineering techniques that focus on improving growth and biomass
production of known Zn hyperaccumulators are undergoing, though no successful
case under field condition has been reported yet. Several targets are suggested for
genetic engineering to improve Zn tolerance/accumulation in normal plant species,
including overexpression of natural metal chelators (MTs, PCs, and LCs); regu-
lating the metal transport systems on plasma membrane; alteration of the Zn
metabolic pathways. Desbrosses-Fonrouge et al. (2005) identified the genes
responsible for metal hyperaccumulating properties in model Zn/Cd hyperaccu-
mulator Thlaspi caerulescens, which, if well characterized and properly expressed,
could transform the high biomass producing species into metal tolerant and Zn
accumulation. In an effort to correct for small sizes of hyperaccumulator plant,
somatic hybrids have been generated between Thlaspi caerulescens and Brassica
napus. The high biomass hybrid selected for Zn tolerance is capable of accumu-
lating Zn to the level that would have been toxic to B. napus (Brewer et al. 1999).
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Fig. 3.2 Global distribution of Zn-deficiency affected regions (Replotted from Alloway 2008)

More studies will be needed to better understand the molecular and genetic
mechanisms in hyperaccumulators of Zn and other metals, for setting the stage for
the feasible and effective application of phytoremediation.

3.4 Zinc Biofortification for Human Nutrition
3.4.1 Zinc Deficiency in Human Body

In the early 1960s, Zn deficiency in the human body was first speculated with
considerable supportive evidence (Prasad et al. 1963). Nowadays, nearly two
billion people in the developing world are suffering from Zn deficiency. The global
distribution of Zn-deficiency affected regions are shown in Fig. 3.2. Soil Zn
deficiency is among the major global micronutrient deficiencies and has recently
received more and more attention.

Zn deficiency is responsible for many health problems, including impairments
of physical and mental growth, immune system, high risk of infections, DNA
damage, and cancer development (Hotz and Brown 2004; Gibson 2006; Prasad
2007). The public health implications of Zn deficiency in the developing world are
being for pursued for decades. It is now well established that Zn deficiency is
responsible for diarrhea and pneumonia in children (Gibson et al. 2008; Walker
and Black 2009). Retarded growth and dwarfishness are widely studied and con-
sidered to be the indicators of human Zn malnutrition especially in infants and
young children. Besides, pregnant women are another group susceptible for Zn
deficiency and a survey among 285 pregnant women in Haryana showed that 65 %
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Table 3.2 RDAs for Zn

Age Male (mg) Female (mg) Pregnancy (mg) Lactation (mg)
0—6 months 28 2%

7-12 months 3 3

1-3 years 3 3

4-8 years 5 5

9-13 years 8 8

14-18 years 11 9 12 13

19 + years 11 8 11 12

# Adequate intake (AI)

of them suffer from Zn deficiency (Prasad 2010). Improving Zn malnutrition for
the worldwide population, especially in developing countries has become an
urgent task which calls for close international communication and cooperation
between governments and research institutes.

Past efforts on agriculture production have primarily been focused on increasing
crop yields; however, the accompanying decrease of mineral concentrations in
grains was found as a new problem threatening the development of crop yields and
even the food security. The ultimate goal of modern agriculture has been modified
to produce nutritious foods sufficiently and sustainably (Zhao and McGrath 2009).
The contents of nutrients in the edible parts of staple food crops, e.g. maize, rice,
wheat, barley, contribute to the main mineral intake of people in the developing
countries. Therefore, increasing concentrations of mineral elements, like Zn, Fe,
and Se, in staple food crops is the most effective approach for public health to
control malnutrition in Zn deficiency areas.

Recommended Dietary Allowances (RDAs) for Zn developed by the Food and
Nutrition Board (FNB) at the Institute of Medicine of the US National Academies
are displayed in Table 3.2 (Institute of Medicine, Food, and Nutrition Board
2001).

Although animal products, such as meat, fish, and poultry, contain more Zn
than cereals, plant foods with low concentrations of Zn almost occupy the main
foods in low developed countries. Zn concentrations in even the most favorable
plant foods are inadequate to meet the requirements (Gibson et al. 1998). This
problem is compounded by the limiting content of Zn and low Zn bioavailability in
vegetarian diets.

3.4.2 Zinc Biofortification Strategies

To overcome Zn deficiency in humans, there are two main approaches:
(i) changing dietary composition through dietary Zn supplements and (ii) biofor-
tification on staple foods through increasing the Zn content of food grains by plant
breeding. A wide public awareness and sustained funding from the government are
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required by the first approach, which makes it not so easy. Biofortification has no
such difficulties and meantime dominates on the feasibility to be applied in both
urban and rural areas. For example, for the millions of Zn-deficient people in South
Asia, the major daily consumed staple crops, rice, and wheat, are chosen as the
candidate for Zn biofortification to improve local malnutrition.

Biofortification is defined as a technology to improve the micronutrition con-
tents in staple crops using traditional breeding practices and modern biotechnol-
ogy. One way is genetic biofortification, including conventional breeding and
genetic modification (GM), and the other is agronomic biofortification embodied
as the application to micronutrients in fertilizers.

3.4.2.1 Breeding Strategies for Zinc Biofortification

With the abundant natural genetic variations and centuries of conventional
breeding experiences, plant breeding strategy is widely accepted as a cost-effective
and easily affordable solution among the stable food crops biofortification
approaches. It is possible that breeding can increase Zn-tolerance in root and leaf
crops and increase Zn mobility in the phloem of fruit, seed, and tuber crops.
Currently, numbers of breeding programs are ongoing aimed at developing new
cereal genotypes with high genetic ability to absorb Zn and also other micronu-
trients from soil and finally accumulate Zn in grain at desired levels. Plenty of
organizations and research institutes are devoted to this challenging task, among
which the HarvestPlus-Biofortification Challenge Program is one of the leading
programs, aiming at improving stable food crops with Zn, Fe, and vitamin A, by
using plant breeding strategy (Pfeiffer and McClafferty 2007).

Genetic variations in grain are essential for the development of new genotypes
with high Zn concentrations. However, since cultivated crops contain narrow
genetic variation for Zn accumulation, species with promising genetic resource for
higher Zn concentration are needed. In a series of genetic variation collections of
wild emmer wheat, quite a few wide wheat varieties are found with not only high
concentrations of Zn in seeds but also with high tolerance to drought and Zn
deficiency in soil (Peleg et al. 2008). A large genetic variation also exists in grain
Zn concentration in different germplasms of other crops such as rice and maize,
and related researches are undergoing in certain breeding programs (Graham et al.
1999).

In addition to traditional breeding, genetic breeding through GM also attracts
the attention of researchers. The identification of certain genes that control
physiological activities such as Zn uptake, translocation, distribution, and
sequestration in plant (especially in some Zn-tolerant plants and Zn hyperaccu-
mulators), together with the confirmation of numerous enzymes involved in the Zn
homeostasis in plant, contribute to better understanding of the mechanism for Zn
tolerance and accumulation in plant and also provide the theoretical basis for
genetic breeding of grains with higher Zn concentration. A research about the
transcription factors that regulate the adaptation to Zn deficiency in Arabidopsis
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thaliana speculates that the overexpression of bZIP19 and bZIP23 transcription
factors could be used to increase Zn accumulation in edible portions of crops by
inducing constitutive expression of a suite of Zn-deficiency responses (Assuncao
et al. 2010). In Arabidopsis thaliana, when reducing the expression of AtHMA?2,
which is speculated to catalyze Zn** efflux across the membranes of root cells
(Eren and Arguello 2004) or overexpressing the gene encoding AtHMAA4, which is
thought to load Zn into the xylem (Verret et al. 2004), and an increased leaf Zn
concentration was observed. In another example, after the overexpression of
HvNASI1 in tobacco, Zn concentrations in leaf and seed increased from 16 to
39 mg kg~ DW and from 20 to 35 mg kg~' DW, respectively (Takahashi et al.
2003). Several transgenic plants that have greater Zn concentrations in their edible
tissues than conventional varieties have been created. A variety of cassava with
roots Zn 40 mg kg~' DW (Sayre et al. 2011), the brown rice with 56-95 mg Zn
kg~' DW (Vasconcelos et al. 2003; Johnson et al. 2011), and barley grain with
85 mg Zn kg~ DW (Ramesh et al. 2004) have been reported.

However, in the implement of crops breeding, various environmental conditions
can affect the effects of Zn biofortification during the long-term process over years.
The adverse chemical and physical properties of cultivated soils reduce chemical
solubility and availability of Zn in soils, resulting in inadequate amounts of Zn
absorption from soils. Among the chemical factors, high soil pH is among the most
critical factors reducing solubility and root absorption of Zn. Changing soil pH
from 6 to 7 results in about a 30-fold decrease in soil Zn solubility and further
significantly decreases plant Zn concentrations. Similar impairments in root
absorption of Zn also take place in soils with low levels of soil moisture and
organic matter. In Turkey, low annual rainfall (<300 mm), relatively high soil pH
(7.5-8.1), and low soil organic matter (averaged 1.5 %) are responsible for the
severe Zn deficiency in Central Anatolia (Cakmak et al. 1999). In many other
cultivated soils around the world, such as in China, India, Iran, Pakistan, and
Australia, similar Zn deficiency in soils has been also reported. Under such adverse
environmental conditions, the newly cultivated plant with ability to accumulate
high Zn in edible parts may not achieve the desired effect.

3.4.2.2 Agronomic Biofortification

Agronomic biofortification is generally known as the application of Zn fertilizers
to soil and/or foliar to increase grain Zn concentrations. It is considered to be a
flexible approach that can be used for all crop species and cultivars, and meantime
an important complementation to the ongoing breeding programs of cereals with
high Zn in grain. Compared to genetic biofortification, it is considered as a short-
term solution without years of crossing and backcrossing activities. To gain high
Zn in the grain by application of Zn fertilizers, two general conditions are required:
first, keeping sufficient amount of available Zn in soil solution; second, main-
taining adequate Zn transport to the seeds during the reproductive growth stage.
The most widespread inorganic Zn fertilizer is zinc sulfate, along with zinc oxide
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and synthetic Zn-chelates (White and Broadley 2009). Although the agronomic
effectiveness of Zn fertilizers is higher with Zn-EDTA than the inorganic Zn
fertilizer, its high cost and potential environmental adverse effects limit the use of
Zn-EDTA in cereal farming. Safe and accurate application systems are required to
process the fertilizers. When Zn fertilizers are applied in the soil, Zn phyto-
availability and acquisition by roots should be considered for better Zn uptake. In
addition to delivering phytoavailable Zn-fertilizer to the soil or foliage, certain
agronomic strategies like reducing soil pH, adopting appropriate crop rotations, or
introducing beneficial soil microorganisms contribute to high Zn phytoavailability
(Rengel 1999; He and Nara 2007; White and Broadley 2009). When Zn-fertilizers
are applied to foliage, it is particularly important to use soluble Zn compounds,
making sure they can enter the leaf apoplast, and can be taken up by plant cells
without having buildup on the foliar surface (Haslett et al. 2001; Cakmak 2008;
Brown 2009).

There are a few convincing evidences on the role of Zn fertilizer application in
improving grain Zn concentration. In Turkey, Zn biofortified wheat has been
produced in field trials. Applying Zn fertilizers to wheat grown in fields in Central
Anatolia not only improved productivity, but also increased grain Zn concentration
(Yilmaz et al. 1997). Depending on the application method, Zn fertilizers can
increase grain Zn concentrations up to 3- or 4-fold. The most effective method for
increasing Zn in grain was to combine both soil and foliar application. When a
high concentration of grain Zn is aimed in addition to a high grain yield, combined
soil, and foliar application is recommended. Alternatively, using seeds with high
Zn concentrations at sowing together with foliar application of Zn is also an
effective way to improve both grain yield and grain Zn concentrations. New
research programs are needed to develop or improve Zn application methods in
terms of form, dose, and application time of Zn fertilizers.

3.5 Summary

Phytoremediation of Zn is an interdisciplinary technology that can benefit from
many different approaches. The processes affecting metal availability, metal
uptake, translocation, and chelation need further study. Since the inevitable
involvement of engineering, biology, agronomic management even the use of
chemical substances in the process of Zn phytoremediation, effective evaluation,
and prevention strategies must be developed to avoid the possible negative
impacts.

To increase Zn concentrations in edible crops by biofortification strategy,
agronomic and genetic strategies should be integrated in the future. At the same
time, a further identification of the mechanisms effecting general homeostatic
regulation of tissue Zn concentrations within the plant and strategy of effective
sequestration of Zn in non-vital compartments is required for the development of
more feasible biofortification strategies. For this, a variety of lessons could be
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learnt from the studies of Zn phytoremediation especially those about Zn-tolerance
and Zn-hyperaccumulation plants. The combination of breeding and fertilizer
strategies is an excellent complementary approach to alleviate Zn-deficiency-
related problems in human nutrition.

Both environmental Zn contamination and Zn malnutrition in humans are
globally challenging problems that call for the concerted efforts of researchers in
multiple fields, including plant biology, plant breeding, biotechnology, nutrition,
and environmental sciences. Phytoremediation and biofortification of Zn as the
promissing representative solution of each problem should have a mutual reference
on mechanism and application. The simplified relation and distinction between
phytoremediation of Zn contaiminated soil and biofortification of Zn for human
nutrition are shown in Fig. 3.3.

Researches on Zn phytoextraction mainly take typical plants with the ability of
Zn hyperaccumulating or Zn tolerance as the studying objects, but never stop the
exploration of phytoremediating plants from general plants especially cereal plants
with high biomass. For biofortification, cultivating cereal crops with satisfactory
bioconcentration of Zn in the edible parts should take advantage of the existing
positive research results of phytoremediation on the aspects of enhancing trace
element bioavailability in the rhizosphere, translocation from roots to shoots, and
further toward grain tissues. In both cases, significant progress can only be made
through a better understanding of the underlying mechanisms of Zn acquisition,
transport, and homeostasis in plants.
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Chapter 4
Biofortification to Struggle Against Iron
Deficiency

Yang Huang, Linxi Yuan and Xuebin Yin

Abstract Iron is an essential micronutrient for human beings, but it is not readily
available. Consequently, iron deficiency is a major threat to the health and
development of the human populations in the world with more than 2 billion
people suffering from iron-deficiency anemia. To alleviate iron deficiency, dietary
modification or diversification, iron supplementation or food fortification, and
crops biofortification have been adopted. Crops biofortification, achieved through
three approaches: agronomic intervention, plant breeding, and genetic engineering,
could provide a sustainable and cost-effective solution for iron deficiency in food.
Agronomic intervention is a traditional approach to increase the yield and quality
of crops. Some researches indicate that the application of nitrogen fertilizer and
intercropping, such as maize/peanut, guava/sorghum or maize and chickpea/wheat,
can facilitate iron uptake by crops. Plant breeding could improve the level and
bioavailability of minerals in staple crops through their natural genetic variation.
The variation in iron concentration of wheat, maize, and rice suggests that
selective breeding might increase the iron content of these staple foods. The
transgenic approach for iron biofortification focuses on improving iron accumu-
lation and bioavailability, or decreasing anti-nutrient contents in crops. Expressing
ferritin, an iron storage protein, has achieved great success in enhancing iron
concentration in seeds. Studies have shown that cysteine could enhance iron
absorption in human bodies and thus, greater iron availability is expected by
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increasing the amount of cysteine residues in crop tissues. Reducing antinutrients
such as phytic acid can also increase the bioavailability of iron.

Keywords Iron deficiency - Biofortification + Agronomic intervention - Plant
breeding - Genetic engineering

4.1 Iron for Human Health

Iron (Fe) is an essential micronutrient for humans. As both an electron donor and
acceptor, Iron plays a key role in many vital metabolic pathways such as the
electron transport chain of respiration (Gémez-Galera et al. 2010). Iron can form
the catalytic active center of heme, which is found in the oxygen-binding mole-
cules, hemoglobin and myoglobin, and the catalytic center of cytochromes, which
carry out redox reactions. As a result, Iron is required for oxygen transport and
energy metabolism in the body. Iron also contributes to the catalytic activity of a
range of non-heme enzymes such as ribonuclease reductase (WHO/FAO 1998). If
Fe intake is inadequate, the amount of hemoglobin in the red blood cells can fall
leading to iron-deficiency anemia, with symptoms of tiredness, weakness, feeling
cold, and inability to concentrate. Moreover, iron deficiency during childhood and
adolescence impairs physical growth, mental development, and learning capacity.
In adults, it decreases the capacity to do physical labor. Severe anemia increases
the risk of women dying during childbirth.

4.2 Iron Deficiency

Although iron is the fourth most abundant element in the earth’s crust, it is poorly
bioavailable in soil because it binds rapidly to soil particles and forms insoluble
complexes under aerobic conditions at neutral or alkaline pH. Moreover, dietary
iron bioavailability is low in populations consuming monotonous plant-based diets
with little meat (Zimmermann et al. 2005), since the absorption of iron is inhibited
by the presence of phytates and polyphenols (Hurrell 2002). Therefore, in plant-
based diets, iron absorption is often less than 10 % (Zimmermann et al. 2005;
Hurrell 2002). Consequently, iron deficiency is the most common micronutrient
deficiency in the world. Iron deficiency not only affects the health and develop-
ment of people, but also hampers the social and economic development of
countries due to physical decline of adults. For instance, it is estimated that the loss
in economic productivity due to iron deficiency is more than 3.6 % of the gross
national product in China (Ross et al. 2003).

Iron deficiency is a worldwide problem. It has been estimated that more than
2 billion of the world’s population are iron deficient (WHO 2002; ACC/SCN
2000). In the UK, 21 % of female teenagers between 11 and 18 years, and 18 % of
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Fig. 4.1 Schematic flowchart illustrating different strategies that can be used to reduce iron
deficiency in humans

women between 16 and 64 years are iron deficient (Heath and Fairweather-Tait
2002). In the USA, 2 % of children between 1 and 2 years (CDC 2002), 9—11 % of
nonpregnant women aged between 16 and 49 years are iron deficient, and 2-5 %
have iron-deficiency anemia, with more than 2-fold higher frequency in poor, less
educated minority populations (Scholl 2005). In pregnant women of low-income
families in the USA, the frequency of iron-deficiency anemia in the first, second,
and third trimesters is 2, 8, and 27 %, respectively (Scholl 2005). In France, iron
deficiency and iron deficiency anemia affect 29 and 4 % of children younger than
2 years (Hercberg et al. 2001). However, iron deficiency is more pronounced in
developing countries. WHO estimates that 39 % of children younger than 5 years,
48 % of children between 5 and 14 years, 42 % of all women, and 52 % of
pregnant women in developing countries suffer from anemia (WHO/UNICEF/
UNU 2001), with half having iron deficiency anemia (DeMaeyer and Adiels-
Tegman 1985). It is estimated that 50 % of pregnant women in developing
countries and up to 80 % in South Asia have iron-deficiency anemia.

4.3 Strategies to Alleviate Iron Deficiency

Three main strategies can be adopted alone or in combination to alleviate iron
deficiency as shown in Fig. 4.1: education combined with dietary modification or
diversification, or both, to improve iron intake and bioavailability; iron supple-
mentation (provision of iron, usually in higher doses), or iron biofortification on
foods and crops (Zimmermann et al. 2007).



62 Y. Huang et al.

Although dietary modification and diversification is the most sustainable
approach, change in dietary practices and preferences is generally difficult, and
foods that provide highly bioavailable iron (such as meat) are expensive. Iron
supplementation can be cost-effective, and can be targeted to high-risk groups
(e.g., pregnant women) (Baltussen et al. 2004), but the logistics of distribution and
absence of compliance are major limitations. In studies supported by WHO in
southeast Asia, iron and folic acid supplementation every week to women of
childbearing age improved iron nutrition and reduced iron-deficiency anemia
(Cavalli-Sforza et al. 2005). Iron supplementation during pregnancy is advisable in
developing countries, where women often enter pregnancy with low iron stores
(CDC 2002). However, untargeted iron supplementation in children in tropical
countries, mainly in areas of high transmission of malaria, is associated with
increased risk of serious infections (Oppenheimer 2001; Gera et al. 2002). In a
region of endemic malaria in East Africa, untargeted supplementation with iron
(12.5 mg per day) and folic acid in preschool children increased risk of severe
illness and even death (Sazawal et al. 2006).

Iron food fortification is probably the most practical, sustainable, and cost-
effective long-term solution to mitigate iron deficiency at the national level
(Baltdussen et al. 2004; WHO and FAO 2006; Laxminarayan et al. 2006). The
overall cost-effectiveness for iron fortification is estimated to be $66-70 per
disability-adjusted life year averted (Laxminarayan et al. 2006). However,
fortification of foods with iron is more difficult than it is with other nutrients, such
as iodine in salt and vitamin A in cooking oil. The most bioavailable iron
compounds are soluble in water or weak acid, but often react with other food
components to cause off-flavors, and color changes, fat oxidation, or both (Hurrell
2002). Thus, to avoid unwanted sensory changes, less soluble or less absorbed
forms of iron are often chosen for fortification.

Biofortification, as a new strategy for modern agricultural production, could be
the best choice to solve these problems. The three main biofortification approaches
that can be applied, include (i) reducing the concentration in the so-called ‘anti-
nutrients’ [plant metabolites, such as phytic acid (PA) and polyphenols (PP)] that
inhibit absorption of dietary iron; (ii) increasing concentrations of other com-
pounds, such as inulin and fructan favoring iron absorption; and (iii) directly
increasing the iron concentration (Fig. 4.1).

4.4 Molecular Mechanisms of Iron Uptake into Plant Seeds

Plants have evolved two approaches to obtain iron from the soil. In low-iron
conditions, non-grasses activate a reduction-based strategy (Strategy I), whereas
grasses, such as wheat and corn, adopt a chelation-based strategy (Strategy II)
(Fig. 4.2). For rice, both strategies have been adopted which were described by
Kim and Guerinot (2007).
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Fig. 4.2 Two approaches of iron uptake from soil

In Strategy I, non-grasses release protons into the rhizosphere, lowering the pH
of the soil solution and increasing the solubility of Fe**, via H*-ATPases of the
root plasma membrane (Santi et al. 2005; Santi and Schmidt 2008). After acidi-
fication, Fe* is reduced to Fe** by a membrane-bound ferric reductase oxidase
(FRO), FRO2 (Robinson et al. 1999), one of eight members of the FRO family.
Electrons are transferred from NADH" across four heme groups to iron in the
rhizosphere (Robinson et al. 1999). This appears to be the rate-limiting step in iron
uptake in Arabidopsis (Connolly et al. 2003). Once Fe** is reduced, Fe®* is
transported into the root by iron-regulated transporter 1(IRT1), a member of the
zinc-regulated transporter (ZRT)-, IRT-like protein (ZIP) family (Guerinot 2000).

Corn, wheat, and rice use a different mechanism based on chelation, known as
Strategy II. In response to iron deficiency, mugineic acid (MA) family PSs are
synthesized from L-methionine and released from the root epidermis, perhaps via
anionic channels or vesicles (Negishi et al. 2002). PS have high affinity for Fe>*
and efficiently bind Fe** in the rhizosphere. Fe**-PS complexes are then trans-
ported into the plant roots via a specific transport system (Curie et al. 2001). It is
thought that homologues of the maize (Zea mays) yellow stripe 1 (YS1) protein
belonging to the oligopeptide transporter (OPT) family are responsible for Fe**-
phytosiderophore uptake by Strategy II plants (von Wirén et al. 1995; Curie et al.
2001; Ishimaru et al. 2006; Haydon and Cobbett, 2007; Puig et al. 2007). The YS1
protein is a proton-coupled metal-complex symporter (Schaaf et al. 2004). The
chelation strategy is less sensitive to pH than the reduction strategy. Therefore, it is
more efficient and allows grass plants to survive under more drastic iron deficiency
conditions (Mori et al. 1999).

In addition to having the ability to transport Fe-PS complexes, rice is able to
transport Fe*™ via OsIRT1 (Ishimaru et al. 2006). In paddy fields, rice can com-
pensate for the lack of effective Fe(Ill) chelate reductases, and the equilibrium of
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Fe**/Fe?* is shifted in the direction of Fe** due to the deficiency of oxygen. The
adoption of an Fe®" acquisition strategy can be especially advantageous for rice,
since rice plants are not very efficient at Fe®* uptake via Strategy II.

After entering the epidermis, iron is required to be bound by chelating com-
pounds, such as citrate and nicotianamine (NA) (Curie et al. 2009; Haydon and
Cobbett 2007). Depending on the iron-chelate complex formed, different transport
systems are involved in distributing iron throughout the plant Fe-chelator com-
plexes which then move through intercellular connections into the stele along the
diffusion gradient. Fe(Ill)-citrate is the major form of iron present in xylem
exudates, and citrate is involved in Fe long distance transport from root to shoot
(Grotz and Guerinot 2006). Ferric reductase defective 3 (FRD3), a multidrug and
toxin efflux (MATE) family member, is localized to be the plasma membrane of
cells in the pericycle and vasculature (Green and Rogers 2004) and functions in
iron translocation from roots to shoots by loading citrate into the xylem (Durrett
et al. 2007). After citrate loaded into the xylem and chelates iron, Fe(Ill)—citrate
complexes are either taken up at different locations via unidentified transporters or
the complexes might be reduced by FROs and Fe** would then be transported into
various cells of the plant. NA is a non-proteogenic amino acid that chelates both
Fe?* and Fe** in addition to other divalent nutrients, such as Cu, Zn, Mn, Co, and
Ni (Haydon and Cobbett 2007). NA is synthesized and used in all plants,
regardless of their iron uptake strategy, and is a precursor of MA, a PS that is only
found in graminaceous plants (Curie et al. 2009; Haydon and Cobbett 2007). NA is
structurally similar to PSs and chelates iron for intercellular transport in the
phloem. YS-like (YSL) family members are thought to transport metal-NA
complexes (Curie et al. 2009; Haydon and Cobbett 2007). There are eight YSLs in
Arabidopsis, and their proposed functions have been recently reviewed (Curie
et al. 2009). YSL1 and YSL3 are suggested to be involved in mobilizing metals,
including iron, from leaves for use in developing seeds (Waters et al. 2006).

Presumably, members of the ZIP family are responsible for Fe** uptake by
shoot cells. Members of the natural resistance-associated macrophage protein
(NRAMP) family are not thought to be responsible for iron uptake from the soil,
but have been implicated in iron homeostasis within plant cells. In particular,
NRAMP3 and NRAMP4 are thought to facilitate Fe** release from the vacuole
(Thomine et al. 2003; Grosset al. 2003; Hall and Williams 2003; Lanquar et al.
2005; Grotz and Guerinot 2006; Puig et al. 2007), opposing the activity of the
vacuolar iron transporter 1 (VIT1) protein which catalyses iron influx to the
vacuole (Kim et al. 2006). In leaves of plants overloaded with iron, and in some
seeds, iron can accumulate as Fe-chelates in the vacuole (Pich et al. 2001; Lanquar
et al. 2005; Kim et al. 2006). However, under most environmental conditions, the
majority of cellular iron is located in the plastid, where it is associated with the Fe-
storage protein ferritin (Briat et al. 1999; Petit et al. 2001). The permease in
chloroplasts 1 (PIC1) protein is thought to transport iron from the cytoplasm into
the plastid (Duy et al. 2007). It is thought that yellow stripe-like (YSL) proteins,
and related OPTs, load and unload Fe**-nicotianamine (Fe**-NA) complexes into
and out of the phloem for iron redistribution within the plant.
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Table 4.1 Iron-biofortified crops

Crops Tron® (mg kg™!, DW) References
Agronomic intervention

Peanut 363 Zuo et al. (2000)
Wheat 39 Aciksoz et al. (2011)
Maize 1630 Rahman et al. (2011)
Plant breeding

Common bean 85 Blair et al. (2009)
Wheat 63 Neelam et al. (2011)
Maize 715 Pixley et al. (2011)
Pearl millet 5666 Velu et al. (2011)
Genetic engineering

Lettuce 398 Goto et al. (2000)
Rice 19 Nandi et al. (2002)
Maize 35 Drakakaki et al. (2005)
Rice 16 Qu et al. (2005)

# Tron concentrations in edible parts of crops

4.5 Iron-Biofortified Crops

Biofortification focuses on enhancing the mineral nutritional qualities of crops at
source by increasing both mineral levels and their bioavailability in the edible part
of staple crops. This can be achieved through agronomic intervention, plant
breeding, or genetic engineering (Table 4.1), whereas only plant breeding and
genetic engineering can influence mineral bioavailability (Gémez-Galera et al.
2010).

4.5.1 Agronomic Intervention

In the soil, iron has a very low mobility, since it binds rapidly to soil particles,
when applied as fertilizer in the form of FeSQ,, resulting in the conversion of
Fe(Il) into Fe(Ill), rendering it unavailable for plant absorption (Frossard et al.
2000). For this reason, prebiotic, such as chelates and nitrogen, are often used
along with soil iron fertilizers (Shuman 1998; Rengel et al. 1999). In poor soils
lacking the macronutrients (e.g., nitrogen, phosphorus, and potassium), the
application of NPK fertilizers can promote the capture of iron, although this also
depends on other soil factors like soil pH. More molecular evidences show that
remobilization of nitrogen and iron from vegetative tissue to seed is maintained by
the similar genetic mechanisms (Uauy et al. 2006; Waters et al. 2009), showing a
positive correlation between iron and nitrogen concentrations in grain (Cakmak
et al. 2004; Distelfeld et al. 2007). Improving the nitrogen status of plants from
low to sufficient high resulted in a 3-fold increase in shoot iron accumulation
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(Aciksoz et al. 2011). In addition, the availability of iron in the rhizosphere can be
increased by soil acidification with elemental sulfur (Shuman 1998). This has the
added benefit of crop sulfur fertilization. Foliar sprays of FeSO, or chelates allow
the direct uptake of iron through leaves. Recently, several research labs have
reported that interspecific root interactions and rhizosphere effects could be linked
to improved iron and zinc nutrient uptake in dicot plants by intercropping with
graminaceous species in pairings which included maize/peanut, guava/sorghum or
maize, and chickpea/wheat. For instance, maize and peanut intercropping was
shown to improve iron and zinc accumulation in peanut (Kamal et al. 2000; Zuo
et al. 2000; Gunes et al. 2007; Inal et al. 2007).

4.5.2 Plant Breeding

Plant breeding programs focus on improving the level and bioavailability of
minerals in staple crops using their natural genetic variation (Welch and Graham
2005). Breeding for enhanced concentrations of iron can be divided into the
following steps: identification of genetic variability within the range that can
influence human nutrition; introgressing this variation into high yielding, stress
tolerant genotypes possessing acceptable end-use quality attributes; testing the
stability of iron accumulation across the target environment; and large-scale
deployment of seed of improved cultivars to farmers.

The variation in iron concentration of wheat, bean, cassava, maize, rice, and
yam (Welch et al. 2000; Frossard et al. 2000; Haas et al. 2005; Genc et al. 2005;
Nestel et al. 2006) suggests that selective breeding might increase the iron content
of staple foods. The amount of iron in edible tissues in rice varies between 6 and
22 mg kg™, in maize it varies between 10 and 160 mg kg™', and in wheat the
range is 15-360 mg kg~' with the higher levels observed in hydroponic cultures
(White and Broadley 2005). Such variability can be exploited through breeding
programs to produce iron-enriched crop varieties (Tiwari et al. 2009).

Breeding of nutrient-rich staple food crops is indeed the main goal of different
international consortia, such as HarvestPlus (http://www.harvestplus.org/) who
aim to reduce micronutrient malnutrition (including provitamin A, zinc, and iron)
through different biofortification processes (Hotz and McClafferty 2007), includ-
ing the dissemination of iron-rich bean varieties for Rwanda and Congo and iron-
rich pearl millet varieties for India. AgroSalud (www.agrosalud.org) is another
international consortium supporting the production and dissemination of iron- and
zinc-rich bean and rice varieties in Latin America and the Caribbean. The efficacy
of the breeding strategy in isolating bean varieties that provide more available iron,
has been already demonstrated in piglets (Tako et al. 2009), although large-scale
trials of efficacy in human population still need to be performed.

However, although differences in iron content exist in wheat and rice, most of
the iron is removed during the milling process. Thus, iron concentrations in milled
wheat can be increased up to 40 mg kg, the fortification level commonly used in
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wheat flour (Flour Fortification Initiative 2004). This problem was evident when
the effectiveness of a rice cultivar high in iron was tested in a feeding trial in
Filipino women consuming either the high-iron rice (3.21 mg kg~') or a local
variety (0.57 mg kg~ ") for 9 months (Haas et al. 2005). Possibly because the high-
iron rice added only an extra 1.5 mg of iron a day to the diet, no clear benefit
of iron status was seen. Iron absorption from other cereals and legumes (many of
them have high native iron contents) is low because of their high contents of
phytate and polyphenols (Donangelo et al. 2003). Donangelo and colleagues
(Hurrell et al. 1999) compared iron bioavailability from two varieties of red beans:
an iron-rich genotype (containing 65 % extra iron) and a low-density genotype.
Only a small amount of iron was absorbed from both cultivars, probably because
of their high phytate and polyphenol content. Decrease of the content of these
inhibitors in high-iron cultivars might be needed to have positive effects on human
nutrition. Genotypes of maize, barley, and rice have been identified that are low-
phytic-acid mutants, with phytic acid, the phosphorus content was decreased by
two-thirds compared with wild-type (Raboy 2000). Although such reductions
might improve iron absorption from diets containing small amounts of meat and
ascorbic acid (Tuntawiroon et al. 1990), the phytic acid content might be needed to
be lowered by >90 % to increase iron absorption from the monotonous cereal-
based diets popular in many developing countries (Hallberg et al. 1989).

4.5.3 Genetic Engineering

The transgenic approaches for iron biofortification in the literature have primarily
focused on improving iron accumulation and bioavailability, or decreasing anti-
nutrient contents in crops. To enhance iron uptake from soil, plants have been
developed with a reduction-based strategy and a chelation-based strategy.
Therefore, plants have been transformed with genes encoding transporters,
reductases, and other enzymes involved in phytosiderophore biosynthesis (Bauer
and Bereczky 2003; Ghandilyan et al. 2006). Transgenic tobacco with an enhanced
ferric reductase activity has been developed by introducing a reconstructed yeast
FREa gene (OKki et al. 1999). The constitutive ferric reduction capacity was also
observed when tobacco plants were grown in the presence of sufficient iron, and
the iron level in the transgenic plants was 1.7 times higher than that of the wild-
type. In an attempt to enhance the ability of rice to cope with iron-deficient
conditions, Takahashi et al. (2001) introduced the gene for nicotianamine ami-
notransferase, one of the genes in the biosynthetic pathway of phytosiderophores
into rice and have shown a better resistance to iron chlorosis in the transgenic
plants grown in calcareous soil. Furthermore, the average grain yield of the
transformants was 4.1-fold higher than that of the control rice plants. Unfortu-
nately, information about mineral content in the seeds was not reported. Seeds
from transgenic barley expressing Arabidopsis zinc transporter (AtZIP) show
higher iron content than the control (Ramesh et al. 2004).
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However, it has been shown that the same channels and transporters that bind
iron and zinc can also bind undesirable cations, such as cadmium, copper, man-
ganese, or nickel (Clemens 2006), leading to their accumulation in the plant
especially if the soil is deficient in Fe (Connolly et al. 2002; Vert et al. 2002). To
avoid the potential toxicity, each transformation event must be tested individually
to determine how different metals are absorbed. The unintended effects on other
metals can provide benefits, e.g., transgenic tobacco plants expressing genes for
enhanced Fe accumulation were also more tolerant of high levels of nickel
(Douchkov et al. 2005).

Amplification of the natural iron store is a further strategy to increase iron
accumulation in seeds. The greatest success has been achieved by expressing
ferritin, an iron storage protein that sequesters the mineral and stores it in a
bioavailable form. Recombinant soybean ferritin has been expressed in several
cereal crops under the control of an endosperm-specific promoter (Goto et al.
1999; Drakakaki et al. 2005; Vasconcelos et al. 2003; Qu et al. 2005) and pea
ferritin has been constitutively expressed in rice (Ye et al. 2008). In each case, Fe
levels in edible tissues increased, with the highest levels exceeding 35 mg kg™".
The higher iron accumulation upon ferritin overexpression could imply that low
iron concentrations in the seed may not result from low iron availability for uptake
and transport, but rather from a lack of sequestering capacity in the seed. Murray-
Kolb et al. (2002) fed rats with diets containing equivalent amounts of iron as
either FeSO, or transgenic ferritin of different bioengineered rice varieties. Rice
diets were as effective as the FeSO, diet in replenishing hematocrit, hemoglobin
concentration, and liver iron concentrations. These data suggested that engineering
ferritin expression of seeds can contribute to a sustainable solution of global iron
deficiency problems. Another breakthrough in iron biofortification is the devel-
opment of plants expressing lactoferrin, a human iron-binding protein present in
milk that also has broad antimicrobial activity (Bethell and Huang 2004).
Recombinant human lactoferrin has been expressed in crops, such as potato
(Chong and Langridge 2000), and rice (Anzai et al. 2000; Nandi et al. 2002).
Nandi et al. (2002) generated transgenic rice plants in which lactoferrin repre-
sented up to 0.5 % by weight of the dehusked grain. They suggested that direct
fortification of infant formula with this lactoferrin-rich rice would be a convenient
and cost-effective strategy to address childhood diarrhea. Alternatively, lactoferrin
could be purified from the transgenic tissues (cell cultures or whole plants) and
used directly as a supplement in oral rehydration solutions (Bethell and Huang
2004).

The amount of iron absorbed from a diet can also be increased by improving its
bioavailability. This can be achieved by reducing antinutrients such as phytic acid.
In vitro studies of the addition of Aspergillus niger phytase at pH and temperature
conditions similar to that of the stomach could completely degrade phytate (Tuerk
and Sandberg 1992). A large number of studies have shown that A. niger phytase
can be synthesized efficiently in transgenic plants, such as canola, tobacco, and
soybean (Brinch-Pedersen et al. 2000). However, A. niger phytase is inactivated at
temperatures higher than 60 °C. Therefore, this phytase is not useful in transgenic
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cereals for human consumption, because cooking procedures typically inactivate
this enzyme. One solution would be the activation of the transgenic phytase before
cooking, during seed development, seed storage, or other processes. An alternative
that has been explored is the use of a thermo-tolerant phytase from Aspergillus
fumigatus (Wyss et al. 1998) in transgenic rice seeds (Lucca et al. 2001).
A. fumigatus phytase displays a high resistance to heat inactivation, similar to
enzymes from thermophilic organisms, because of its ability to refold properly
after denaturation. The isolated fungal enzyme was boiled together with rice flour
and a residual 59 % phytase activity was observed. However, expression of the
heat tolerant A. fumigatus phytase in rice endosperm resulted in a strong reduction
of the enzyme activity after cooking (Lucca et al. 2001).

Studies have shown that cysteine is the only free amino acid that enhances iron
absorption in human bodies (Glahn and Van Campen 1997). Therefore, a greater
iron availability is expected by increasing the amount of cysteine residues in crop
tissues. A group of cysteine-rich, low molecular weight polypeptides are the
metallothionein proteins (MTs) (Cobbett and Goldsbrough 2002). Genes encoding
MT-like proteins have been identified in different plant species. Lucca and
colleagues (Lucca et al. 2001) overexpressed the cysteine-rich MT gene in rice, as
a result, the cysteine content of the soluble seed protein increased about 7-fold.

4.6 Summary

Eradicating iron deficiency is a major future goal of the whole world. To solve the
problem, a feasible and effective strategy requires effective collaboration among
scientists of different disciplines (e.g., plant physiology, biotechnology, human
nutrition, epidemiology, and medical care). Dietary modification or diversification,
iron supplementation, and food fortification are the current measures to combat
iron deficiency. However, they all have their own disadvantages and technical or
practical barriers. For instance, the ultimate solution is dietary diversification, but
this is not immediately practical. It is evident that crop biofortification is the best
approach to alleviate iron deficiency. More researches are needed to ensure suc-
cessful results in fields, such as the molecular mechanisms of iron absorption and
metabolism, antinutrients, and prebiotics.
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Chapter 5
Phytoremediation of Cadmium
and Copper: Contaminated Soils

Yuanyuan Zhu, De Bi, Linxi Yuan and Xuebin Yin

Abstract With the development of modern industry and agriculture, the Cadium
(Cd) and Copper (Cu) contents in soil have significantly increased. Pollution of Cd
and Cu is more serious in a soil-plant environment, so that the remediation of the
contaminated environment has been paid more attention. Phytoremediation is to
use living green plants to reduce, remove, degrade, or immobilize toxins from
contaminated soil, which is an emerging cost-competitive environmental-friendly
technology. Recent researches on Cd and Cu hyperaccumulators will be reviewed
in this chapter. Future research on the screening Cd and Cu hyperaccumulators,
and their molecular mechanisms are necessary for developing phytoremediation.

Keywords Cadmium - Copper - Phytoremediation - Hyperaccumulator

5.1 Introduction

Phytoremediation is an emerging cost-competitive environmental-friendly tech-
nology that cleans up polluted environments through the use of living green plants
to reduce, remove, degrade, or immobilize toxins from contaminated soil, water,
sediments, or air (Salt et al. 1995). At present, efforts have been focused on using
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plants and rhizosphere microorganisms to degrade organic pollutants and/or
remove toxic heavy metals from contaminated sites. Phytoremediation of con-
taminated sites has strong public appeal being cost-competitive and environmen-
tally sustainable, compared with other traditional remediation technologies
involving excavation or chemical stabilization/conversion in situ. Moreover,
phytoremediation could be esthetically pleasing to the public (Wendy et al. 2005).

Phytoremediation includes a set of processes, including phytoextraction, phy-
tostabilization, phytovolatilization, phytofiltration, and phytodegradation. The use
of plants to remove contaminants from the environment and accumulate them in
above-ground plant tissues is known as phytoextraction. Pollutants can be removed
from the contaminated site by harvesting pollutant-accumulated plants (Salt et al.
1998). Metals enter into the xylem through two pathways: one is the apoplastic
pathway that soluble metals do not enter through the plasma membrane of epi-
dermis and endodermis cell, but through the cribrate cell wall and the space
between cells, and then cross the Casparian strip in endodermis cell; the Casparian
strip is a waxy coating which is impermeable to solutes. So, soluble metals need to
cross the plasma membrane and then enter into the endodermis cell to the xylem.
The other is the symplastic pathway in which soluble metals cross the plasma
membrane of epidermis cell and then enter into endodermis cell to the xylem.
Once into the xylem, the flow of the xylem sap will transport the metal to shoot or
leaf tissues. Once in the shoot or leaf tissues, metals can be stored in various cell
types, depending on the species and form of the metal, it can be converted into less
toxic forms (to the plant) through chemical and biological transformation or
complexation. In leaves or shoots, metals can also be stored in several cellular
organelles, such as cell wall, cytosol, and vacuole. Mercury, Se, and As can also be
volatilized from leaves (Lombi et al. 2001a).

5.2 Cadmium Contamination

Cadmium (Cd) is a heavy metal that is of great concern to the environment. With
the development of modern industry and agriculture, the Cd content in soil has
significantly increased. Pollution of Cd is more serious in a soil-plant environ-
ment, so that the safety of agricultural products has become a serious matter of
concern (Davis 1984). In regard to its toxic effects on humans, Cd can cause
kidney damage, renal dysfunction, pulmonary emphysema, and osteoporosis
(Albert and Hsu 2005). Therefore, soil Cd pollution is one of the most important
environmental problems worldwide. The main sources of Cd in soil are from
industrial waste discharge, Cd-containing wastewater irrigation and pesticides,
herbicides and phosphate fertilizers utilization. In China, Cd contaminated land in
11 provinces and annual production of Cd-contaminated rice (i.e., containing over
1.0 mg Cd kg rice) was about 5 x 10* tons. A survey conducted in Hunan
Province in the early 1990s showed that the agricultural yield was significantly
reduced by 5-10 % in Cd-contaminated farmland (Wang 1997). In Japan,
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Table 5.1 Hyperaccumulators of Cd and their accumulation

Scientific Name Cd content in shoots  Enrichment Transfer Factor (TF)
or leaves coefficient (EC)
(mg/kg dry weight)
Thlaspi caerulescens 164-3,000 >1 >1
Brassica juncea >177 >1 > 1
Sedum alfredii >100 >1 >
Solanum nigrum 104-125 2.68 (average) 1.04 < TF < 1.27
Viola baoshanensis 465-2310 2.38 (average) 1.32 (average)
Phytolacca acinosa Roxb 200482 202 <EC<552 167<TF<225

Cd-contaminated farmland was 472,125 ha, about 82 % of the total heavy
metal-contaminated agricultural land (Liao 1993). Albert and Hsu (2005) reported
that there were more than 8 % of uncontrolled Cd-contamination hazardous waste
sites in the United States. The traditional physical and chemical remediation
methods were effective in cleaning up Cd-contaminated soils, but the cost is
generally high or very expensive. Therefore, cost-effective remediation technol-
ogies are desperately needed for Cd-contaminated sites. Since the late 1990s,
phytoremediation has become popular and represents a novel, cost-competitive,
and environmental-friendly promising remediation technology for metal-contam-
inated waters and soils.

5.3 Phytoremediation of Cd

Plants that can accumulate over 100 pg/g Cd dry weight (DW) in shoots or leaves
can be selected as candidate species for Cd phytoremediation. At present, six kinds
of Cd hyperaccumulators have been reported. The species include Thlaspi.
caerulescens (Baker et al. 1994; Knight et al. 1997; Lombi et al. 2001a, b),
Brassica juncea (Ebbs et al. 1997), Sedum alfredii (Yang et al. 2004; Lu et al.
2010), Solanum nigrum (Wei et al. 2010), Viola baoshanensis (Liu et al. 2003),
and Phytolacca acinosa Roxb (Nie 2006) (Table 5.1).

Among the species, T. caerulescens accumulated the highest concentrations of
Cd in leaves (>164 mg/kg DW). However, the remediation efficiency by
T. caerulescens is limited due to its slow growth and small biomass production.
Although concentrations of Cd in shoots of B. juncea (about 100 mg/kg DW) are
lower than those of T. caerulescens, B. juncea can remove more Cd from the
contaminated soil due to its larger size of biomass production (Pence et al. 2000).
Zhuang et al. (2007) selected the plant species with high biomass production to
phytoremediate paddy soils contaminated with Pb, Zn, and Cd. The results indi-
cated that Viola baoshanensis accumulated 28 mg Cd/kg DW in shoots, with a
bioconcentration factor of 4.8. The total phytoextraction was 0.17 kg Cd per ha,
and about 1 % Cd could be removed from the soils, compared with another plant
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species, Rumex crispus, which extracted 0.16 kg Cd per ha (Zhuang et al. 2007).
Jietal. (2011) utilized the Cd hyperaccumulator species, S. nigrum, to clean up the
farmland soil contaminated by 1.91 mg Cd kg™' in the soil. They found that the
planting density had significant effects on plant biomass and Cd accumulation, but
S. nigrum could accumulate a significant amount of Cd from the soils where the Cd
concentrations were relatively low (Ji et al. 2011). However, it should be pointed
out that there are some restrictions on phytoremediation application; the stature
and biomass of accumulator plants were small and their accumulation ability was
limited. Moreover, the phytoremediation time by Cd hyperaccumulators would
require many years or a long-term time commitment (Lombi et al. 2001b).
Transgenic approaches could break through some of these restrictions to make Cd
phytoremediation feasible with overexpression of Cd-accumulation-mediated
gene. Bennett et al. (2003) studied that genetically modified B. juncea could
accumulate 1.5 times more Cd and Zn, compared to wild-type B. juncea growing
on metal-contaminated soil from a USEPA Superfund site. Overexpression of E.
coli gene gshl (with a chloroplast targeting sequence) in B. juncea could increase
the y-glutamylcysteine synthetase (ECS) activity by five times compared with
wild-type and ECS is important in Cd accumulation and tolerance (Tong et al.
2004). Song et al. (2003) reported that expression of the glutathione-Cd transporter
YCFI in Arabidopsis could significantly increase biomass production and there-
fore, two times more in Cd uptake.

5.4 Cu Contamination

Copper (Cu) is an essential element and enzyme co-factor for oxidases (cyto-
chrome C oxidase, superoxide dismutase) and tyrosinases (Uauy et al. 1998). A
suitable amount of Cu in human and animal body are essential for normal bio-
logical metabolisms, but excessive will be harmful.

There are two kinds of Cu contamination in soils: one is that derived from
weathering and mineralizing of Cu mines and the other is anthropogenic, which is
derived from mining, industrial waste, urban waste, sludge, and using of Cu
pesticides (such as Bordeaux mixture) (Chen 1996). Some of soils near Cu mines
had Cu contents as high as 2,000 mg kg~', which was about 10 times higher than
that of non-contaminated soils/sediments (20-30 mg/kg) (Salomons and Forstner
1984). With the development of Chinese industry and modernization of agricul-
ture, Cu and other heavy metals pollution in the environment has become more
serious (Ni et al. 2003). Once the soil is contaminated with heavy metals, metal
pollutants will accumulate and build up in the soil for a long time. Soil metal
pollution affects the biological activity of soil microorganisms and crop growth.
Toxic metals finally accumulated in the edible parts of crops will become harmful
for human health (Nriagu and Pacyna 1988).



5 Phytoremediation of Cadmium and Copper 79

5.5 Phytoremediation of Cu

Cultivation and selection of Cu-hyperaccumulating plants is an important means
for Cu-phytoremediation. Currently, 37 taxa of Cu hyperaccumulators have been
reported, (Song et al. 2004), including Labiatae (5 species), Scrophulariaceae
(4 species) and Asteraceae (4 species), Gramineae (3 species), Leguminosae,
Cyperaceae and Amaranthaceae (2 species), Caryophyllaceae (1 specie), Con-
volvulaceae (1 specie), and Tiliaceae (1 specie) (Brooks et al. 1992; Tang et al.
1999). In China, Cu-accumulated plants, such as Elsholtzia splendens, Dianthus
superbus, Eriophrum comosum, and Polygonum microcephalum, were found
(Jiang 2003).

Cu was accumulated in the roots after absorption and avoided excess Cu to
interfere with plant photosynthesis and other important physiological processes
(Meharg 1993; Baker et al. 1983). However, Hogan and Rauser (1981) and
McNair (1981) reported that Cu concentrations in aerial parts of Cu-tolerant plant
(Agrostis gigantea) are higher than the non-Cu tolerant type. In fact, the cell wall
and the vacuole are the most important sites for Cu accumulation, primarily in the
chemical form of Cu?*. Cu®* is generally not toxic to plants. In a thyrium plant,
about 70-90 % Cu was retained in cell wall to prevent from entering protoplast
(Branquinho et al. 1997). Vacuolar accumulation of Cu was observed in Cu-
tolerant plants, especially in Cu hyperaccumulators. Some lower plants, such as
algae, can also accumulate Cu in vacuoles. Many substances in plants, such as
enzymes, organic acids (metallothionein, plant metal chelate hormone (PC)), and
sugar, can complex Cu and significantly affect the normal physiological processes
of plants. Meanwhile, Cu could be detoxified by forming Cu-complexes with these
compounds (Grill et al. 1985).

5.6 Summary

Phytoremediation is a cost-competitive and sustainable biotechnology for the
cleanup of Cd- and Cu-contaminated soils. A few plant species have been identified
with the potential for phytoremediation of Cd- and Cu-contaminated environments.
Genetic engineering techniques have been applied to develop novel transgenic
plants with enhanced ability of metal uptake and accumulation. However, man-
agement of Cd- and Cu-contaminated plant waste materials may become a chal-
lenging issue. Future research needs to focus on the screening Cd and Cu
hyperaccumulators and mechanisms necessary for developing phytoremediation.
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