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Abstract

Zinc (Zn) is an essential micronutrient for the function of many biological processes.
Zn deficiency therefore affects normal growth and development in all living organisms. Many
cropping soils are low in Zn, leading to widespread Zn deficiency in cereal crops. This
reduces crop yield and grain nutrition value, which increases the risk of Zn deficiency-related
health problems, especially for women and children in developing countries. Increasing Zn
density in cereal grains (biofortification) is a potentially effective strategy to alleviate
widespread Zn malnutrition in humans. However, grain Zn biofortification is restricted by the
translocation of Zn from roots to shoots and from shoots to grains. So far, little is known
about the metal transporters involved in these two limiting processes. Identification and
characterisation of these transporters are crucial for Zn biofortification. The Zn regulated, Iron
regulated-like Protein (ZIP) family is a group of transporters controlling cellular Zn influx,
and could be important for Zn uptake and translocation in plants. In this study, barley
(Hordeum vulgare L.) was used as a model plant to identify and characterise new ZIP
transporters. Nine new HvZIP members were identified, and transcript analyses of 13 HvZIP
genes revealed that eight of them were induced in Zn-deficient plants. HvZIP7 was further
characterised as there is no available functional information for this transporter. HvVZIP7 is
primarily expressed in vascular tissues of roots and shoots and localises in the plasma
membrane when expressed in onion epidermal cells. The over-expression of HVZIP7 resulted
in a specific increase of Zn translocation from roots to shoots and Zn accumulation in shoots
and grains when Zn is abundant in the growth media, suggesting that HvZIP7 mediates Zn
translocation and/or retranslocation. The enhanced Zn accumulation in plants did not affect
plant growth or grain yield. Furthermore, the over-expression of HvZIP7 did not enhance Cd
accumulation in shoots, which differs from the over-expression of heavy metal ATPases. In

addition, transgenic HvZIP7 plants could achieve 30% higher Zn concentration in grains than

VIl



that of controls when grown with a low dose of Zn fertilisers under conditions similar to the
field, indicating that our findings would have direct applications to Zn biofortification and the

improvement of plant Zn nutrition in cereals.
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Chapter 1: Literature Review

1.1 Introduction

Zinc (Zn) is an important micronutrient for maintaining normal growth and
reproduction processes in plants, humans and animals. As Zn is an important co-factor for the
function of a myriad of essential enzymes, Zn deficiency affects numerous metabolic
processes in living organisms. Zn deficiency is also one of the most widespread abiotic
stresses in agriculture (Broadley et al., 2007; Grotz et al., 1998; Hacisalihoglu et al., 2004). If
Zn deficiency in crop plants is not corrected, the productivity and nutritional value of food
crop will be severely hampered. This is a bleak outcome in the effort to support the dietary

needs for the ever growing human population, which is expected to reach 10 billion by the

end of this century (Lee, 2011).

Figure 1.1. Global distribution of major cropping soils affected by Zn deficiency
(Alloway, 2001).



Zinc deficiency in crops is widespread as a large part of the world’s major cropping
soils are deficient in Zn (Figure 1.1; Alloway, 2001). Soils low in available Zn are also
widespread in the agricultural zones of Australia (Alloway, 2001). Despite various efforts to
enhance the availability of Zn in soils, such as by the addition of fertilisers, crops are still not
effectively utilising the added Zn to sustain normal growth (Cakmak, 2008). This may be due
to the selection of cultivars that are poor in taking up Zn (Genc et al., 2002; Graham et al.,
1992; Hacisalihoglu & Kochian, 2003), the inefficient use of Zn fertilisers or having
problematic soils (in both physical and chemical terms) that restricts the mobilisation of Zn to
plant roots (Cakmak, 2008). This problem of low accessibility of Zn to crops and pastures is a

major limiting factor for the sustainable production of crops (Grewal & Graham, 1998).

Symptoms of severe Zn deficiency in plants include chlorosis (which may develop
into interveinal necrosis), stunted growth and deformed leaves (Alloway, 2004; Hacisalihoglu
et al., 2003). Although symptoms of severe Zn deficiency are easily diagnosed, plants
experiencing moderate Zn deficiency are difficult to identify due to the lack of obvious
symptoms (Alloway, 2004) and moderate deficiency can lead to significant reductions in
vegetative growth and grain yield. Crops with moderate deficiency may go through crucial
growth stages such as tillering and booting without displaying any symptoms, thus not giving
any indication that a remedy is needed. By the time yield has begun to form, any remedial
application of Zn will be too late. Moderate or severe Zn deficiency during crucial growth
stages can reduce crop yield by at least 40% if left undiagnosed and untreated (Alloway,

2004).

Wheat, rice, maize, and barley are the main staple foods consumed by humans
(http://faostat.fao.org/). However, a significant amount of cereal-based foods consumed is
likely to have inherently low concentrations of Zn due to widespread Zn deficiency in soils

(Ozturk et al., 2006). Consumption of these foods can cause Zn deficiency in humans,
2



resulting in health problems such as diarrhoea, retarded mental development and anorexia
(Cunningham-Rundles et al., 2005; Hotz et al., 2004). Clearly, there is a need to improve Zn
nutrition in cereal-based foods to help alleviate health problems associated with Zn deficiency

in humans.

1.2 Improvement of plant Zn nutrition and biofortification

The widespread occurrence of Zn deficiency in human populations has resulted in
considerable efforts to overcome nutrient deficiencies and to improve the nutrient density of
essential food crops. The average grain Zn concentrations of wheat, rice and barley are similar
at around 25 mg kg? DW (Graham et al., 1992; Lombi et al., 2011; Ramesh et al., 2004;
Rengel et al., 1999; Ruel & Bouis, 1998). For wheat, this concentration is deemed inadequate
for human consumption (Cakmak et al., 2010). Biofortification programs in cereals aim to
increase the concentration of Zn (as well as other micronutrients) in the grain to increase the
micronutrient intake of consumers (Welch, 2005). The Harvestplus program, an international
initiative to reduce micronutrient malnutrition by improving the micronutrient content of
staple foods, suggested that successful wheat and rice grain Zn biofortification should be
targeted at 33 and 24 mg kg DW respectively, although no such target was assigned to
barley grains (www.harvestplus.org). Different approaches have been deployed for
improvement of plant Zn nutrition and biofortification. They include agronomic approaches,

genetic approaches, or a combination of both.

1.2.1 Application of Zn fertilisers as an agronomic approach

Zn availability in soil is affected by several factors, such as pH, drought and organic
matter (Genc, 1999, Alloway, 2004; Broadley et al., 2007). For example, high soil pH (due to

high CaCOj; content) causes the formation of insoluble calcium zinctate or Zn salts, such as
3



hydroxide, oxide, carbonate or phosphate salts (Genc 1999), which decreases Zn desorption
from soil and limits Zn absorption by roots (Lindsay, 1991; Marschner, 1993). Agronomic
approaches involve the application of fertilisers to increase the availability of micronutrients
in the soil, enhancing the uptake of the essential micronutrients by the plants. Applying Zn
fertilisers either in the solid granular form or by foliar spray is a common practice to boost the
intake of Zn by plants (Cakmak, 2008). After the application of Zn fertilisers, the grain Zn
concentrations from a variety of wheat and barley genotypes could be increased from 9-12 mg
kg™ DW to 20-30 mg kg™* DW (Graham et al., 1992). However, the distribution of Zn in soils
when added as fertilisers is uneven, limiting the uptake of Zn by plants (Alloway, 2004;
Broadley et al., 2007). Zn fertilisers are generally distributed in the top soil with little
delivered into the subsoil (Alloway, 2004; Broadley et al., 2007). Consequently, Zn uptake by
roots in the subsoil is limited as topsoil drying reduces the solubility and leaching of Zn into

the subsoil (Marschner, 1993; Rattan & Deb, 1981; Wang et al., 2006).

In contrast to soil-applied Zn, foliar Zn application primarily relies on the
remobilisation of the sprayed Zn from the leaves into other parts of the plant including the
grains, and largely bypasses the factors in soils that limit Zn uptake. Furthermore, foliar Zn
spray can lead to a portion of the Zn being applied to reach the soil surface, which promotes
the leaching of Zn into the subsoil due to its soluble nature. Therefore, foliar Zn fertilisers
usually have a more immediate effect than granular Zn fertilisers. However, multiple fertiliser
applications are necessary to keep up with the demand for Zn during crop growth (Cakmak,
2008). The need for a repeated supply of fertilisers is expensive for farmers, especially in

areas where soil pH is high.



1.2.2 Breeding and genetic engineering for improving Zn nutrition

An alternative to agronomic approaches for improving Zn nutrition and grain Zn
loading is the genetic approach. Genetic variation in Zn efficiency has been found in cereals
such as barley and wheat (Graham et al., 1992). Zn efficiency refers to a plant’s ability to
grow better and maintain yields under low Zn conditions (Broadley et al., 2007; Graham &
Rengel, 1993; Hacisalihoglu & Kochian, 2003; Ramesh et al., 2004), and is therefore
sustainable in cereal growing regions with low soil Zn availability (Genc et al., 2006; Graham
et al., 1992). The selection and breeding of Zn-efficient cereal varieties is thus the most
common genetic approach implemented. However, there is little correlation between Zn
efficiency and grain Zn content; many studies have reported very little differences in shoot
and grain Zn content between cereal lines with different Zn efficiency when grown under
controlled conditions (Chen et al., 2010; Genc et al., 2009; Kalayci et al., 1999). Even if lines
with different Zn efficiency display genotypic variations in grain Zn content, it is often
associated with negative correlations with grain yield and size (McDonald et al., 2008).
Therefore, while the selection and breeding of Zn efficient lines may be helpful for
maintaining the growth of crops in Zn deficient soils, it may not be an appropriate approach

for increasing Zn grain accumulation.

However, genotypic variation in grain Zn content does exist in cereal lines, thus
presenting the opportunity to breed for lines with high Zn grains (Cakmak, 2008; Lonergan et
al., 2009). For example, accessions of wild emmer wheat (Triticum turgidum ssp.
dicoccoides) have been reported to have high grain Zn concentrations (up to 139 mg kg™ DW)
(Peleg et al., 2008). Even in some modern wheat cultivars, grain Zn concentrations of up to 85
mg kg? DW have been found (Welch, 2001). Variations in grain Zn levels also exist in
germplasms of rice (up to 45 mg kg™ DW) (Wissuwa et al., 2008), and has been exploited in

breeding programs (Graham et al., 1999). However, breeding applications for achieving Zn
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biofortification has its limitations, most notably due to the long timeline requirement in
identifying useful genetic variations, crossing and back-crossing activities, and measuring the
stability of the target traits (Cakmak, 2008). Moreover, many cropping soils are deficient in
Zn; the low level of Zn in the supply pool prevents Zn from being absorbed and transported
into the grains. This masks the high grain Zn content traits in cereal cultivars that are
supposed to display this trait. Thus, improvements in both Zn efficiency and Zn loading to the

grain are complementary goals for increasing grain Zn concentrations in Zn deficient soils.

Genetic engineering is another form of the genetic approach, usually involving the
generation and utilisation of transgenic plants. This strategy includes introducing single or
multiple Zn homeostasis genes, whose expression profiles have been manipulated, into the
genome of a targeted plant. If the integration of these transgenes can lead to improvements in
plant Zn nutrition and grain Zn loading, this strategy can save significant amounts of time and
money relative to breeding strategies. However, a detailed understanding of the mechanism of
Zn homeostasis is necessary to identify crucial components of the mechanism. Identifying
these crucial components permits the selection of candidate genes for application in the

transgenic approach. More of this will be discussed in later sections.

The transgenic approach has been successfully used to overcome another
micronutrient problem in rice — the low levels of vitamin A — through the development of the
[-carotene-fortified ‘Golden Rice’ (Lucca et al., 2006). Ye et al. (2000) targeted the
expression of a daffodil and a soil bacterium p-carotene (the precursor of vitamin A)
biosynthesis gene in rice (cv. Japonica) endosperm to enable an increase in [-carotene
biosynthesis within the endosperm. This resulted in increased levels of -carotene, indicated
by the yellow colour of the endosperm that is otherwise white in wildtype rice. A subsequent
modification of this technique by another group (Paine et al., 2005) further increased the

levels of B-carotene by approximately 23-fold compared to that achieved by Ye et al. (2000).
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Although the B-carotene-biofortified rice is so far not available yet for human consumption, it
illustrates the ability of genetic manipulation to increase essential micronutrient levels in
cereal crops, especially within the grain. Increasing Zn content in cereal crops by genetic
manipulation could assist in increasing the nutritional quality of cereal crops and overcoming

low Zn content in staple diets.

1.3 Zinc homeostasis in plants

1.3.1 Zinc uptake and translocation in the plant

Zinc is taken up by plants as the divalent cation, Zn** (Broadley et al., 2007;
Hacisalihoglu et al., 2001; Lasat et al., 1996). In soils, Zn** ions can also bind with ligands
such as citrate, malate, oxalate and phytosiderophores (Suzuki et al., 2008) which assist Zn to
move towards root hairs. After Zn®* ions are taken up by root epidermal cells, Zn is first
transported through the cortex via symplastic and apoplastic pathways until it reaches the

endodermis (Figure 1.2).

In the endodermis, the movement of Zn via the apoplastic pathway is terminated by
the Casparian band, preventing direct entry of Zn from the apoplastic pathway to the stele
(Figure 1.2). To pass the Casparian band, the apoplastic Zn needs to enter the symplastic
pathway, which guides the cell-to-cell movement of Zn to cross the Casparian band. This
process is mediated by Zn transporters embedded in plasma membranes of endodermal cells.
Once Zn?* ions pass the Casparian band and endodermis, they move into xylem parenchyma
cells which subsequently load Zn into the xylem (Figure 1.2 and see section 1.5.2 for more
details). Through the xylem, Zn is translocated from roots to shoots in a chelated form (see
below) via the transpiration stream (Curie et al., 2009). The rates of Zn translocation from

roots to shoots positively correlates with the level of Zn present in roots (Hart et al., 1998).
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Therefore, if Zn uptake from soil is restricted, less Zn will be accumulated in the above-

ground organs of the plant, which could lead to Zn deficiency.

Casparian strip Xylem vessels

Apoplastic

Symplastic
route

Epidermis (;r,tex Endode:mis Stele

Figure 1.2. Lateral transport of Zn from root hairs to the xylem.
Diagram modified from Campbell et al. (2009).

The transport of Zn from roots to shoots is mediated by low molecular weight ligands
in the xylem sap (Kramer et al., 1996; Van Belleghem et al., 2007). These ligands include
organic acids, nicotianamine and phytosiderophores that form a Zn chelating complex
(Clemens et al., 2002; Suzuki et al., 2008; von Wiren et al., 1999; White et al., 1981). It has
also been suggested that phytochelatin present in the xylem is involved in the transport of Zn
(Chen et al., 2006; Mendoza-Cozatl et al., 2008). Zn transported in the xylem from the roots
is usually deposited in leaves or loaded into the phloem (Palmgren et al., 2008; Patrick &
Offler, 2001). The loading of Zn into the phloem is mediated by metal transporters within the
xylem network (Palmer & Guerinot, 2009). Alternatively, phloem Zn loading could also
occur in vegetative tissues such as leaves (Wu et al., 2010). The transport of Zn within the
phloem has been shown to be mediated by nicotianamine (Nishiyama et al., 2012). Phloem Zn

loading is important as the transport of Zn into grains of barley and wheat occurs only through



the phloem (Patrick & Offler, 2001). In rice, however, Zn can be loaded into grains directly

via the xylem as the xylem is continuous between the roots and panicle (Stomph et al., 2009).

1.3.2 Cellular distribution of Zn

Within a plant cell, the vacuole normally contains more than 50% of the total cellular
Zn content (Yang et al., 2006), while approximately 40% gets bound to insoluble components
and around 5% are found in the cytosol (White & Gadd, 1986). The vacuole also plays a part
in the regulation of the cytoplasmic Zn concentration (MacDiarmid et al., 2000). Free Zn?*
within the cytosol is readily utilised by metabolic processes, and when the level of Zn?* is
depleted, the vacuole can transport Zn into the cytoplasm to replenish the depleted Zn
(MacDiarmid et al., 2000). In Zn hyperaccumulator plant species, Zn concentrations in the
vacuole are usually at least five-fold more than those of non-hyperaccumulator species
(Klpper et al., 1999; Yang et al., 2006), indicating that the vacuole is also essential to prevent

Zn toxicity.

1.3.3 Deposition of Zn and Fe in grains

Within the grain, Zn is deposited in the embryo, aleurone and endosperm. In wheat
and barley grains, higher Zn concentrations are normally observed in the embryo and aleurone
compared to the endosperm (Mazzolini et al., 1985; Ozturk et al., 2006; Palmgren et al.,
2008). The Zn content in the endosperm of wheat and barley grains accounts for
approximately one third of the total grain Zn (Eded & Rengel, 2011; Lombi et al., 2011;
Pieczonka & Rosopulo, 1985). Iron (Fe) distribution in the grains of wheat and barley is
similar to that of Zn, and a similar percentage of the total grain Fe content is found in the
endosperm (Lombi et al., 2011; Ozturk et al., 2009; Welch & Graham, 2004). In contrast,

approximately 75% of total grain Zn content is deposited in the endosperm of rice grains, but
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Fe content in the endosperm accounts only for approximately 10% of the total grain Fe

content (Jiang et al., 2008; Lombi et al., 2009).

The aleurone also contains high concentrations of phytic acid, leading to a high degree
of complexion of phytate with Zn and Fe in the aleurone (Borg et al., 2009; Persson et al.,
2009). High deposition of metals into the aleurone and embryo is widely viewed as a
hindrance to the improvement of nutrition value of cereal grains (Palmgren et al., 2008; Wirth
et al., 2009). This is because most cereal grains are polished or milled to remove the bran
before being processed into cereal-based foods. This bran-removal process usually diminishes
the whole aleurone and embryo. In rice grains, removal of the bran by polishing is essential as
the bran contains oil which can become rancid, leading to the deterioration in quality. Even if
the grains are not polished, the abundance of phytate within the aleurone which binds to these

metals restricts their absorption by human gut cells.

The consumption of nutritionally-poor cereal based products by humans will lead to
health complications related to micronutrient malnutrition (Hotz et al., 2004). Much effort has
been invested into generating crops capable of storing more of these essential metals into the
grains, especially in the endosperm, to minimise their loss as a result of polishing (Masuda et
al., 2009; Wirth et al., 2009). Although Zn concentration is high in the embryo and aleurone,
the endosperm contains a significant proportion of total grain Zn. Therefore, while the
increment of grain Zn accumulation will inevitably increase the Zn in the aleurone and

embryo, it could also lead to higher endosperm Zn accumulation.

1.3.4 Relationship between plant Zn efficiency and Zn nutrition

A plant’s Zn efficiency may influence the distribution of Zn in plant tissues

(Hacisalihoglu et al., 2004). Although most studies have shown that there is no positive
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correlation between Zn efficiency and seed Zn content (as mentioned in Section 1.2.2), there
are some reports showing that Zn efficient cultivars possess higher seed Zn. For example,
higher Zn content in grains of Zn-efficient rice and common bean cultivars relative to Zn-
inefficient cultivars have been observed when grown under controlled conditions
(Hacisalihoglu et al., 2004; Rengel, 2001). Zn-efficient cultivars are also able to sustain
normal growth under Zn-deficient conditions for a significantly longer period of time than
inefficient cultivars. This suggests that Zn-efficient cultivars have better Zn uptake and
storage capacity, which could be contributed by increased activities of metal uptake
transporters or possessing better Zn utilisation systems (Hacisalihoglu et al., 2004;
Hacisalihoglu & Kochian, 2003). Zn efficiency may also be associated with root-structure
traits which enhance Zn retrieval and/or the release of more Zn-binding ligands such as

phytosiderophores (Hacisalihoglu & Kochian, 2003).

Based on currently available information regarding Zn movement and storage in
plants, there exist a few prominent bottlenecks which can limit the utilisation of soil Zn for
biofortification (Palmgren et al., 2008). These bottlenecks include the transport of Zn through
the root-to-shoot barrier, phloem Zn loading and unloading, and grain Zn loading. Later in
this review, the transporter components involved in Zn transport through these checkpoints
will be discussed to provide an overview of the possible solutions towards increasing Zn

loading for biofortification.

1.4 Physiological functions of Zn in plants

Zinc is an important co-factor of many enzymes (Coleman, 1998) and plays a
structural role in various proteins, which include thousands of transcription factors
(Hershfinkel et al., 2007; Kramer & Clemens, 2006). Physiological processes in which Zn is

involved include photosynthesis, protein synthesis, fertility and seed production, growth
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regulation and defence against diseases. When plants experience Zn deficiency, these

physiological processes are affected, causing impaired health and productivity.

Plants carry out photosynthesis to synthesise carbohydrates from CO,, using ATP and
NADPH generated in the light reaction. A key step in photosynthesis is the initial conversion
of CO, to carbonic acid by the carbonic anhydrase (CA) enzyme, whose catalytic activity is
Zn-dependent (Lindskog, 1997). Under Zn deficiency, reduction in CA activity has been
observed (Ohki, 1976). The formation of photosynthetic pigments such as chlorophyll is also
Zn dependent. When the plant is deficient in Zn, some of the pigments are degraded, resulting
in chlorosis (Alloway, 2004). Reduced photosynthetic rates due to Zn deficiency have also
been related to decreased stomatal conductance (Sharma et al., 1995). Adequate Zn is
required to maintain high levels of potassium in guard cells for stomatal conductance (Sharma
et al., 1995). When Zn supply is low, stomatal conductance is reduced, leading to lower intake

of CO, which is required for photosynthesis.

Copper/Zn-superoxide dismutase (SOD) is an enzyme important in protecting plants
against oxidative damage catalysed by reactive oxygen species (ROS), free radicals and
peroxides (Cakmak & Marschner, 1993). As Zn is a co-factor of SOD, Zn deficiency can
inhibit SOD activities, leading to oxidative damage to membrane lipids, proteins, chlorophyll,
and nucleic acids (Cakmak, 2000; Chen et al., 2008b; Yu & Rengel, 1999) The oxidative
stress induced by Zn deficiency can also destroy the integrity of the membrane surrounding
the thylakoid (where the light-dependent reactions of photosynthesis occur) (Ohki, 1978;
Randall & Bouma, 1973; Sasaki et al., 1998). Damage to thylakoids further contributes to

reduction in photosynthesis rates under Zn deficient conditions.

Furthermore, Zn is vital for the synthesis and metabolism of carbohydrates in plants.

The synthesis of starch is mediated by starch synthase enzymes, whose activity is Zn-
12



dependent. Zn deficiency has been shown to reduce the activity of starch synthases (Alloway,
2004). Growth of roots and shoots is also Zn-dependent as the synthesis of auxin, a class of
plant growth hormones, requires Zn (Broadley et al., 2007). The development of reproductive
organs is also affected by low Zn concentrations, resulting in small anthers and deformed
pollen grains. Lower grain set and smaller grains are often observed in Zn deficient plants
(Alloway, 2004). In addition, Zn plays a structural role in many Zn finger DNA-binding
proteins, such as the plant-specific WRKY protein family, which regulates a large number of
plant-defence related genes (Dong et al., 2003). The various important roles that Zn is

involved in emphasise the necessity to maintain adequate cellular Zn concentrations.

1.5 Zinc transporters in plants

Zinc uptake and homeostasis in plants is mediated by a number of cellular Zn
transporters (Eide, 2006). Several transporter families have been shown to be involved in Zn
homeostasis within higher plants: (1) Zinc-regulated transporter, Iron-regulated transporter-
like Proteins (ZIP) (Eide, 2006; Grotz et al., 1998; Guerinot, 2000), (2) Cation Diffusion
Facilitator (CDF), often known as Metal Tolerance Proteins (MTP) (Arrivault et al., 2006;
Eide, 2006; Kobae et al., 2004), (3) P-type ATPases, particularly the Heavy Metal ATPase
(HMA) subgroup (Eide, 2006; Eren & Arguello, 2004; Hussain et al., 2004) and (4)

Oligopeptide Transporters (OPT) (Palmer & Guerinot, 2009).

1.5.1 General functions of different Zn transporter families

Members of the ZIP family are regarded as the main transporters controlling plant Zn
uptake. It has been shown that plant ZIP transporters are involved in Zn uptake at the cellular
level when tested in yeast complementation assays (Grotz et al., 1998; Guerinot, 2000). ZIP

transporters could therefore play an important role in controlling Zn influx from the external
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environment into the cytoplasm. Members of the CDF/MTP transporter family are known to
be involved in sequestering Zn from the cytoplasm into organelles such as vacuoles (Eide,
2006). The expression pattern of CDF/MTP transporters such as AtMTP1 and AtMTP3 in
Arabidopsis thaliana is positively correlated with enhanced tolerance to Zn deficiency, likely
due to having higher reserves of vacuolar Zn (Arrivault et al., 2006; Kobae et al., 2004). The
expression of AtMTP3 was also highly induced in the root epidermal and cortex layers in the
presence of high external Zn concentrations, indicating that AtMTP3 has a role in restricting

Zn mobilisation from roots to shoots to prevent Zn toxicity in above-ground organs.

HMA transporters (a subgroup of the P-type ATPase family) have been shown to be
involved in Zn efflux from the cytoplasm to the extracellular environment (Eren & Arguello,
2004; Hussain et al., 2004). Two Arabidopsis HMA transporters, AtHMA2 and AtHMA4,
regulate the Zn translocation from roots to shoots (Eren & Arguello, 2004; Hussain et al.,
2004). By knocking out the function of AtHMAZ2, mutant athma2 lines accumulated more Zn
in roots compared to wildtype plants (Eren & Arguello, 2004), likely due to the disruption of
Zn efflux activities. The double knockout mutant of athma2 and athma4 accumulated less
shoot Zn compared to the wildtype (Hussain et al., 2004), most likely due to the elimination
of Zn translocation activity from roots to shoots in mutant lines. The localisation of AtHMA2
and AtHMA4 within the xylem parenchyma further suggests that these two HMA transporters

are responsible for translocating Zn from roots to shoots.

OPT family members such as the Yellow Stripe-Like (YSL) protein transport metals
complexed with phytosiderophores and regulate phloem loading and unloading of these
phytosiderophore-bound metals (Koike et al., 2004; Le Jean et al., 2005; Schaaf et al., 2005;
von Wiren et al., 1996; Waters et al., 2006). In addition to transporting phytosiderophore-
bound Fe complexes, YSL proteins can also transport Zn complexes, as well as complexes of

other divalent metals such as Mn, Cu, Ni and Co (Schaaf et al., 2005; von Wiren et al., 1996).
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Several YSL proteins such as AtYSL1 and AtYSL3 (Waters et al., 2006) are important in
seed Zn loading, and the rice OsYSL2 is expressed in the plant vasculature system (Koike et
al., 2004). These findings suggest that some YSL proteins are important in Zn translocation

and loading into grains.

Although ZIP transporters are generally involved in controlling cellular Zn influx,
MtZIP2 in Medicago truncatula was found to facilitate the efflux of Zn from the cytoplasm,
suggesting that it is important in preventing cellular Zn toxicity (Burleigh et al., 2003).
Furthermore, although ZIP proteins generally transport Zn and Fe, they can also transport
elements with similar cationic affinity such as Mn, Cu, Ni and the toxic element Cd (Kupper
& Kochian, 2010; Mizuno et al., 2005; Pedas et al., 2008; Stephens et al., 2011). Therefore,

ZIP family members may also contribute to the homeostasis of other metals in addition to Zn.

1.5.2 Manipulation of Zinc transporters for improving plant Zn nutrition

The existence of several gene families for Zn transport provides a good range of
candidates to select for genetic manipulation to improve plant Zn uptake and accumulation.
The pathways of Zn trafficking from soil to grains, and the different transporters that are
involved, are illustrated in Figure 1.3. For the effective utilisation of internal Zn, and also to
maintain adequate levels of Zn in all tissues, it is important that the plant is able to take up a
sufficient amount of Zn from soils. Generating plants with increased Zn uptake from external
Zn sources is therefore important for increasing Zn concentration in vegetative tissues. This
could also be achieved by increasing the capacity of Zn loading into the xylem/phloem
pathway, leading to increased redistribution of Zn within different plant tissues, including

grains.
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Figure 1.3. Overview of the transport pathway of Zn cation from soil to grain.

Different families of Zn transporters that are involved in the Zn trafficking process, along
with their speculative tissue localisation in the plant (Palmer & Guerinot, 2009; Palmgren et
al., 2008; Waters & Sankaran, 2011).

So far, there is no evidence showing direct involvement of Zn transporter activity in
enhancing shoot and grain Zn accumulation. However, there are examples of increases in
activity of related transporters increasing the uptake of other nutrients. For instance, increased
barley Mn transporter activity (HvVIRT1, a member of the ZIP family of transporters)
correlated with increased Mn uptake in Mn-efficient barley lines (Pedas et al., 2008). Also,
phosphate-efficient common bean lines have shown positive correlation between increased
phosphate transporter activity (PvPT1) and increased phosphate accumulation (Tian et al.,
2007). These findings provide insights into the relationship between nutrient transporter

activity and nutrient uptake, and that increasing the activity of Zn transporters may contribute

to increased Zn uptake for better plant nutrition and grain Zn loading.
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Some members of HMA such as AtHMA2, AtHMA4 and OsHMA2 are involved in
Zn translocation from roots to shoots, making them potential candidates for increasing Zn
accumulation in above ground organs (Hanikenne et al., 2008; Hussain et al., 2004; Satoh-
Nagasawa et al., 2011). However, these HMA proteins can transport the toxic Cd in planta in
addition to Zn (Hanikenne et al., 2008; Hussain et al., 2004; Satoh-Nagasawa et al., 2011).
Furthermore, the over-expression of AtHMA4 increases the accumulation of both Zn and Cd
in shoots (Verret et al., 2004). Increasing HMA activity for Zn biofortification may therefore

inadvertently increase Cd accumulation within grains, which is detrimental for human health.

Transcriptions of ZIP genes are observed in roots during Zn uptake from the
rhizosphere, in shoots during Zn distribution into leaves and in transfer cells during Zn
loading into grains (Palmgren et al., 2008; Tauris et al., 2009; Waters & Sankaran, 2011), all
of which are processes that could restrict plant Zn uptake, tissue Zn distribution and grain Zn
biofortification (Section 1.3.4). The involvement of ZIP transporters in these processes makes
them suitable candidates for genetic manipulation to increase shoot and grain Zn
accumulation. Furthermore, most ZIP proteins show specificity for Zn ion transport (see
Section 1.6.2) unlike HMA. The Zn ion-specificity of most ZIP transporters is therefore an
important characteristic to successfully achieve Zn biofortification. Increasing Zn uptake and
accumulation in cereals by manipulating ZIP transporters is therefore the central theme of this

thesis.

Successful manipulation of Zn uptake processes by over-expressing ZIP genes has
been reported in human, animal and yeast cells (Franklin et al., 2003; Huang et al., 2002;
Kumanovics et al., 2006; MacDiarmid et al., 2000). Maintaining healthy growth under low Zn
conditions is achieved in these ZIP over-expressing cells. It is thus possible that application of
this technology in agricultural crops, particularly cereals, will be similarly beneficial. Several

ZIP transporters that are involved in Zn homeostasis in rice has been identified and
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characterised (Ishimaru et al., 2005; Ramesh et al., 2003; Yang et al., 2009). There exists
potential for manipulating the expression of these ZIP transporters towards improving Zn
uptake and accumulation in rice. However, little work has so far been done in identifying Zn
transporters from the two other major cereal crops, barley and wheat. Over-expression of the
Arabidopsis AtZIP1 in barley has been described, showing some success in terms of
increasing short term whole plant Zn uptake and grain Zn accumulation relative to controls,
but not enhancing Zn content in shoots and roots (see Section 1.7.1.1 for more details)
(Ramesh et al., 2004). There is an urgent need to identify all key ZIP transporters in cereal
crops and to investigate their role in Zn uptake and homeostasis. More details about this
family of transporters will be discussed in greater detail in the subsequent sections to further

support the selection of ZIP transporters as tools for increasing Zn uptake and accumulation.

1.6 Importance of ZIP transporters in Zn homeostasis

ZIP family members have been isolated from a diverse range of organisms including
bacteria, fungi, plants and human (Gaither & Eide, 2001; Grotz & Guerinot, 2006). ZIP
family members have been reported in plant species with fully sequenced genomes such as
Arabidopsis (Grotz & Guerinot, 2006) and rice (Chen et al., 2008a). The presence of ZIP
transporters in such a diverse range of organisms indicates that the ZIP transporter family play
a significant role in Zn homeostasis in both prokaryotes and eukaryotes. The highest number
of ZIP genes identified so far from a single plant species is 16 in Arabidopsis (Grotz &
Guerinot, 2006), closely followed by rice (14) (Chen et al., 2008a; Narayanan et al., 2007).
Most studies on ZIP gene functions in Zn homeostasis thus far are therefore from Arabidopsis

and rice.
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1.6.1 Structure of ZIP transporters

The analyses of ZIP transporter protein sequences from different species have revealed
several highly conserved regions (Guerinot, 2000). Eight conserved trans-membrane (TM)
domains have been detected, with both the N- and C- termini residing in the extracellular
region (Figure 1.4). Another highly conserved property of ZIP is the presence of a large
cytoplasmic loop between TMIII and TMIV. This cytoplasmic loop is approximately 60 to
100 amino acid residues in length. Although the existence of this loop region is conserved
among ZIP transporters, its amino acid sequence is highly variable among the members of the
ZIP family (Guerinot, 2000). Therefore, this cytoplasmic loop commonly represents a

signature motif to distinguish different members of the ZIP family.

M-terminus C-terminus
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Figure 1.4. Predicted topology of human hZIP2 transporter (Franklin et al., 2003).
The variable region is located within the cytoplasmic loop between TM Il and TM V.

The metal ion-specificity of ZIP proteins is likely conferred by a histidine-rich region
residing within the large cytoplasmic loop of the protein (Figure 1.4). Site directed
mutagenesis of the histidine-rich region of the human hZIP1 resulted in reduction of Zn

transport activity (Milon et al., 2006). There are also studies suggesting that the amino acid
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sequence of the extracellular N-terminal of ZIP transporters could be responsible for metal
selectivity (Nishida et al., 2011). Site directed mutagenesis of the N-terminal of the Thlaspi
japonicum ZNT2 (TjZNT?2) resulted in a change of ion-selectivity from Mn to Zn (Nishida et
al., 2011). This is not unlike the Arabidopsis AtHMAZ2 transporter, whose N- and C- termini

were shown to be essential for ion selectivity and transporter function (Wong et al., 2009).

The unique nature of the ZIP protein’s large cytoplasmic loop has allowed specific
functional characterisation of ZIP transporters. Antibodies capable of binding to the unique
amino acid sequence of the loop permit various molecular biology applications such as
measuring protein expression levels by Western blot analysis or by enzyme-linked
immunosorbent assay (ELISA) analysis (Franklin et al., 2003; Huang et al., 2005; Moreau et
al., 2002). The antibodies can also be used to investigate cellular and tissue localisation of ZIP
transporters via immuno-histolocalisation (Huang et al., 2005; MacDiarmid et al., 2000;

Milon et al., 2006).

1.6.2 Functional characterisation of plant ZIP transporters

With cereal crops being the central theme of this review, it is interesting to note that,
besides rice, few ZIP transporters have been described from important cereal crops such as
wheat and barley. As the manipulation of ZIP transporters is a strong candidate approach to
increase Zn uptake and translocation, greater effort should be invested into identifying more

ZIP transporters from other cereal crops.

Functional characterisation of ZIP transporters is conducted mostly by use of
heterologous yeast systems. More infrequently, functional characterisation is further extended

to in planta studies. In the subsequent sections, efforts in investigating the functions of ZIP
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transporters will be briefly summarised to deliver a snapshot of the typical role these

transporters have at the cellular and whole plant level.

1.6.2.1 Characterisation of ZIP genes in the yeast system

Only a limited number of ZIP transporters has been functionally characterised in
planta. Most investigations on the functions of ZIP transporters have been conducted using
yeast complementation (Grotz & Guerinot, 2006). This usually involves transforming a ZIP
transporter of interest into mutant yeast strains with defects in Zn (or other metal) transport.
Yeast transformants which display the ability to grow and survive under low Zn conditions, or
are able to accumulate more Zn than the untransformed mutant controls indicate a Zn
transport role for the introduced gene. The results of yeast complementation studies of ZIP

members from Arabidopsis and rice will be described in more detail below.

Among the 16 Arabidopsis ZIP members identified so far, AtZIP1, AtZIP2, AtZIP3
and AtZIP4 are capable of complementing the growth of yeast strains defective in Zn uptake
(Grotz & Guerinot, 2006). AtIRT1 and AtIRT2, also belonging to the ZIP family, are capable
of complementing the growth of yeast strains defective in Fe uptake (Grotz et al., 1998; Vert
et al., 2001; Vert et al., 2002), whereas AtIRT3 is capable of complementing the growth of
mutant yeast cells defective in the uptake of both Fe and Zn (Lin et al., 2009). In rice,
OsZIP1, OsZIP3, OsZIP4, OsZIP5 and OsZIP8 were shown to complement yeast strains
defective in Zn uptake (Ishimaru et al., 2005; Lee et al., 2010a; Lee et al., 2010b; Ramesh et
al., 2003; Yang et al., 2009). OsZIP7a and OsIRT1 were able to rescue the growth of yeast

strains defective in Fe uptake (Bughio et al., 2002; Yang et al., 2009).

So far, only four ZIP transporters from barley have been identified and characterised.

HvZIP3, HvZIP5 and HvZIP8 restored the growth of yeast strains defective in Zn uptake
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(Pedas et al., 2009) while HVIRTL1 is capable of restoring growth of yeast defective in Mn, Zn
and Fe uptake (Pedas et al., 2008). From wheat and its close relatives, only one ZIP from the
tetraploid emmer wheat, TdZIP1, has so far been found. TdZIP1 could complement a yeast
mutant defective in Zn transport (Durmaz et al., 2010). The expression of TdZIP1 in yeast

cells resulted in higher Zn accumulation.

While yeast studies provide evidence that these ZIP transporters are capable of
transporting Zn at the single-cell level, they do not provide information on what roles these
transporters play in whole plant Zn homeostasis. Functional characterisation of ZIP
transporters in planta is therefore necessary to determine their role at the multicellular level.
Determining the expression profiles of ZIP genes in different plant tissues and in response to
different Zn levels in the growth media can help uncover their roles in Zn homeostasis.
Furthermore, investigating ZIP expression levels in a cell type-specific manner, determining
cellular ZIP localisation and studying the effect of ZIP over-expression or knock-out in the

plant will provide further functional information of ZIP transporters in planta.

1.6.2.2 Characterisation of ZIP genes in planta

The expression of AtZIP1, AtZIP3 and AtZIP4 was induced under Zn deficiency, with
AtZIP1 and AtZIP3 being highly expressed in the roots whereas AtZIP4 was highly expressed
in both roots and shoots (Grotz et al., 1998). AtZIP1 and AtZIP3 might therefore be
responsible for Zn uptake during Zn deficiency, while AtZIP4 could be responsible for Zn
translocation under low Zn conditions. The expression of both AtIRT1 and AtIRT2 was highly
induced in the roots under low Fe, suggesting that these two ZIP transporters are involved in
Fe uptake during Fe deficiency (Zhao & Eide, 1996). Furthermore, AtIRT1-knockout
Arabidopsis mutants (atirtl) accumulated less Fe compared to control lines (Vert et al., 2001).

The atirtl findings are further supported by Henriques et al. (2002), who showed reductions
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in the accumulation of radioactively-labelled *°Fe and ®2Zn in atirtl mutant lines.
Characterisation of AtZIP1 by heterologous over-expression in barley resulted in increased
short term (24 hr) Zn uptake and translocation, along with higher grain Zn concentration and

content (Ramesh et al., 2004). More of this work will be discussed in Section 1.7.1.1.

In rice, OsZIP1 transcript levels were up-regulated when the plant was deprived of Zn
(Ramesh et al., 2003). Furthermore, the up-regulation of OsZIP1 by Zn deficiency was higher
in roots than in shoots, suggesting that OsZIP1 may be primarily involved in Zn uptake under
low Zn conditions. The authors also showed that OsZIP3 expression is constitutive in both
roots and shoots regardless of Zn nutritional status, suggesting that OsZIP3 may be involved
in overall plant Zn homeostasis (Ramesh et al., 2003). Ishimaru et al. (2005) showed that the
expression of OsZIP4 is induced in both roots and shoots under low Zn conditions, indicating
that OsZIP4 may be involved in Zn uptake by roots and translocation in shoots during Zn
deficiency. Yang et al. (2009) found that OsZIP7a is induced only in roots under low Fe
conditions, whereas OsZIP8 is induced in both roots and shots under low Zn conditions.
Characterisation of OsZIP4, OsZIP5 and OsZIP8 by over-expression resulted in increased Zn
accumulation in roots but lowered shoot Zn levels (Ishimaru et al., 2007; Lee et al., 2010g;

Lee et al., 2010b). These over-expression studies will be further discussed in Section 1.7.1.3.

Pedas et al. (2009) showed that the expression of the barley HvZIP3, HvZIP5 and
HvZIP8 genes were induced in the roots under low Zn conditions, suggesting that these three
ZIP transporters may be involved in Zn uptake under low Zn conditions. The expression level
of HVIRTL, also a ZIP transporter gene, is correlated with Mn efficiency in barley (Pedas et
al., 2008). The Mn-efficient barley cultivar, Vanessa, displayed higher Mn uptake under Mn-
deficient conditions relative to the Mn-inefficient cultivar, Antonia. The expression level of
HVIRT1 in Vanessa is higher than that of Antonia, indicating that HVIRT1 could be important

in Mn uptake. In the tetraploid emmer wheat, TdZIP1 expression levels in the roots increased
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under low external Zn supply, suggesting that TdZIP1 may be important in Zn uptake during

Zn deficiency (Durmaz et al., 2010).

The ability of ZIP to transport Zn and/or other metals in yeast, in combination with its
gene expression profiles in roots and shoots having varying Zn nutritional status, provides an
indication of roles these ZIP transporters may have in Zn homeostasis. ZIP members from
different plant species which have so far been identified and characterised are summarised in
Table 1.1. These functional data can be used in the selection of suitable ZIP transporter

candidates for genetic manipulation to increase plant Zn uptake and biofortification.
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Table 1.1: Identified and characterised ZIP transporters from different plant species

Plant Transporter |Metal(s) trafficked |Tissue localisation |Source(s)

Arabidopsis thaliana AtZIP1 Cd, Fe. Mn Roots Grotz et al. 1998; Rogers et al. 2000
AtZIP2 Fe. Zn Roots Grotz et al. 1998; Vert et al. 2001
AtZTP3 In Roots Grotz et al. 1998
AtZIP4 Zn Shoots, Roots Grotz et al. 1998
AtIRT1 Fe. Zn Roots Henriques et al. 2002
AtTRT2 Fe. Zn Roots Henriques et al. 2002
AtIRT3 Fe,Zn N/A Lin et al. 2009

Sovya bean (Glycine max ) GmZIP1 Zn Roots (nodules) |Moreau et al 2002

Bartley (Hordeum vulgare ) HvIRT1 Mn Roots Pedas et al. 2008
HvZIP3 In Roots Pedas et al. 2009
HvZIPS In Roots Pedas et al. 2009
HvZIP8 In Roots Pedas et al. 2009

Tomato (Lycopersicon esculentum ) LelRT1 Fe Roots Eckhardt et al. 2001
LelRT2 Fe Roots Eckhardt et al. 2001

Medicago truncatula MtZIP1 Zn Leaves, Roots Lopez-Millan et al. 2004
MtZIP2 Zn Shoots, Roots Burleigh et al. 2003
MtZIP3 Zn, Fe Leaves, Roots Lopez-Millan et al. 2004
MtZIP4 Zn. Mn Leaves, Roots Lopez-Millan et al. 2004
MtZIPS Zn. Mn Leaves Lopez-Millan et al. 2004
MtZIP6 Zn N/A Lopez-Millan et al. 2004
MtZIP7 Mn N/A Lopez-Millan et al. 2004

Thilaspi caerulescens TeMTP1 Cd, Zn Leaves Kupper et al. 2010
TcIRT1 Fe Roots Lombi et al. 2002
TcZNT1 Cd. Zn Shoots, Roots Lasat et al 1996; Kupper et al 2010
TcZNT3 Cd, Zn Leaves Kupper et al. 2010

Thilaspi japonicum TiZNT1 Cd, Mn, Zn N/A Mizuno et al 2005
TjZNT2 Mn. Zn N/A Mizuno et al. 2005

Rice (Oryza sativa) 0sZIP1 Zn Roots Ramesh et al 2003
OsZIP3 Zn Shoots, Roots Ramesh et al. 2003
0OsZIP4 In Shoots, Roots Ishimaru et al. 2005
OsZIP5 Zn N/A Leeetal 2010a
0OsZIP7 Fe Roots Yang et al. 2009
OsZIP8 Zn Shoots, Roots Yang et al. 2009

Wild emmer wheat (Triticum turgidum ssp. dicoccoides ) | TdZIP1 In Roots Durmaz et al. 2010

1.6.3 Cellular and tissue localisation of ZIP transporters

Knowledge of cellular and tissue localisation of ZIP transporters is important for

deciphering ZIP functions in planta. This information can help reveal possible roles of ZIP

transporters in Zn homeostasis at the cellular level (Franklin et al., 2003; Ishimaru et al.,

2005; Milon et al., 2006) and at the whole plant level (Ishimaru et al., 2005; Lee et al., 2010a;

Lee et al., 2010b; Ramesh et al., 2003; Vert et al., 2001; Vert et al., 2002).
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ZIP transporter proteins are usually embedded in the plasma membrane (Burleigh et
al., 2003; Ishimaru et al., 2005; Pedas et al., 2008; Vert et al., 2002), indicating that they are
predominantly involved in cellular Zn influx or efflux. A common method to determine the
cellular localisation of ZIP transporters is by transient or stable expression of a ZIP
transporter gene tagged with a reporter such as Green Fluorescent Protein (GFP) (Burleigh et
al., 2003; Ishimaru et al., 2005; Pedas et al., 2008; Vert et al., 2002). The location of the
reporter gene product, shown as a fluorescence signal, indicates the cellular compartments to
which the ZIP transporter is targeted to. An example of a typical transient assay result is

illustrated in Figure 1.5.

Figure 1.5. Localisation of OsZIP4::GFP on onion epidermal cells.
Visualisation using confocal laser scanning microscopy (Ishimaru et al., 2005).

The localisation of ZIP transporters can also be investigated via immuno-
histolocalisation analyses. By utilising antibodies specific against the unique loop region of a
ZIP transporter protein (see Section 1.6.1), the localisation of a ZIP transporter of interest can
be assessed at the cellular and whole organism level (Huang et al., 2005; MacDiarmid et al.,
2000; Milon et al., 2006). Immuno-histolocalisation has been used to show localisation of ZIP
transporters to cellular plasma membranes and vacuolar membranes (Huang et al., 2005;
MacDiarmid et al., 2000; Milon et al., 2006), supporting the likely role of ZIP transporters in
cellular Zn influx or efflux. Using specific antibodies, the root localisation of HvYS1 and

HvYSL5 from the OPT group of metal transporters were also determined (Murata et al., 2006;
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Zheng et al., 2011), thus displaying the ability of antibodies to reveal the tissue localisation of

membrane-bound transporters.

Besides aiding in investigating the cellular localisation of ZIP transporters, reporter
constructs have also been used to determine in which tissue or organ within a plant the ZIP
transporter is predominantly localised. This method usually involves introducing a gene
construct consisting of a ZIP promoter fused with a reporter tag into the organism of interest
at an early stage of the organism’s life cycle (usually during the callus stage in the case of
transgenic cereal plants). By studying the location pattern of the reporter gene’s translated
product, one can determine where within the organism the ZIP transporter primarily
expresses, and this can help determine what Zn homeostasis role(s) the ZIP transporter may
have. Other than GFP, B-glucuronidase (GUS) is also commonly used as a reporter tag (Vert
et al., 2001; Vert et al., 2002). So far, most studies have reported that the expression of ZIP
genes is predominantly restricted to the roots and is induced by either Zn or Fe deficiency,
indicating that ZIP transporters play important roles in metal uptake from the external

environment and also in remobilisation into shoots under low Zn or Fe conditions.

1.7 Genetic manipulation of ZIP transporters for improvement of Zn

uptake and translocation

The over-expression of either an endogenous or heterologous metal transporter driven
by, for example, a CaMV 35S promoter can result in the constitutive expression of the
transporter in all tissues (Odell et al., 1985). This differs from the manner of a regulated,
unmodified transporter, whose expression is usually tissue-specific and tightly controlled by

the plant nutritional status (Guerinot, 2000; Moreau et al., 2002; Ramesh et al., 2003).
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The constitutive expression of ZIP genes may therefore lead to higher Zn uptake,
regardless of the amount of Zn present in the external environment or the plant Zn nutrition
status. For example, the over-expression of Arabidopsis ZIP genes endogenously and
heterologously (in barley) has resulted in increased Zn uptake (Lin et al., 2009; Ramesh et al.,
2004). Increased Zn uptake means more Zn could be available for translocation from roots to
shoots, which in turn may lead to increased grain Zn loading. This could contribute to better
crop Zn nutrition and enhanced grain Zn accumulation. However, the over-expression of ZIP
genes in rice has so far shown increases only in root Zn content while reducing the shoot and
grain Zn content (Ishimaru et al., 2007; Lee et al., 2010a; Lee et al., 2010b). These rice ZIP
transporters may have a very specific function, restricting their phenotype to a particular
locality. Studies in investigating the effect of over-expressing plant ZIP transporters will be

discussed in the sections below.

1.7.1 Over-expression of ZIP transporters in plants

1.7.1.1 Over-expression of AtZIP1 in barley

The Arabidopsis AtZIP1 is highly induced in roots under low Zn conditions,
suggesting that it could be involved in Zn uptake under low Zn conditions (Grotz et al., 1998).
Ramesh and co-workers (2004) over-expressed AtZIP1 in barley to investigate its role in Zn
homeostasis and explore the possibility of increasing Zn in grains. Under Zn deficiency,
short-term Zn uptake and translocation rates in AtZIP1 over-expressing lines were higher than
control lines (over a 24 hr period). However, after shifting the plants from Zn deficient to
sufficient conditions, the Zn uptake rate of both transgenic and control plants over a period of
120 min were reduced (Ramesh et al., 2004), indicating that a regulatory mechanism exists to

supress the activity of the transgene despite its constitutive nature. Furthermore, there were no
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differences in shoot and root Zn accumulation between transgenic and control plants grown

under both low and adequate Zn conditions for 44 days.

The grains of the AtZIP1 over-expressing barley lines showed higher Zn concentration
and content than control lines. However, the grain sizes of the transgenic lines were
significantly smaller, and the effect of the transgene on yield production was not reported
(Ramesh et al., 2004). Therefore, the overall effect of AtZIP1 on total grain Zn content is
unknown. It is not clear whether the increase in grain Zn was due to higher translocation of
Zn from the over-expression of AtZIP1, or resulted from lower total grain yield (McDonald et

al., 2008).

1.7.1.2 Over-expression of AtIRT3 in Arabidopsis

AtIRT3 was capable of complementing the growth of mutant yeast cells defective in
both Fe and Zn uptake (Lin et al., 2009). Transgenic Arabidopsis lines over-expressing
AtIRT3 accumulated more Zn in the shoots and more Fe in the roots relative to control lines.
Furthermore, the content of other metals such as Mn, Cu, Mo, Mg and calcium were not
affected in the transgenic lines. The results indicate the specificity of AtIRT3 in transporting
Fe and Zn, and that over-expressing AtIRT3 can increase plant Zn uptake under adequate Zn

conditions (Lin et al., 2009).

1.7.1.3 Over-expression of OsZIP4, OsZIP5 and OsZIP8 in rice

Rice ZIP genes have also been over-expressed to analyse their function and to test
their potential for increasing Zn uptake in rice (Ishimaru et al., 2007; Lee et al., 2010a; Lee et
al., 2010b). The OsZIP genes selected for over-expression were based on their enhanced

expression levels in both roots and shoots under low Zn conditions (Ishimaru et al., 2005;
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Yang et al., 2009), as well as their capability to transport Zn in yeast strains defective in Zn
uptake (Ishimaru et al., 2005; Lee et al., 2010b; Yang et al., 2009). Increased Zn uptake by
over-expressing OsZIP4 (Ishimaru et al., 2007), OsZIP5 (Lee et al., 2010a) and OsZIP8 (Lee
et al., 2010b) in rice was observed, whereby all three transgenic lines displayed higher root Zn
content but lower Zn content in shoots and grains. In lines over-expressing OsZIP5 and
OsZIP8, reduced shoot biomass and grain yield were also observed. The higher root Zn
accumulation from over-expressing OsZIP4, OsZIP5 and OsZIP8 suggests that these OsZIP
transporters are involved in Zn uptake from the external environment. However, as the shoot
Zn concentration was reduced in the transgenic lines, the over-expression of these OsZIP
genes alone could not confer higher translocation of Zn from roots to shoots. This shows that
coordinated expression of other Zn transporters involved in Zn translocation from roots to

shoots is required to increase Zn accumulation in shoots and grains.

1.7.2 Molecular manipulation of ZIP transporters for the improvement of Zn nutrition

in temperate cereals

Barley and bread wheat are the most nutritionally and economically important winter
cereal crops. Only a few ZIP genes have so far been identified in barley (Pedas et al., 2009;
Pedas et al., 2008), but none has been described in bread wheat except for TdZIP1 from its
close relative, the wild emmer wheat (Durmaz et al., 2010). Although HvZIP3, HvZIP5 and
HvZIP8 can transport Zn in yeast (Pedas et al., 2009), their functions in planta remains
unclear. Only AtZIP1 has been tested in barley as described above in detail (see Section
1.7.1.1), but no work on over-expressing native ZIP genes in either barley or wheat has been

reported.
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1.8 Research questions

Zinc is an essential micronutrient for normal growth and development of plants and
humans. Zn deficiency in crop plants is recognised as the most common micronutrient
deficiency worldwide. The consumption of foods derived from cereal grains low in Zn
exacerbates Zn deficiency in humans. The improvement of Zn nutrition in cereal crops will
reduce Zn deficiency, leading to better plant nutrition and higher grain Zn content. Grains
with high Zn content could help alleviate health problems associated with Zn deficiency in
humans. However, increasing Zn content in grains is restricted by two processes, which are i)
Zn translocation from roots to shoots, and ii) Zn loading into grains. It is crucial to identify
the genes that play important roles in these limiting processes, and then use these genes and
knowledge of their functions to improve plant Zn nutrition and grain Zn content through

genetic manipulation.

Zinc transporters such as ZIP are known to play a significant role in Zn uptake and
translocation within the plant. The expression of some ZIP genes is induced under Zn
deficiency and correlates with increased rates of Zn uptake and accumulation. We
hypothesised that the increased expression of some of these Zn deficiency-inducible ZIP
transporters could enhance Zn uptake and accumulation, which can lead to higher grain Zn
content. To test this hypothesis, identifying members of the ZIP family from a target crop is
needed. Barley is a good model plant for other temperate cereals and is a close relative of the
nutritionally and economically important bread wheat. Unlike bread wheat, barley has a
diploid genome and a genome sequence close to completion, making the identification of ZIP
orthologs easier. Furthermore, transformation of barley plants with a gene of interest for
functional characterisation is a relatively simpler task compared to transforming wheat.
Knowledge gained from the identification and characterisation of ZIP genes in barley can then

be applied in other important cereal crops.
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The available barley genome sequence was used to identify additional ZIP genes.
Some characterisation of these newly-identified barley ZIP genes is necessary prior to
selection of potential candidates for further functional characterisation. This project will detail
the function of an important barley ZIP gene in Zn homeostasis, and its potential role in
improving plant Zn nutrition and grain Zn content. In addition, the barley ZIP genes identified
and knowledge generated from their functional analysis could contribute to reducing crop Zn

deficiency, and ultimately reduce human Zn malnutrition.
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Chapter 2: Zinc deficiency modulates expression of ZIP family

genes in barley (Hordeum vulgare)

2.1 Introduction

Zinc (Zn) is an important micronutrient for plants and other organisms as it is involved
in many diverse and essential processes. All organisms must maintain an adequate
intracellular concentration of Zn for normal growth and development. Zn deficiency reduces
not only cereal yields, but also the nutritional value of the grains harvested for human
consumption (Graham et al., 2001). Understanding the physiological and molecular responses
of cereal crops to low Zn availability is essential to improve Zn nutrition of cereal crops and

food-based strategies for human health (Hirschi, 2009; Mayer et al., 2008).

Large areas of cereal growing regions in the world have soils low in available Zn
(White & Zasoski, 1999). Soil Zn availability is often found below micromolar concentrations
(Broadley et al., 2007) and fluctuates considerably within a growing season due to a range of
factors including pH, organic matter and temperature (Alloway, 2009). Moreover, the
distribution of Zn in soils is heterogeneous. Even following the addition of Zn fertiliser, a
high degree of spatial and temporal variation in Zn availability can occur (Genc, 1999;
Graham et al., 1992). Consequently, roots are exposed to varying concentrations of available
Zn, from inadequate to sufficient, as they grow through the soil profile. To cope with this
variability, higher plants adjust uptake capacity and translocation of Zn to maintain an

adequate Zn level for normal growth.

Zinc transporters are responsible for Zn uptake and translocation within the plant. The

ZRT/IRT-like protein (ZIP) family is the primary group of transporters controlling Zn influx
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into the cytoplasm (Grotz et al., 1998; Ishimaru et al., 2005; Ramesh et al., 2003; Stephens et
al., 2011). The cation diffusion facilitator (CDF) family confers heavy metal tolerance by
facilitating efflux of Zn from the cytoplasm to organelles or out of the cell (Desbrosses-
Fonrouge et al., 2005; Drager et al., 2004), especially in high Zn conditions (Shahzad et al.,
2010). The heavy metal P-type ATPase (HMA) family is involved in Zn efflux into xylem,

and plays a unique role in Zn translocation from roots to shoots (Hussain et al., 2004).

There are 18 ZIP genes in the Arabidopsis genome (Grotz & Guerinot, 2006), seven in
Medicago truncatula (Lépez-Millén et al., 2004; Stephens et al., 2011) and 16 in the rice
genome (Chen et al., 2008a; Narayanan et al., 2007). However, only a small number of ZIP
genes have so far been identified from other nutritionally and economically important cereal
crops such as barley and wheat. Four ZIP family genes in barley have been described.
HVIRT1 restores the growth of a yeast mutant with defects in Mn-, Fe- and Zn-uptake (Pedas
et al., 2008). HvZIP3, HvZIP5, and HvZIP8 could complement a yeast mutant defective in Zn
uptake (Pedas et al., 2009). It is not clear what functions these three HVZIP genes have in Zn
homeostasis of the plant. Only one ZIP gene from the tetraploid emmer wheat (Triticum
turgidum ssp. dicoccoides) has been found so far that could complement a yeast mutant
defective in Zn uptake (Durmaz et al., 2010). No functional roles in Zn homeostasis have

been characterised for any ZIP genes in bread wheat (Triticum aestivum L.).

In this chapter, the sequences of ZIP genes from Arabidopsis and rice were used to
identify new ZIP genes from barley, wheat and Brachypodium, a model for temperate grass
species (Brkljacic et al., 2011). The inclusion of Brachypodium and wheat sequences not only
improves the robustness of phylogenetic relationships, but also determines the relatedness of
HvZIP family proteins to the other species in the tree. The responsiveness of all HVZIP genes
identified to Zn deficiency will also be determined for potential functions in Zn-deficiency

responses.
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2.2 Materials and methods

2.2.1 Plant growth in nutrient solution

Seeds of barley (Hordeum vulgare L. cv. Lofty Nijo) were used. Plant growth and
conditions were similar to those described by Genc et al. (2007). Briefly, seeds with emerged
radicles were transferred into a seedling cup which was placed in the lid of a black plastic
container. Each container contained two plants. The basal nutrients were as follows (in pM);
Ca(NOs),, 1000; NHsH,PO,4, 100; MgSO., 250; KCI, 50; HsBOs, 12.5; Fe-HEDTA, 10;
MnSQy, 0.4; CuSOy, 0.1; NiSQ4, 0.1 and Mo0O3, 0.1. 2-[N-morpholino] ethane-sulfonic acid-
KOH of 2 mM was used to buffer pH to 6.0. There were two Zn treatments, -Zn (0.005 pM
Zn supplied as ZnSO,4) and +Zn (0.5 pM Zn). Macronutrients and micronutrients were
supplied at half and full strength, respectively until D10, and full strength of all nutrients
thereafter. The plants were harvested at D13. The nutrient solution was aerated continuously
and replaced at D10. The pH of the nutrient solution was constant at pH 6.0 during the

experiment.

Plants were grown in a growth room at 20/15 °C day/night temperature and a
photoperiod of 14 hr day/10 hr night at 300 pmol m™ s photon flux intensity at the plant
level. At harvest, both sets of plants were removed from each container. One set was
separated into roots and shoots, frozen immediately in liquid nitrogen and stored at -80 °C for
the transcript analysis. The other set was used to measure dry weights and nutrient
concentrations. The roots were rinsed briefly in deionised water, excess water was blotted on
fresh laboratory tissues, roots and shoots were separated, and subsequently oven-dried at 80

oC for 48 hr.
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2.2.2 Mineral element analysis

Dry plant samples and grain were used for mineral element analysis by inductively

coupled plasma optical emission spectrometry (ICP-OES) (Wheal et al., 2011).

2.2.3 Phylogenetic analysis

Sequences of ZIP family members from rice (Oryza sativa L.) and Arabidopsis
(Arabidopsis thaliana L.) (Table 2.1) were used to search for homologous sequences in
barley, Brachypodium and wheat. Rice and Arabidopsis ZIP family members were retrieved
from  the Rice  Genome  Annotation Project Database release 6.1
[http://rice.plantbiology.msu.edu/ at MSU (Michigan State University)] and from the
Arabidopsis genome annotation database release 9 [http://www.arabidopsis.org/ at TAIR (The
Arabidopsis Information Resource)]. Similarity searches were performed primarily by
BLASTp (Altschul et al., 1997; Altschul et al., 2005) querying the JGI v1.0, 8x assembly of
Brachypodium at Phytozome, version 7 (http://www.phytozome.net/) and the non-redundant
database of proteins at NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi) for barley and wheat.
Similarity searches were also performed by BLASTn querying the barley BAC sequences of
HvZIP1 with TazIP1 nucleotide sequence at http://mips.helmholtz-
muenchen.de/plant/barley/bacs/searchjsp/index.jsp and then the HvZIP1 protein sequence was
obtained by identification of intron-exon positions using the mRNA sequence of TaZIP1. ZIP
protein sequences were aligned by standalone MAFFT v6.846b using the L-INS-I method
with associated default parameters (Katoh et al., 2009), and imported into ClustalW2 v2.0.12
(Larkin et al., 2007). The unrooted tree was generated in ClustalW2 using the neighbour-
joining method with all parameters set to default. One thousand bootstrap datasets were
generated to estimate the confidence limits of nodes. The tree was visualised using the

Molecular Evolutionary Genetics Analysis (MEGA) package version 5 (Tamura et al., 2011).
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Table 2.1. Identifiers and annotations for ZIP proteins of Arabidopsis and rice.

Protein  TAIR/RGAP Accession no. Amino
Symbol  Annotation TAIR/RGAP UniProtKB  acids
Arabidopsis ZIP Family

AtlAR1 ZIP metal ion transporter family AT1G68100.1 QoM647 469
AtIRT1 iron-regulated transporter 1 AT4G19690.2 Q38856 347
AtIRT2 iron regulated transporter 2 AT4G19680.2 081850 350
AtIRT3 iron regulated transporter 3 AT1G60960.1 Q8LES9 425
AtZIP1 zinc transporter 1 precursor AT3G12750.1 081123 355
AtZIP2 ZRT/IRT-like protein 2 AT5G59520.1 QILTH9 353
AtZIP3 zinc transporter 3 precursor AT2G32270.1 QISLG3 339
AtZIP4 zinc transporter 4 precursor AT1G10970.1 004089 408
AtZIP5 zinc transporter 5 precursor AT1G05300.1 023039 360
AtZIP6 ZIP metal ion transporter family AT2G30080.1 064738 341
AtZIP7 zinc transporter 7 precursor AT2G04032.1 Q8W246 365
AtZIP8 zinc transporter 8 precursor AT5G45105.2 Q8S3w4 299
AtZIP9 ZIP metal ion transporter family AT4G33020.1 082643 344
AtZIP10  zinc transporter 10 precursor AT1G31260.1 Q8W245 364
AtZIP11  zinc transporter 11 precursor AT1G55910.1 Q94EG9 326
AtZIP12  zinc transporter 12 precursor AT5G62160.1 QIFIS2 355
AtZTP29  ZIP metal ion transporter family AT3G20870.1 Q940Q3 276
AtPutZnT  ZIP metal ion transporter family AT3G08650.2 Q9C9z1 619
Rice ZIP Family

OsIRT1 metal cation transporter LOC_0Os03g46470.1 Q75HB1 374
OsIRT2  metal cation transporter LOC_0s03g46454.1 Q6L8G1 370
OsZIP1 metal cation transporter LOC 0Os01g74110.1 Q94DG6 352
OsZIP2 metal cation transporter LOC_0s03g29850.1 Q852F6 358
OsZIP3 metal cation transporter LOC_0s04¢g52310.1 Q7XLD4 364
OsZIP4 metal cation transporter LOC _0s08g10630.1 Q6ZJ91 396
OsZIP5 metal cation transporter LOC_0s05¢g39560.1 Q6L8GO 353
OsZIP6 metal cation transporter LOC_0s05¢g07210.1 Q6L8F9 395
OsZIP7 metal cation transporter LOC_0s05¢g10940.1 Q6L8F7 384
OsZIP8 metal cation transporter LOC_0s07g12890.1 A3BI11 390
OsZIP9 metal cation transporter LOC_0s05¢g39540.1 QODHE3 362
OsZIP10  metal cation transporter LOC_0s06¢g37010.1 Q57653 404
OsZIP11  metal cation transporter LOC_0s05¢g25194.1 Q5W6X5 577
OsZIP13  metal cation transporter LOC_0s02¢g10230.1 Q6H7N1 276
OsZIP14  metal cation transporter LOC_0s08g36420.5 Q6YSC5 498
OsZIP16  metal cation transporter LOC 0s08g01030.1 Q67179 289

Provided are the TAIR/RGAP annotation and identifier, UniprotKB identifier for each ZIP gene.
Amino acid length of each protein is also provided. Protein symbols for all Arabidopsis
sequences were derived from TAIR, and those for rice sequences, OsIRT1, and OsIRT2 as well
as OsZIP1 to OsZIP10 were derived from UniProKB. Protein symbols for OsZIP11, OsZIP14
and OsZIP16 were from Chen et al. (2008a).
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2.2.4 Quantitative real-time RT-PCR

Briefly, total RNA from roots was prepared using Trizol reagent according to the
manufacturer’s instructions (Invitrogen), and treated with DNase I (Ambion, Austin, TX,
USA). Two micrograms of total RNA from roots was used to synthesise cDNA with
SuperScriptTM 111 reverse transcriptase (Invitrogen). The transcript levels of four control
genes (barley a-tubulin, heat shock protein 70, glyceraldehyde-3-phosphate dehydrogenase
and cyclophilin) were determined for all cDNA samples, and the most similar three of these
four genes were used as normalisation controls. PCR products were amplified from cDNA
using primer pairs, and then the product was isolated and sequenced to confirm that the
primer pairs were specific for the targeted gene sequence. Following confirmation of PCR
products, they were used as standards for calibration curves and determination of absolute
copy number and identity (melt curve) of transcripts. PCR amplification efficiency for each
primer set ranged from 0.9 to 1. Three biological replicates were used for transcript analysis.
Three technical replicates were conducted for each cDNA sample. Normalisation was carried
out as described by Vanesompele et al. (2002) and Burton et al. (2008) for the transcript
levels of all cDNA samples. The normalised copies pg™ RNA were used to represent

transcript levels. The primer sequences for all genes determined are listed in Table 2.
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Table 2.2. Primer sequences used for quantitative real-time RT-PCR analysis of
transcript levels.

Gene Forward primer (5’-3”) Reverse primer (5°-3”) Product GenBank
size (bp)| accession no
HvZIP1 TTCATCTATGTCGCCATCAACCACCTC CTATGCCAGTGAGCACACCGAAGAAC 109 Contig_2164938
HvZIP2 CGTGGCCGACTGGATCTTC CTCGTGCATCCAACCCACAC 215 AK253136
HvZIP3 CATATCTTGCACTTTTCCTAGGTG ATGGTCAATTCTTCACCAAGG 178 FJ208991
HvZIP5 ATCATCGGCATGTCCTTGGG AAGAAAGACTTGTGGCGAAACC 143 FJ208992
HvZIP6 GCGAGGAAGAAGCAGAAGATGG AAGACCTGGTGGAAGGAGAGC 146 AK?369168
HvZIP7 TGGAAGGCATCCTCGACTCTG CAATCAGATGGACACAGGCACAT 281 AM182059
HvZIP8 CGCTCTTCTTCTCACTCACC GGAGAGGTTTACGATGACCTG 224 FJ208993
HvZIP10 GACCTCATTGCTGCTGATTT AGCTAGGCAACAGGTCGTAGT 188 AK363919
HvZIP11 CTTGCGAAGATTGGCTATGA AGACCCTCTCTTACGGTTTCAGT 297 AK249581
HvZIP13 GCTCGGCATCAACATCTCC GTTGTAGGCTTGCGGCTAG 82 AK360012
HvIZIP14 CACAGATGCACGATCAGAGAAC CCACAATATCCACGGAACTCATA 207 AK249958
HvIZIP16 TGCATCAGTTGGTGGTGTTA TCTCAGGCTTCAGAGGACACT 229 AK251124
HVIRT1 CATCCTCCAGGCCGAGTA TCAACGAGGGCCATGTAGT 196 EU545802
HvMTP1 CGCAGGATGTGGATGCTGAT CTCCAGCACCAAAGGCAACA 223 AM286795

2.2.5 Statistical analysis

Experiments were set up as a completely randomised block design with four

replications. Data of plant growth and metal nutrition were analysed using the Genstat

Statistical Program (version 11.1, VSN International Ltd). The Least Significant Difference

(LSD) at P=0.05 was used for comparisons of means.

2.3 Results

2.3.1 Effect of Zn deficiency on plant growth and uptake of Zn

Plants had reached Zn deficiency status after 13 days (D13) of growth with 0.005

MM of Zn (-Zn). At this stage, the Zn concentration in shoots of —Zn treated plants was 6 g

g’ DM (Figure 2.1b), which is well below the concentration of 20 pug g™ DM required for

normal plant growth (Genc et al., 2002). There was a significant difference in shoot DW

between —Zn and +Zn treated plants, but no difference in root DW (Figure 2.1a). The Zn

concentration in roots of the —Zn treated plants at D13 was 11 pg g DM (Figure 2.1b),

39




which was higher than that in the shoots. The concentrations of Fe, Mn and Cu in shoots

were adequate for plants in both Zn treatments (Figure 2.2). The concentration of Cu in the

roots of—Zn treated plants was higher than that in the +Zn treated plants (Figure 2.2¢)
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Figure 2.1. Effect of Zn supply on growth and Zn concentrations of plants grown in
nutrient solution with two rates of Zn.
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(@) Dry weight of roots and shoots. (b) Zn concentrations of roots and shoots. Barley
seedlings were grown in nutrient solution with two rates of Zn (0.005 uM and 0.5 pM,
referred to as —Zn and +Zn, respectively) for thirteen days. Means and SE values of four
replicates are presented. Asterisks indicate a significant difference at P<0.05 between two Zn

treatments using Student’s t-test.
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Figure 2.2. Effect of Zn supply on Fe, Mn and Cu concentrations of plants grown in
nutrient solution with two rates of Zn.

(@) Fe concentrations of roots and shoots. (b) Mn concentrations of roots and shoots. (c) Cu
concentrations of roots and shoots. Barley seedlings were grown in nutrient solution with two
rates of Zn (0.005 uM and 0.5 uM, referred to as —Zn and +Zn, respectively) for thirteen days.
Means and SE values of four replicates are presented. The Cu concentration in roots of plants
grown in -Zn was significantly higher than that of plants grown in +Zn. Asterisks indicate a
significant difference at P<0.05 between two Zn treatments using Student’s t-test.
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2.3.2 ldentification of additional members of the ZIP family from the barley genome

Sequences of 16 ZIP family members of rice and 18 members of Arabidopsis (Table
2.1) were used to search for candidate members in Brachypodium (Brachypodium distachyon
L.), barley and wheat (Triticum aestivum L.). Nine new HvZIP proteins (HvZIP1, HvZIP2,
HvZIP6, HvZIP7, HvZIP10, HvZIP11, HvZIP13, HvZIP14 and HvZIP16) were identified in
addition to the four HvZIP proteins (HVIRT1, HvZIP3, HvZIP5 and HvZIP8) reported by
Pedas et al. (2009; 2008). Phylogenetic analyses showed that HvZIP3 formed a distinct clade
together with OsZIP3 and OsZIP4, which did not contain any closely related homologs of
Arabidopsis (Figure 2.3). HvZIP5 and HvZIP8, which were 86% similar in protein sequence,
were grouped with OsZIP9 and OsZIP5 (Figure 2.3). HvZIP5 and HvZIP8 were also closely
related to HvZIP13, which is grouped with OsZIP8 (Figure 2.3). There were no closely
related ZIP homologs of Arabidopsis found in this monocotyledonous clade containing
HvZIP5, HvZIP8 and HvZIP13 (Figure 2.3). HvZIP1 and the partial sequence of HvZIP2
(249 amino acid residues) were clustered with OsZIP1, OsZIP2, AtZIP2 and AtZIP11 (Figure
2.3). HvZIPG6 clustered with OsZIP6 and AtZIP6 (Figure 2.3). HvZIP7 was closely related to
OsZIP7, and formed a unique clade with HvZIP10 and OsZIP10. Three AtZIP proteins
(AtIRT3, AtZIP4 and AtZIP9) were grouped to the HvZIP7 and OsZIP7 clade (Figure 2.3).
HvZIP11, HvZIP14 and HvZIP16 formed a distinct clade with OsZIP11, OsZIP14, OsZIP13
and OsZIP16, respectively. Each of these three clades contained one Arabidopsis homolog,

AtZnT, AtlIAR1 and AtZTP29, respectively (Figure 2.3).

Sixteen members of the ZIP family were identified in the fully sequenced genome of
Brachypodium. Almost all distinct ZIP family clades of Brachypodium and rice contain at
least one homolog of barley (Figure 2.3), indicating that barley homologs are represented in
the major clades of the ZIP family in monocotyledonous species. At least seven wheat ZIP

(TaZIP) proteins were found in distinct homologous groups of HVZIP proteins (Figure 2.3).
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indicate that the ZIP family proteins are relatively conserved in

The results

monocotyledonous lineages. By comparison with Arabidopsis, some members of the AtZIP
family, such as AtZIP1, AtZIP3, AtZIP5 and AtZIP12, branched separately from all other
sequences in the tree with low bootstrap values (Figure 2.3), suggesting that sequence

divergence occurs between monocotyledonous and dicotyledonous species for some members

of the ZIP family.
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Figure 2.3. Phylogenetic tree of ZIP proteins in Arabidopsis, rice, Brachypodium, barley
and wheat.
The unrooted tree was generated using the neighbour-joining method of Clustalw after
sequence alignment with MAFFT (see materials and methods). Bootstrap values from 1000
replicates were used to estimate the confidence limits of nodes. The distance scale represents
a 5% estimated amino acid substitution per residue. Species colour designation and
corresponding accession numbers: Arabidopsis thaliana in black (AtlIAR1: AT1G68100.1,
AtIRT1: AT4G19690.2, AtIRT2: AT4G19680.2, AtIRT3: AT1G60960.1, AtZIP1:
AT3G12750.1, AtZIP2: AT5G59520.1, AtZIP3: AT2G32270.1, AtZIP4: AT1G10970.1,
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AtZIP5: AT1G05300.1, AtZIP6: AT2G30080.1, AtZIP7: AT2G04032.1, AtZIPS:
AT5G45105.2, AtZIP9: AT4G33020.1, AtZIP10: AT1G31260.1, AtZIP11: AT1G55910.1,
AtZIP12: AT5G62160.1, AtZTP29: AT3G20870.1, AtZnT: AT3G08650.2); Oryza sativa in
red (OsIRT1: LOC_0s03g46470.1, OsIRT2: LOC_0s03g46454.1,  OsZIP1:
LOC_0s01g74110.1, OsZIP2: LOC_0s03g29850.1, OsZIP3: LOC_0s04952310.1, OsZIP4:
LOC_0s08g10630.1, OsZIP5: LOC_0s05g39560.1, OsZIP6: LOC_0s05¢g07210.1, OsZIP7:
LOC_0s05g10940.1, OsZIP8: LOC_0s07g12890.1, OsZIP9: LOC_0s05g39540.1, OsZIP10:
LOC_0s06g37010.1, OszZIP11l: LOC_0s05¢925194.1, OsZIP13: LOC_0s02g10230.1,
OsZIP14: LOC_0s08g36420.5, OsZIP16: LOC_0s08g01030.1), Brachypodium distachyon
in green (BAIRT1: Bradilg12860.1 , BdZIP1: Bradi2g04020.1 , BdZIP2: Bradilg60110.1,
BdZIP3: Bradi5g21580.1, BdZIP4: Bradi3gl17900.1, BdZIP5: Bradi2g22520.1, BdZIPé6:
Bradi2g34560.1, BdZIP7: Bradi2g33110.1, BdZIP9: Bradi2g22530.1, BdZIP10:
Bradilg37670.1, BdZIP1l: Bradilg76820.1, BdZIP12: Bradi2g31260.1, BdZIP13:
Bradilg53680.1, BdZIP14: Bradi3g37910.2, BdZIP15: Bradi3gl12850.1, BdZIP16:
Bradi3g07080.1), Hordeum wvulgare in blue (HVIRT1: ACD71460.1, HvZIP1:
Contig_2164938, HvZIP2 partial: AK253136 and GH225540, HvZIP3: ACN93832.1,
HvZIP5: ACN93833.1, HvZIP6: BAKO00370.1, HvZIP7: CAJ57719.1, HvZIPS:
ACNO93834.1, HvZIP10: BAJ95122.1, HvZIP1l: BAJ85740.1, HvZIP13: BAJ91221.1,
HvZIP14: BAJ85144.1, HvZIP16: AK251124), Triticum aestivum in purple (TaZIP1:
ABF55691.1, TaZIP2: CAJ19368.1, TaZIP3: AAW68439.1, TaZIP6: AK333945, TaZIP7:
ABF55692.1, TaZIP13: ABF55690.1, TaZIP14: AK331623).

2.3.3 Effect of Zn deficiency on transcript levels of 13 HvZIP genes

Transcript profiles of 13 HvZIP genes were determined in both roots and shoots for
plant response to Zn deficiency using quantitative real-time RT-PCR. The transcript levels of
HvZIP5, HvZIP7, HvZIP8, HvZIP10 and HvZIP13 in roots of Zn-deficient plants were
increased by at least three-fold while HvZIP2 was increased by 1.5-fold (Figure 2.4). The
expression of HvZIP1, HvZIP3, HvZIP6, HvZIP11, HvZIP14, HvZIP16 and HVIRT1 in roots
did not respond to Zn deficiency (Figure 2.4 and 2.5). In the shoots, the transcript levels of
HvZIP1, HvZIP2, HvZIP3, HvZIP5, HvZIP7, HvZIP8, HvZIP10 and HvZIP13 were enhanced
by at least five-fold in the Zn-deficient plants (Figure 2.4), while the expression of HVZIPS6,
HvZIP11, HvZIP14, HvZIP16 and HVIRTL in shoots did not respond to Zn deficiency (Figure
2.5). In addition, the transcript levels of a metal tolerance protein gene, HYMTP1 were
determined. HYMTP1 belongs to the CDF gene family, and it shares high homology with
AtMTP genes (Desbrosses-Fonrouge et al., 2005; Kobae et al., 2004). The transcript levels of

HvVMTP1 were not responsive to Zn deficiency (Figure 2.5f).
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The transcript abundance of three HvZIP genes in roots varied greatly from that in
shoots. HvZIP1 was predominantly expressed in roots, whereas HvZIP3 and HvZIP13 were
predominantly expressed in shoots (Figure 2.4a, c, h). The transcript abundance of HvZIP10
in both roots and shoots of Zn-deficient plants was the highest among Zn-inducible HvZIP
genes (Figure 2.4h), whereas the transcript abundance of HvZIP5 was the lowest (Figure
2.4d). Although HvZIP1 transcripts in the roots of Zn-deficient plants were not enhanced, it
was approximately 15-fold higher than in the shoots, where it was induced by Zn-deficiency
(Figure 2.4a). HvZIP3 was induced by Zn deficiency only in the shoots (Figure 2.4c) while
HvZIP5 was evenly induced in both roots and shoots under Zn-deficiency (Figure 2.4d). The
transcripts of HvZIP2, HvZIP8, HvZIP7, HvZIP10 and HvZIP13 were all induced by low Zn

in both roots and shoots, but their transcripts were predominant in the shoots (Figure 2.4b, e,

f, g, h).
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Figure 2.4. Transcript levels of eight Zn-deficiency inducible HvZIP genes in roots and
shoots of the plants grown with two rates of Zn.

Transcript levels of HvZIP1 (a), HvZIP2 (b), HvZIP3 (c), HvZIP5 (d), HVZIP7 (e), HvZIP8
(f), HvZIP10 (g) and HvZIP13 (h) in roots and shoots. Barley seedlings were grown in
nutrient solution with two rates of Zn (0.005 uM and 0.5 pM, referred to as —Zn and +Zn,
respectively) for thirteen days. Quantitative real-time RT-PCR was used to determine
transcript levels. The means and SE of three biological replicates are presented as normalised
copies pug”t RNA. Asterisks indicate a significant difference at P<0.05 between two Zn
treatments using Student’s t-test.
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Figure 2.5. Transcript levels of five Zn-deficiency non-inducible HvZIP genes and

HvVMTPL in plants grown in nutrient solution with two rates of Zn.

Transcript levels of HvZIP6 (a), HvZIP11 (b), HvZIP14 (c), HvZIP16 (d), HVIRT1 (e) and
HvMTPL1 (f) in roots and shoots. Note the difference in scale at the vertical axis of (a) from (b)
to (f). Barley seedlings were grown in nutrient solution with two rates of Zn (0.005 uM and
0.5 uM, referred to as —Zn and +Zn, respectively). Thirteen days after seed imbibition (D13),
both —Zn and +Zn treated plants were harvested. Quantitative real-time RT-PCR was used to
determine transcript levels. The means and SE of three biological replicates are presented as
normalised copies pg™ RNA.

47



2.4 Discussion

The barley genome sequencing is close to completion, but HvZIP members have not
been fully identified. By using three fully sequenced plant species, Arabidopsis
(dicotyledonous), rice and Brachypodium (monocotyledonous), nine new HvZIP genes were
identified. The responsiveness of 13 HVZIP genes to Zn deficiency reveals that at least eight
HvZIP genes are highly induced by Zn deficiency. Distinct transcript profiles displayed by
these Zn-inducible HvZIP genes suggest that they play different roles in Zn-deficiency

induced responses.

2.4.1 ldentification of nine new HvVZIP genes

Nine new HvZIP genes were identified by similarity searches of various databases,
using OsZIP and AtZIP genes as queries (Table 2.1). Phylogenetic analysis allows for the
classification of a large gene family into clades which may possess distinct functions. In
addition to the gene sequences of barley, we have also included the sequences of
Brachypodium and wheat for the analysis. The dicotyledonous genome of Arabidopsis was
used because it has the most number of identified ZIP genes relative to other plant species
(Grotz & Guerinot, 2006). Phylogenetic analysis of AtZIP family members has therefore
resulted in the formation of many distinct clades, which helps categorise ZIP members from
other species into different clades. According to the phylogenetic tree (Figure 2.3), barley ZIP
members are represented in each of the monocotyledonous clades consisting of the ZIP family
members of two completed monocotyledonous genome sequences (rice and Brachypodium),
suggesting that they have different roles from each other in Zn homeostasis (see below for
more discussion). The phylogenetic analysis also revealed new ZIP members from wheat,

which were represented in most of the monocotyledonous clades (Figure 2.3). These results
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can assist in the identification and selection of ZIP transporters from cereals for Zn

biofortification purposes.

2.4.2 Eight HvZIP genes are induced by Zn-deficiency

The responsiveness of all 13 HvZIP genes to Zn deficiency were determined in both
roots and shoots to identify HvZIP genes that could be involved in plant adaptation to low Zn
conditions. Six HvZIP genes (HvZIP2, HvZIP5, HvZIP7, HvZIP8, HvZIP10 and HvZIP13)
were largely induced in both roots and shoots of Zn-deficient plants, whereas HvZIP1 and
HvZIP3 were induced only in the shoots of Zn-deficient plants (Figure 2.4). HvZIP1 is closely
related to HvZIP2 and forms a unique clade with OsZIP1 and OsZIP2 (Figure 2.3). This clade
also contains AtZIP2 and AtZIP11. However, the transcript profile of HvZIP1 is different
from that of HvZIP2. HvZIP1 was inducible only in the shoots of Zn-deficient plants, and its
transcript level in roots was much higher than that in shoots (Figure 2.4a, b). The role of
OsZIP1, the rice homolog of HvZIP1, is still unclear. OsZIP1 is induced in both roots and
shoots of Zn-deficient plants (Chen et al., 2008a; Ramesh et al., 2003) while other studies
have shown that OsZIP1 is induced only by Cu deficiency in the roots (Ishimaru et al., 2005).
Our results suggest that HvZIP1 could play a role in Zn uptake under both Zn-sufficient and
Zn-deficient conditions, and also have a minor role in shoot Zn retranslocation under Zn-
deficient conditions. The rice homolog of HvZIP2, OsZIP2, has been shown to be induced in
both roots and shoots of Zn-deficient plants (Chen et al., 2008a), which is similar to the
expression profile of HvZIP2 (Figure 2.4b). HvZIP2 might therefore be influential in Zn

uptake and Zn translocation/retranslocation under Zn deficiency.

Similar to HvZIP1, HvZIP3 was also induced only in the shoots by Zn deficiency, but
the transcript level of HvZIP3 in shoots was much higher than that in roots (Figure 2.4c).

HvZIP3 belongs to another unique monocotyledonous clade, which includes OsZIP3 and
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OsZIP4 (Figure 2.3). These two OsZIP genes are induced in both roots and shoots by Zn
deficiency (Ishimaru et al., 2005; Ramesh et al., 2003). HvZIP3, OsZIP3 and OsZIP4 could
restore growth of a yeast mutant with defects in Zn uptake (Ishimaru et al., 2005; Pedas et al.,
2009; Ramesh et al., 2003). OsZIP4 expresses particularly in phloem cells of shoots and roots,
suggesting that OsZIP4 is involved in Zn retranslocation in Zn-deficient plants (Ishimaru et
al., 2005). Therefore, similar to OsZIP4, HvZIP3 could promote Zn retranslocation in shoots
but may also play a small role in Zn uptake in conditions of both deficient and adequate Zn

supply (Figure 2.4c).

HvZIP5, HvZIP8 and HvZIP13 form a unique monocotyledonous clade with OsZIP5,
OsZIP8 and OsZIP9 (Figure 2.3). The expression of these three HVZIP genes in both roots
and shoots was induced by Zn-deficiency, but differences in expression profiles were
observed between HvZIP5/HvZIP8 and HvZIP13 (Figure 2.4d, f, h). The transcript levels of
HvZIP5 and HvZIP8 were relatively equal between roots and shoots of Zn-deficient plants,
while HvZIP13 was predominantly expressed in shoots of Zn-deficient plants (Figure 2.4d, f,
h). In comparison to HvZIP8, HvZIP5 was highly sensitive to Zn deficiency and its transcripts
were hardly detectable in either roots or shoots of Zn-sufficient plants (Figure 2.4d). Both
HvZIP5 and HvZIP8 are able to complement a yeast mutant defective in Zn uptake (Pedas et
al., 2009). Interestingly, the rice homologs (OsZIP5 and OsZIP8) of HvZIP5, HvZIP8 and
HvZIP13 are also induced by Zn deficiency and expressed in both shoots and roots (Lee et al.,
2010a; Lee et al., 2010b). Over-expression of OsZIP5 and OsZIP8 in rice increases Zn
accumulation in roots but reduces Zn accumulation in shoots (Lee et al., 2010a; Lee et al.,
2010b). These results suggest that HvZIP5, HvZIP8 and HvZIP13 could be involved in Zn
uptake by roots and Zn translocation in shoots. As HvZIP5 and HvZIP8 are closely related in
protein sequence, and relatively similar in transcript profiles, they may play partially
redundant roles in plant Zn homeostasis. HvZIP13 could be involved in Zn translocation,

primarily within shoots under low Zn conditions.
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HvZIP7 and HvZIP10 are two other HvZIP genes for which expression in both roots
and shoots was highly induced by Zn deficiency (Figure 2.4 e, g). In comparison to HvZIP7,
the transcript levels of HvZIP10 were very high (Figure 2.4g). HvZIP7 and HvZIP10 form a
distinct phylogenetic clade together with OsZIP7 and OsZIP10, and also AtIRT3, AtZIP4 and
AtZIP9 (Figure 2.3). There is no functional information available for either OsZIP7 or
OsZIP10 in Zn homeostasis. However, AtZIP4 and AtIRT3 of Arabidopsis from the same
clade are able to complement the yeast mutant strain zrtlzrt2 (Guerinot, 2000; Lin et al.,
2009). Over-expression of AtIRT3 in Arabidopsis increases Zn accumulation in shoots (Lin et
al., 2009). Therefore, it is possible that both HvZIP7 and HvZIP10 are involved in Zn uptake

and translocation, and that they may play partially redundant roles in plant Zn homeostasis.

These eight HvZIP genes (HvZIP1, HvZIP2, HvZIP3, HvZIP5, HvZIP7, HvZIPS,
HvZIP10 and HvZIP13) belong to four different clades, two of which are monocotyledon-
specific (Figure 2.3). The enhanced transcript levels of these HVZIP genes in Zn-deficient
plants indicate that multiple HvZIP genes contribute to enhanced uptake and translocation of
Zn in Zn-deficient plants (Suzuki et al., 2006). These Zn-inducible HvZIP genes may play an

important role in adaption to low Zn environments in the field.

2.4.3 Five HVZIP genes and HYMTPL1 show little response to Zn deficiency

Of the 13 HvZIP genes tested, five (HvZIP6, HvZIP1l, HvZIP14, HvZIP16 and
HVvIRT1) were not responsive or only marginally responsive to Zn deficiency (Figure 2.5).
The homologs of these five HvZIP proteins were highly conserved between Arabidopsis and
monocotyledonous species, and they belong to five different clades (Figure 2.3). AtZIP6 and
OsZIP6 are close homologs of HvZIP6 (Figure 2.3), and both are constitutively expressed in

shoots and roots (Widodo et al., 2010; Wu et al., 2009), suggesting that they may play little or
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no role in physiological responses to Zn deficiency. There is no functional information
available from either Arabidopsis or monocotyledonous homologs for HvZIP11 and HvZIP16
although AtZTP29, an Arabidopsis homolog of HvZIP16 is involved in salinity tolerance
(Wang et al., 2010). AtlIAR1, an Arabidopsis homolog of HvZIP14 (Figure 2.3), participates
in auxin metabolism, in which the transport of Zn®* or Cu®* out of endoplasmic reticulum may
be required (Lasswell et al., 2000). The non-responsiveness of HvZIP14 to Zn deficiency
suggests that the HvZIP14 function in Zn homeostasis (if any) is independent of plant Zn
status, and does not contribute to the physiological response induced by Zn deficiency.
Despite the non-responsiveness of HvZIP6, HvZIP1l, HvZIP14 and HvZIP16 to Zn

deficiency, it is possible that these four HvZIP genes play roles in plant Zn homeostasis.

Despite its different nomenclature, HVIRT1 is also a member of the HVZIP gene family
and was previously described by Pedas et al. (2008) as a Mn transporter. OsIRT1 and AtIRT1
are close homologs of HVIRT1 (Figure 2.3). OsIRT1 and AtIRT1 are expressed predominantly
in roots of rice and Arabidopsis, and are highly inducible by Fe deficiency (Eide et al., 1996;
Ishimaru et al., 2006). HvVIRT1 was also predominantly expressed in roots, but did not respond
to Zn deficiency (Figure 2.5¢). Although HVIRT1 is capable of transporting Mn?*, Zn®** and
Fe?* in a yeast complementation assay (Pedas et al., 2008), it may play only a small role in the

physiological responses induced by Zn deficiency.

HvMTP1 belongs to a different family of Zn transporters which transports Zn from the
cytoplasm to the vacuole for compartmentation (Eide, 2006). The MTP genes of Arabidopsis
were shown to be responsive to elevated concentrations of Zn (Arrivault et al., 2006;
Desbrosses-Fonrouge et al., 2005; Kobae et al., 2004). HYMTP1 is highly similar to OsSMTP1
(GenBank accession number: AY266290) and AtMTP proteins. OSMTPL1 is the only MTP
gene present in the rice genome. Likewise, HYMTPL1 is the only MTP gene in barley. Zn

deficiency had no effect on the expression of HYMTP1 in either shoots or roots (Figure 2.5f).
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These results suggest that enhanced sequestration of Zn into the vacuole via HYMTP1 may

not be critical when a sub-micromolar concentration of Zn is available in growth media.

In summary, thirteen HvZIP genes have been identified, and they are represented in
each of the phylogenetic groups of the ZIP family in monocotyledonous species. At least
eight HVZIP genes are highly responsive to Zn deficiency, and display distinct transcript
profiles in response to Zn deficiency, suggesting that they play different roles in plant Zn
homeostasis. Therefore, these Zn-inducible HvZIP genes may be critical in plant adaption to
low Zn environments. Our results provide new insights into plant responses to low Zn
conditions in a temperate cereal. These findings can serve as a basis for further functional
characterisation of ZIP genes in barley and other economically and nutritionally important
cereals such as wheat. HvZIP7 was selected for detailed studies (see Chapter 3) because it
belongs to a phylogenetic clade different from those (OsZIP4, OsZIP5, OsZIP8 and AtZIP1)

which have been previously studied in cereals.
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Chapter 3: Over-expression of HVZIP7 in barley increases specific
Zn translocation from roots to shoots and promotes Zn loading

into grains.

3.1 Introduction

Zinc (Zn) is an essential micronutrient for plants, animals and humans. It is involved
in a variety of biochemical processes (Welch & Shuman 1995; Maret 2004), and all
organisms must maintain adequate intracellular concentrations of Zn to support their normal
growth and development. Zn deficiency in cereal crops is widespread in many regions of the
world (Hacisalihoglu et al., 2004; Broadley et al., 2007), and the consumption of low Zn
cereals exacerbates Zn malnutrition in humans (Cunningham-Rundles et al., 2005; Hotz et al.,
2005). Approximately one third of the world's population is affected by Zn deficiency
(Alloway 2009), with pregnant women and pre-school children living in developing countries
being at most risk to Zn deficiency (Welch & Graham 2004). The improvement of Zn
nutrition in cereal crops is not only necessary for high crop yield, but also for human health.
The alleviation of human Zn malnutrition was identified as the most important global
challenge at the Copenhagen Consensus 2008 conference (www.copenhagenconsensus.com).
Biofortification of cereal crops, especially of rice and wheat, is one of the most effective

strategies to combat human Zn deficiency (Cakmak 2008; Palmgren et al., 2008).

Biofortification will require a better understanding and enhancement of physiological
processes which limit Zn accumulation in grains (Waters & Sankaran 2011). There are two
processes regarded as bottlenecks for Zn accumulation in grains. One is Zn loading into the
xylem of roots. Higher Zn loading into the root xylem can increase Zn accumulation in
shoots, making more Zn available for high Zn concentrations in cereal grains. The other
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process which limits grain Zn accumulation is Zn loading from maternal tissues into the grain.
The phloem appears to be the only path for Zn transport from maternal tissues into wheat
grains (Patrick & Offler 2001). In the process of grain loading, Zn ions that are transported
through the phloem stream first enter the grain transfer cells and are then unloaded into the
apoplastic space of the grain. However, little is known about the Zn transporters involved in

these processes (Palmgren et al., 2008).

Several Zn transporter families are involved in plant Zn homeostasis. These are the
Zn-regulated, Iron-regulated transporter-like Proteins (ZIP) (Grotz et al., 1998; Guerinot
2000; Eide 2006), Metal Tolerance Proteins (MTP) (Kobae et al., 2004; Arrivault et al., 2006;
Eide 2006), and Heavy Metal ATPases (HMA), a subgroup of the P-type ATPases (Eren &
Arguello 2004; Hussain et al., 2004; Eide 2006). The ZIP transporter family is considered to
be the primary group of transporters controlling plant Zn uptake and translocation (Gaither &

Eide 2001; Palmgren et al., 2008).

There are 18 members of the ZIP gene family identified in the Arabidopsis genome
(Grotz & Guerinot 2006), and 16 have been identified in the rice genome (Narayanan et al.,
2007; Chen et al., 2008). So far, only four ZIP genes from barley (HVIRT1, HvZIP3, HvZIP5
and HvZIP8) (Pedas et al., 2008; 2009) and one from the tetraploid emmer wheat, TdZIP1
(Durmaz et al., 2010) have been described. To date, most studies on ZIP gene functions have
focused on the genes from Arabidopsis and rice. The over-expression of OsZIP4, OsZIP5 and
OsZIP8 resulted in higher Zn accumulation in roots but lower Zn accumulation in shoots and
grains (Ishimaru et al., 2007; Lee et al., 2010a; 2010b), suggesting that these three genes are
involved mainly in Zn uptake. The over-expression of AtZIP1 in barley increased short-term
Zn uptake (over 24 hrs) and the grain Zn concentration, but reduced the grain size (Ramesh et

al., 2004). It is not clear whether the over-expression of AtZIP1 in barley could increase Zn
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uptake over a longer growth period, and whether the higher grain Zn concentration resulted

from increased Zn uptake and translocation or a lower grain yield (McDonald et al., 2008).

In this chapter, HvZIP7 was selected for detailed studies because it belongs to a
different phylogenetic clade from those (OsZIP4, OsZIP5, OsZIP8 and AtZIP1) which have
been previously studied in cereals (Remash et al., 2004; Ishimaru et al., 2004; Lee et al.,

2010a; Lee et al. 2010b).

3.2 Materials and methods

3.2.1 Semi-quantitative and quantitative real-time RT-PCR analysis

Barley (Hordeum vulgare L. cv. Lofty Nijo) seedlings used for examining effects of
Zn deficiency on transcript levels of HvZIP7 were grown in hydroponics with 0.005 or 0.5
UM Zn for 14 days. Plant growth conditions were similar to those described by Genc et al.
(2007). Plants (H. vulgare L. cv. Golden Promise) used for examining transcript levels of
endogenous HvZIP7 and the transgene were grown in soil supplemented either with no Zn or
with 0.5 mg Zn kg™ soil. Plant growth conditions were similar as those described below for

Zn and Cd uptake in soil-grown plants.

RNA isolation and cDNA synthesis were conducted as described in Section 2.2.4. For
semi-quantitative RT-PCR, transgene-specific transcripts were amplified from cDNA using
the primer pair of 5’-GCTGGTTTGTCCTCATTTTACG-3’ and 5’-
ATGATAATCATCGCAAGACCG-3’, and the transcripts of the barley glyceraldehydes-3-
phosphate dehydrogenase (HVGAPDH) gene were also amplified as a loading control using
the primer pair of 5’-GTGAGGCTGGTGCTGATTACG-3’ and 5’-

TGGTGCAGCTAGCATTTGACAC-3".
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The quantitative real-time RT-PCR analysis was conducted as described in Section
2.2.4. The primer sequences found in Table 2.2 were used for endogenous HvZIP7, and the
primers (5°- TACTCATATACATGGCGCTGGT-3’ and 5’-
TTTATTGCCAAATGTTTGAACG-3") were used for the HVZIP7 transgene. The normalised

copies pg™ RNA were used to represent transcript levels.

3.2.2 In situ PCR analysis

For in situ PCR analysis, plants (cv. Golden Promise) were grown in hydroponics with
no Zn addition. Plant growth conditions were the same as those described above for transcript
analysis. Roots and leaves were collected from 16 day-old plants. In situ PCR was performed
using the method described by Koltai and Bird (2000) with a few modifications. Roots and
leaves were fixed in FAA (63% ethanol, 5% acetic acid and 2% formaldehyde), embedded in
5% agarose in 1xPBS, and then sectioned using the Leica VT1200S microtome. The sections
were treated with DNAse (Ambion), followed by heat-inactivation. cDNA synthesis was
made wusing Superscript III RT (Invitrogen) with a gene specific primer (5°-
CACGTTATCTGATGTATGTATG-3"). PCR reactions were performed in a volume of 50 ul
containing 1xPCR buffer (Invitrogen), 1.5 mM MgCl,, 200 uM dNTP, 0.2 nmol digoxigenin-
11-dUTP (Roche), 1.5 U Taq polymerase (Invitrogen) and 150 ng of both forward and reverse
primers (5’-ACCAGGTTCTACGAGACCAAG-3’ and 5’-TTAGGAGCGCACGTGTC-3’)

for the variable region of the HvZIP7 coding sequence.

3.2.3 Subcellular localisation of HvZIP7

HvZIP7 fragments containing the full-length open reading frame were amplified from

barley cDNA by PCR with the primer pair of 5°- TCAGGGCATGATGATCGGTGTA-3" and
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5-CAATCAGATGGACACAGGCACAT-3". The HvZIP7 fragments were cloned into a
PGEM®T-easy vector (Promega) and sequenced. The coding sequence of HvZIP7 without the
stop codon was amplified from pGEM®T-easyHvZIP7 plasmid using the primer pair of 5'-
ATGATGATCGGTGTAGCAGGCTTC-3" and 5 -GGCCCAGACTGCAAGCAT-3". The
PCR fragment was ligated into the pCR8-GW-TOPO vector (Invitrogen) and transferred into
pMDC83 containing the mGFP gene (Curtis and Grossniklaus 2003). The resulting plasmid
(PMDC83HVZIP7::GFP) places HvZIP7 upstream of mGFP. Transient expression of
HvZIP7::GFP in onion epidermal cells and visualisation of GFP in subcellular locations were
conducted as described by Preuss et al. (2010). The plasmolysis of onion epidermal cells was

performed by immersion in 1 M sucrose for one min before confocal image analysis.

3.2.4 Generation of HvZIP7 over-expressing barley plants

The full-length open reading frame of HvZIP7 was amplified from the pGEM®T-
easyHvZIP7 plasmid by PCR using the primer pair of 5-
CTGGTACCATGGTGATCGGTGTAGCAG-3’ and 5-
TACTCGAGTTCAGGCCCAGACTGC-3". The PCR product was ligated into pCR8-GW-
TOPO vector and then transferred into the pMDC32 vector (Invitrogen) by LR reaction
according to the manufacturer’s instructions. The resulting pMDC32HvZIP7 plasmid was
used for barley (Hordeum vulgare L. cv. Golden Promise) transformation using an
Agrobacterium-mediated method described by Tingay et al. (1997) and Matthews et al.
(2001). The constitutive expression of HvZIP7 was driven by a double 35S promoter. The

number of transgenic loci was determined by standard Southern hybridisation.
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3.2.5 Zinc and Cd uptake in soil-grown plants

Zn-deficient siliceous sand (DTPA-extractable Zn=0.07 mg kg™ soil) was used in soil
experiments. Basal nutrients and plant growth conditions were as described by Genc et al.
(2007). Two barley grains with emerged radicles were planted into each pot containing one kg
soil. Plants were thinned to one per pot nine days after imbibition (D9). Plants were grown in
a growth room at 20/15 °C day/night temperature and a photoperiod of 14 hr day/10 hr night
at 300 pmol m™ s™ photon flux intensity at the plant level. At D28, the plants were harvested.
The roots were washed free of soil, briefly rinsed in deionised water and excess water was
blotted on fresh laboratory tissues. The roots and shoots were then oven-dried at 80 °C for 48

hr for nutrient analysis.

For Cd uptake, the experimental setup was similar to that of the Zn uptake experiment.
Two rates of Cd (3 and 10 mg Cd kg™ soil) were added into the soil with basal nutrients. At

D26, shoots were harvested and oven-dried at 80°C for 48 hr for nutrient analysis.

3.2.6 Zinc accumulation in grains

Plants were grown either in an 8-inch pot with 4.5 kg of a low Zn soil mix (University
of California soil mix) containing 1.44 mg Zn, or in a 6-inch pot with 1 kg of a high Zn soil
mix (coco peat soil mix) containing 17.8 mg Zn. Two barley seeds with emerged radicles
were planted into the 8-inch pots, and one was planted into the 6-inch pots. The plants were
grown to maturity. Deionised water was used for watering during the experiments. For the
low dose of Zn treatment, Zn solution (1 mg Zn in 20 ml water) was added into the 8-inch
pots for three times during anthesis. Plants were grown in a greenhouse with approximately
24/13 °C day/night temperature and 12 hr day/12 hr night cycle. Shoots and grains were

harvested at maturity and oven-dried at 80 °C for 48 hr. For grain polishing, ten barley grains
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for each sample were dehusked manually, loaded into a Kett® Pearlest miller and milled for

seven min.

3.2.7 Mineral element analysis

Mineral element analysis was conducted as described in Section 2.2.2.

3.2.8 Statistical analysis

All experiments were set up as a completely randomised block design with three to
four replications. The data were analysed using the Genstat Statistical Program (version 11.1,
VSN International Ltd), and pair-wise comparisons of the means were made using Least
Significance Difference (LSD) test at P=0.05. To overcome the problem of non-homogeneity

of variances, log-transformed data were used for the analysis of variance.

3.3 Results

3.3.1 Zinc deficiency increases expression of HvZIP7 in both roots and shoots

Transcript levels of HvZIP7 were low in both roots and shoots of Zn-adequate plants
(Figure 2.4e). Zn deficiency largely increased the transcript levels of HvZIP7 in both roots
and shoots (Figure 2.4e). To find out in which cell types HVZIP7 is specifically expressed, in
situ RT-PCR was performed in cross sections of roots and leaves of the Zn-deficient plants.
HvZIP7 transcripts were detected mainly in epidermal cells and the cells within the vascular
bundle of roots (Figure 3.1c), while in the cross section of leaves HVZIP7 transcripts were
found primarily in the cells of the vascular bundle (Figure 3.1d). There were no HvZIP7
transcripts detected in the no-RT controls of either roots or leaves (Figure 3.1a, b). These
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results suggest that HvZIP7 is involved mainly in Zn translocation of roots and Zn
retranslocation of leaves by mediating Zn loading into the xylem of roots and unloading into

the phloem of shoots.

Figure 3.1. Zn deficiency-induced expression of HvZIP7 in roots and leaves.

(@) and (b), no RT control in cross sections of roots and leaf tissues, respectively. (c) and (d),
in situ RT-PCR detection of HvZIP7 transcripts (purple staining) in cross sections of roots and
leaf tissues, respectively. Abbreviations: ep, epidermis; xy, xylem cells; ph, phloem cells; en,
endodermis; co, cortex; bs, bundle sheath cells; ms, mesophyll cells containing chloroplasts.
Scale bars = 100 uM in (a) and (c), and 50 uM in (b) and (d). For in situ RT-PCR, barley
seedlings were grown in nutrient solution with no Zn addition for 16 days after seed
imbibition.

3.3.2 Subcellular localisation of HvZIP7

To determine the subcellular localisation of HvZIP7, a HvZIP7::GFP construct was
generated for transient expression in onion epidermal cells. The green fluorescence of
HvZIP7::GFP appeared in the location of the plasma membrane (PM) (Figure 3.2a), whereas
the green fluorescence of the organelle control, barley thioredoxin 5::GFP (HvTrx5::GFP)
was scattered in the cell (Figure 3.2b). To distinguish PM from the vacuolar membrane, the
onion epidermal cell which expressed HvZIP7::GFP was plasmolysed for visualisation of the

Hechtian strands connecting PM to the cell wall (Figure 3.2c, d). A close-up view shows
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adhesion of the green fluorescent strands of PM to the cell wall (Figure 3.2e, f), confirming

that the fluorescent signal derived from HvZIP7::GFP is associated with PM.

Figure 3.2. Subcellular localisation of HvZIP7::GFP.

(@), an onion epidermal cell expressing HvZIP7::GFP. (b), an onion epidermal cell expressing
HvTrx5::GFP. (c) and (d), an onion epidermal cell expressing HvZIP7::GFP after partial
plasmolysis under UV or bright light, respectively. (e) and (f), a close-up view of Hechtian
strands (Hs) from the same cell shown in (c) under UV or bright light, respectively. Arrows
indicate the Hechtian strands with GFP fluorescence. Scale bars = 50 uM.

3.3.3 Higher translocation of Zn from roots to shoots in HvZIP7 over-expressing plants

Attempts were made to complement yeast strains involved in Zn homeostasis (zrt1zrt2
mutant defective in Zn uptake and zrclcotl mutant with a Zn sensitive phenotype) with
HvZIP7 to no success. Therefore, transgenic lines over-expressing HvZIP7 were generated in
barley for functional characterisation of HvZIP7 in Zn homeostasis of plants. Transgenic
plants with a single locus insert of the HvZIP7 transgene were identified by Southern blot
analysis and selected for propagation. Homozygous progenies of three independent, single
locus-insert lines were used for further molecular and physiological analyses. Semi-

quantitative RT-PCR analysis showed that the HvZIP7 transgene was expressed in the leaves
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from all three independent transgenic lines, while there were no transcripts detected in either

the null progenies or wildtype (Figure 3.3).
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Figure 3.3. Semi-quantitative RT-PCR analysis of the HvZIP7 transgene in three
independent transgenic lines.
Total RNA of leaves from three independent, over-expressing HvZIP7 (OX) lines, null lines
and the wildtype (WT) were used in RT-PCR amplification of the HvZIP7 transgene and
HvVGAPDH (a loading control). Amplified PCR products were run in agarose gel and stained
with ethidium bromide. Molecular sizes (markers) are shown on the left.

Zn uptake experiments were conducted by growing one of the single-insert lines, OX-
10 (Figure 3.3) in soil supplemented with a range of Zn (from zero to 12.5 mg Zn kg™ soil).
There were no significant differences in dry weight of shoots or roots between the transgenic
and null or wildtype plants after 28 days of growth in any of the four rates of Zn supplement
(Figure 3.4a, b). The Zn concentrations of shoots in all three genotypes rose from
approximately 10 to 500 pg Zn g DW or more as the Zn supplement rates increased. The
shoot Zn concentration of 10 pg Zn g DW is below the critical level required for normal
plant growth (Genc et al., 2002), while the shoot Zn concentration of 500 to 700 pug Zn g™
DW is close to the toxic concentration for barley (Aery & Jagetiya 1997). However, there was
no significant growth reduction in shoots observed for nil Zn or the highest Zn supplement.
This could be due to the appearance of Zn deficiency or toxicity towards the end of the
experiment, and the short period of Zn deficiency or toxicity had not resulted in a measurable
growth difference (Figure 3.4a, b). There was no significant difference in shoot Zn

concentrations between transgenic and null or wildtype plants when grown with no Zn
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supplement (Figure 3.4c). However, significant differences in shoot Zn concentrations were
observed between transgenic and null or wildtype plants when grown with Zn supplement
(Figure 3.4c). The transgenic plants had at least 60% higher Zn concentrations than those of
the null or wildtype (Figure 3.4c). The transgenic plants had also higher shoot Zn content than

the null or wildtype plants when grown with Zn supplement (Figure 3.4e).

Zn concentrations in roots of all three genotypes also rose as Zn supplement rates
increased (Figure 3.4d). There were no significant differences in root Zn concentration and
content between the transgenic and null or wildtype plants when grown either with no Zn
supplement or with 12.5 mg Zn kg™ soil (Figure 3.4d). However, the transgenic plants had a
significantly lower Zn concentration and content in roots than the null or wildtype when
grown with 1.0 and 5.0 mg Zn kg™ soil (Figure 3.4d, f). Furthermore, the transgenic plants
had a higher shoot:root ratio of Zn content than the null or wildtype when grown with Zn
supplement (Figure 3.5b) despite that the total plant Zn content was not significantly different
(P=0.59) between the transgenic and null or wildtype (Figure 3.5a). Zn leaching from the
roots during root washing and soil Zn contamination could affect Zn concentrations in roots,
but if any leaching and contamination occurred in the roots, they would have similar effects
on both the null and transgenic plants. Therefore, the results indicate that the increasing Zn
accumulation in shoots of the HvZIP7 over-expressing line is a result of enhanced
translocation of Zn from roots to shoots, and this enhanced translocation is Zn concentration-

dependent.
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Figure 3.4. Effect of Zn supplement rates on growth, Zn concentration and Zn content
of soil-grown plants.

Dry weight of shoots (a) and roots (b). Zn concentration of shoots (c) and roots (d). Zn
content of shoots (e) and roots (f). Barley seedlings of the OX-10 line (Tr), null and wildtype
(WT) were grown in soil supplemented with four Zn rates. Plants were harvested 28 days
after seed imbibition. Means and SE values of three replicates are presented. Asterisks
indicate the least significant differences at P<0.05.
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Figure 3.5. Effect of Zn supplement rates on total Zn uptake and shoot:root ratios of Zn
content in soil-grown plants.

Total Zn content of plants grown in soil (a). Shoot:root ratios of Zn content in plants grown in
soil (b). Barley seedlings of the OX-10 line (Tr), null and wildtype (WT) were grown in soil
supplemented with four Zn rates. Plants were harvested 28 days after seed imbibition. Means
and SE values of three replicates are presented. Asterisks indicate the least significant
differences at P<0.05.

The different rates of Zn supplement to soil also changed the concentrations of Fe, Mn
and Cu in both shoots and roots of all three genotypes (Figure 3.6). Generally, Fe
concentrations in both shoots and roots were reduced with an increase in Zn supplement
(Figure 3.6,a, b), whereas Mn and Cu concentrations in both shoots and roots were enhanced
with an increase in Zn supplement (Figure 3.6, ¢ to f). Metal imbalance associated with
changes in Zn concentrations is a common phenomenon (Cakmak et al., 1994; Walter et al.,

1994). It is not clear how the increasing rates of Zn supplement have different effects on

different metals. However, over-expression of HvZIP7 had a little effect on the concentration
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of Fe, Mn or Cu in both shoots and roots relative to the null or wildtype plants despite that the

concentrations of Fe, Mn and Cu in roots were higher than those in shoots (Figure 3.6). These

results indicate that the over-expression of HvZIP7 is specific for Zn translocation from roots

to shoots.
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Figure 3.6. Effect of Zn supplement rates

grown plants.

Shoots

[@

B Wildtype CONull mTr

0 10 50 125
1(c)

0 10 ' 50 @ 125
|(e)

0 10 50 125

(mg Zn kg™ soil)

300

200

100

Root Fe concentration (ug g* DM)

200

150

100

50

Root Mn concentration (ug g* DM)

500

400

300

200

100

Root Cu concentration (ug g* DM)

(mg Zn kg™ soil)

Roots
(b)
0.0 1.0 5.0 125
| (d)
0 1.0 5.0 12.5
(f)
0 1.0 5.0 12.5

on Fe, Mn and Cu concentrations of soil-

Fe concentrations of shoots (a) and roots (b). Mn concentrations of shoots (c) and roots (d).
Cu concentrations of shoots (e) and roots (f). Barley seedlings of the OX-10 line (Tr), null and
wildtype (WT) were grown in soil supplemented with four Zn rates. Plants were harvested 28
days after seed imbibition. Means and SE values of three replicates are presented.
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3.3.4 Transcript levels of endogenous HvZIP7 and the transgene in transgenic plants

To examine whether lack of difference in Zn translocation from roots to shoots under
the low Zn conditions between transgenic and control plants is due to altered expression
levels of either endogenous HvZIP7 and/or the transgene, the transcript levels of both
endogenous HVZIP7 and transgene were determined for the OX-10 transgenic plants grown in
soil supplemented with no Zn (-Zn) or 0.5 mg Zn kg™ soil (+Zn). The Zn concentration of
shoots in the -Zn treatment was approximately 12 ug Zn g™ DW, which is below the critical
level (Genc et al., 2002), whereas the Zn concentration of shoots in the +Zn treatment was
above the critical level (Figure 3.7a). The transcript levels of endogenous HvZIP7 in both
roots and shoots of all three genotypes were very low (approximately 0.05 x10° copies pg™
RNA or less) in the +Zn treatment, but were strongly enhanced in the -Zn treatment to
approximately 0.4 x 10° copies ug? RNA or more in both roots and shoots of all three
genotypes (Figure 3.7c, d). The expression of the transgene had no effects on the transcript
levels of endogenous HVZIP7 in either roots or shoots under the -Zn treatment despite a small
reduction in the shoots of the transgenic plants treated with +Zn (Figure 3.7c, d). Regardless
of the Zn status of the plants, the transcript levels of the transgene in both shoots and roots of
the transgenic plants were comparable to those of endogenous HVZIP7 in the -Zn treatment

(Figure 3.7¢, ).
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Figure 3.7. Transcript levels of endogenous HvZIP7 and the transgene in soil-grown
plants.

Zn concentrations in shoots (a) and roots (b). Transcript levels of endogenous HVZIP7 in
shoots (c) and roots (d). Transcript levels of the HvZIP7 transgene in shoots (e) and roots (f).
Seedlings of the OX-10 line (Tr), null and wildtype (WT) were grown in soil supplemented
either with no Zn (-Zn) or with 0.5 mg Zn kg™ soil (+Zn). Plants were harvested 28 days after
seed imibition. Quatitative real-time RT-PCR was used to determine transcript levels of
endogenous and transgenic HvZIP7. The means and SE of four biological replicates are
presented as normalised copies pg™ RNA. Asterisks indicate the least significant differences
at P<0.05.

3.3.5 HvZIP7 over-expressing plants increases Zn accumulation in grains when grown in

a low Zn potting mix

To test the ability of HvZIP7 over-expressing plants in grain Zn accumulation, the
transgenic lines of OX-10 were grown to maturity in a low Zn potting mix with no additional

Zn supplement. There were no significant differences in grain Zn concentration or content
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between the transgenic and null plants grown with no additional Zn supplement (-Zn) (Figure
3.8a, b). The grain Zn concentrations were approximately 23 pug zn g* DW for both
transgenic and null lines of OX-10 (Figure 3.8a). When a small amount of Zn (3 mg Zn pot™)
was supplemented to the potting mix (+Zn) during anthesis, the grain Zn concentration was
significantly increased to 31 pg Zn g™ DW in the null line, and the increase was even higher
in the transgenic line (Figure 3.8a). An increase of approximately 30% in the grain Zn
concentration and content was observed in the transgenic line relative to the null (Figure 3.8a,
b). The grain Zn concentrations of the null plants from this pot experiment are similar to those
(21-31 pg Zn g™* DW) of the field-grown plants in a low Zn soil with Zn fertilisers (Graham et
al., 1992). These results indicate that the transgenic HvZIP7 plants can increase grain Zn

accumulation in a low Zn condition with Zn fertilisation during anthesis.
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Figure 3.8. Effect of a low dose of Zn supplement on grain Zn concentration and content
of plants grown in a low Zn potting mix.

Grain Zn concentration (a) and content (b). Transgenic OX-10 (Tr) and null plants were
grown to maturity in a 8-inch pot containing a low Zn potting mix (1.44 mg Zn pot™) either
with no Zn supplement (-Zn) or with 3 mg Zn per pot during anthesis (+Zn). Five grains were
analysed for each sample. Means and SE values of four replicates are presented. Asterisks
indicate the least significant differences at P<0.05.

In contrast to Zn, the concentrations and content of Fe, Mn and Cu in the grains of the

transgenic line (OX-10) were similar to those of the null in the low Zn potting mix with or

without Zn supplement (Figure 3.9).
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Figure 3.9. Effect of low Zn supplement on grain Fe, Mn and Cu concentration and
content of plants grown in a low Zn potting mix.

Fe concentration (a) and content (b). Mn concentration (c) and content (d). Cu concentration
(e) and content (f). Transgenic OX-10 (Tr) and null plants were grown to maturity in a 8-inch
pot containing a low Zn potting mix (1.44 mg Zn pot™) either with no Zn supplement (-Zn) or
with 3 mg Zn per pot during anthesis (+Zn). Five grains were analysed for each sample.
Means and SE values of four replicates are presented.

3.3.6 Grain yield and grain Zn content of HvZIP7 over-expressing plants grown in a

high Zn potting mix

Grain Zn concentrations have been shown to be negatively correlated with grain yield
(McDonald et al., 2008). Therefore, it is possible that the higher Zn concentration in the

grains of the transgenic plants could result from lower grain yield. To assess this possibility,
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three independent transgenic lines, OX-2, OX-7 and OX-10 were grown to maturity in a high
Zn potting mix. There were no significant differences in total shoot dry weight, grain yield
(Figure 3.10a, b) or 1000-grain weight between the transgenic and null or wildtype lines. The
1000-grain weight of the wildtype, OX-2, OX-7 and OX-10 were 41.9, 39.4, 39.6 and 40.3 g,
respectively. These results show that the over-expression of HvZIP7 does not have negative

impacts on plant growth and grain yield.

Grain Zn concentrations of all three transgenic lines were significantly higher than
those of the null or wildtype (Figure 3.10c). The average grain Zn concentration of the three
transgenic lines was approximately 110 mg kg™ DW and was at least 60% higher than that of
the null or wildtype (Figure 3.10c). The total grain Zn content of all three transgenic lines was
also significantly higher than that of the null or wildtype (Figure 3.10d), which excludes the
possibility that the higher grain Zn concentration in the transgenic plants results from the
lower grain yield. Furthermore, the higher Zn accumulation in the grains of the transgenic
plants did not have significant impacts on the concentrations of Fe, Mn or Cu in the grain

(Figure 3.12a, c, e).
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Figure 3.10. Total shoot weight, total grain weight, grain Zn concentration and total
grain Zn content of plants grown in a high Zn potting mix.

Total shoot weight (a), total grain weight (b), grain Zn concentration (c) and total grain Zn
content (d). Transgenic HvZIP7 (Tr), null and wildtype (WT) plants were grown to maturity
in a 6-inch pot filled with a high Zn potting mix (17.8 mg Zn pot™). Five grains were analysed
for each sample. Means and SE values of four replicates are presented. Asterisks indicate the
least significant differences at P<0.05. There are no significant differences in shoot dry
weight and total grain weight between transgenic and null lines or wildtype (P=0.52 and 0.23,
respectively).

In addition, we investigated the effect of polishing on the reduction of grain Zn
content. Polishing reduced dry weight of the grains by approximately 50% in all genotypes
(Figure 3.11a), and a similar reduction in the average Zn concentration was also observed
(Figure 3.11b). In contrast, average Zn content was reduced by approximately 70% (Figure
3.11c) because higher Zn concentrations are present in the embryo and aleurone tissues
(Lombi et al., 2011). However, the proportion of Zn retained in the polished grains of the
transgenic lines was either similar or slightly higher than those of the null or wildtype (Figure

3.11Db, c). This indicates that the Zn distribution in the grains of the transgenic plants is similar

to that of the null or wildtype.
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Figure 3.11. Effect of polishing on weight, Zn concentration and Zn content of barley
grains.

Percentage of grain weight after polishing (a), percentage of Zn concentration in grains after
polishing (b) and percentage of Zn content in grains after polishing (c) relative to that of
unpolished grains. Transgenic HvZIP7 (Tr), null and wildtype (WT) plants were grown to
maturity in a 6-inch pot filled with a high Zn potting mix (17.8 mg Zn pot™). Ten grains from
each sample were used for polishing and Zn analysis. Means and SE values of four replicates
are presented. Asterisks indicate the least significant differences at P<0.05.
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Figure 3.12. Effect of polishing on grain Fe, Mn and Cu concentration and content of
barley grains.

Grain Fe (a), Mn (c) and Cu (e) concentrations before polishing. Percentage of grain Fe (b),
Mn (d) and Cu (f) content after polishing relative to unpolished grains. Plants of three
independent transgenic lines (OX-2, OX-7 and OX-10), null lines and wildtype (WT) were
grown until maturity in 6-inch pots with a high Zn potting mix (17.8 mg Zn pot™). Ten grains
were used for polishing and metal analysis. Polishing was performed in a Kett® Pearlest
miller for seven min. Means and SE values of four replicates are presented.

3.3.7 Effect of over-expressing HvZIP7 on Cd accumulation in plants

The over-expression of HVZIP7 increased Zn translocation in the barley plants (Figure
3.5b), but not Fe, Mn or Cu (Figure 3.6). However, it is not known whether HvZIP7 increases
translocation of the toxic Zn analogue, Cd. To test the ability of over-expressing HvZIP7
plants in Cd transport, plants were grown in the same soil as the plant Zn uptake experiment
(Figure 3.4) with two rates of Cd supplement (3 and 10 mg Cd kg™ soil). There were no
significant differences in plant growth either between the two rates of Cd supplement or
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between genotypes. Concentrations and content of Cd in shoots were increased with the rates
of Cd supplement (Figure 3.13a, b). However, there were no significant differences in shoot
Cd concentration or content between the transgenic and null lines in either rate of Cd
supplement (Figure 3.13a, b). These results indicate that the over-expression of HvZIP7 in

barley does not increase Cd accumulation in shoots.
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Figure 3.13. Effect of two rates of Cd supplement on shoot Cd and Zn concentration and
content of soil-grown plants.

Shoot Cd concentration (a) and content (b). Shoot Zn concentration (c) and content (d). Plants
of OX-10 (Tr) and null lines were grown in soil and supplemented with two rates of Cd.
Plants were harvested 17 days after seed imbibition. Means and SE values of four replicates
are presented.
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3.4 Discussion

3.4.1 HvZIP7 mediates Zn translocation from roots to shoots

HvZIP7 shares a high sequence identity with OsZIP7 and TaZIP7, and differs from
other ZIP members (OsZIP4, OsZIP5, OsZIP8 and AtZIP1) that have been functionally
characterised (Chen et al., 2008; Pedas et al., 2009). HvZIP7 expression was highly induced
by Zn deficiency in both roots and shoots (Figure 3.1a), and in situ RT-PCR analysis revealed
that HvZIP7 was expressed mainly in vascular tissues (Figure 3.1d, e). The expression of
HvZIP7::GFP in onion epidermal cells showed that HvZIP7 was localised in the plasma
membrane (Figure 3.2a, c), suggesting that HvZIP7 is involved in Zn transport at the plasma
membrane of the plant cell. Unlike other ZIP proteins, HvZIP7 was unable to restore the
growth of the zrtlzrt2 yeast mutant defective in Zn uptake, whereas OsZIP4, OsZIP5,
OsZIP8, AtZIP1, NcZNT1 and AtIRT3 are able to restore the growth of the zrtlzrt2 mutant
defective in Zn uptake (Grotz et al., 1998; Ishimaru et al., 2005; Lee et al., 2010a; Lee et al.,
2010b; Milner et al., 2012). OsZIP7a, a close homologue of HvZIP7 was unable to
complement the zrtlzrt2 mutant, either (Yang et al., 2009). It is worthwhile mentioning that
different yeast expression vectors (pFL61 and pYES2) and yeast strains (ZHY3 and BY4741)
have been used in the expression of HvZIP7 and OsZIP7a. These data show that HvZIP7 and
OsZIP7a are unable to fully complement mutations in the yeast Zn transport system. Other
plant ion transporters are also reported to be unable to complement yeast mutants, such as
HvPHT1,1, HYPHT1;6 and OsPHT1;2, but they are able to transport ions in plants (Rae et al.,
2003; Ai et al., 2009). Nevertheless, the over-expression of HvZIP7 in barley plants led to
decreased Zn accumulation in roots and increased Zn accumulation in shoots in a Zn
concentration-dependent manner (Figure 3.4), which demonstrates that HvZIP7 is involved in
the translocation of Zn from roots to shoots. Zn translocation from roots to shoots has been

considered a bottleneck for increasing grain Zn content (Palmgren et al., 2008). This is
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evident in the studies using over-expression of OsZIP4, OsZIP5 or OsZIP8 (Ishimaru et al.,
2007; Lee et al., 2010a; 2010b). More Zn is accumulated in rice roots but less Zn is in rice
shoots. In contrast, the over-expression of HvZIP7 can overcome the restriction on Zn
translocation from roots to shoots when Zn in roots is above adequacy (Figure 3.4), and leads
to high Zn accumulation in shoots. The high Zn accumulation in shoots can lead to more Zn

being loaded into grains (see below for more discussion).

3.4.2 HvZIP7 shows specificity for Zn translocation

HvZIP7 has a unique property in metal transport. Many ZIP family proteins can
transport other metals such as Fe and Cd in addition to Zn (Connolly et al., 2002; Ishimaru et
al., 2007; Lin et al., 2009), but in this study, we have shown that the over-expression of
HvZIP7 did not increase the concentrations of Fe, Mn, Cu or Cd in shoots (Figures 3.6 and
3.13) nor in grains (Figures 3.9 and 3.12). This indicates that HvZIP7 is highly selective for
Zn ions. This ion selectivity is crucial for cereal biofortification because the accumulation of
other undesired metals such as Cd will adversely affect human health. AtHMA2, AtHMA4
and OsHMAZ2 are also involved in Zn translocation from roots to shoots, but they transport Cd
in planta as well (Hussain et al., 2004; Hanikenne et al., 2008; Satoh-Nagasawa et al., 2011).
The over-expression of AtHMA4 increases the accumulation of both Zn and Cd in shoots
(Verret et al., 2004). AtIRT1, a member of the ZIP family, is capable of transporting Cd as
well (Connolly et al., 2002). The apparent metal ion specificity of HvZIP7 is a desirable

characteristic for Zn biofortification of cereals.

3.4.3 The over-expression of HvZIP7 promotes Zn loading into grains

Transgenic HvZIP7 plants grown in a low Zn potting mix had 30% higher grain Zn

concentrations and content than null plants when a low dose of Zn was applied during
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anthesis (Figure 3.8). The grain Zn concentration of the null plants (31 pg Zn g DW) is
equivalent to that (21-31 pg Zn g DW) observed from the field-grown barley plants with Zn
fertilisation (Graham et al., 1992). The results suggest that the transgenic HvZIP7 plants have
the potential for a 30% increase in grain Zn content when grown in the field with standard Zn

fertiliser applications.

With a further increase in Zn fertiliser rates, transgenic plants could achieve grain Zn
concentrations approximately 60% higher than those of the controls (Figure 3.10c). Moreover,
the large increase in grain Zn concentration of the transgenic lines did not affect plant growth
or grain yield (Figure 3.10a, b). In contrast, over-expression of AtZIP1 in barley increased
grain Zn concentrations but reduced grain sizes (Ramesh et al., 2004). It is not clear whether
the higher grain Zn concentration in the transgenic AtZIP1 plants results from reduced grain
yield or increased Zn uptake and translocation. It has been shown that high grain Zn
concentration is negatively correlated with grain yield (McDonald et al., 2008). The protein
sequence and expression pattern of AtZIP1 is different from HvZIP7, OsZIP4, OsZIP5 and
OsZIP8 (Grotz et al., 1998; Ishimaru et al., 2005; Lee et al., 2010a; 2010b), suggesting that
AtZIP1 has a different function in plant Zn homeostasis from HvZIP7 and three rice ZIP

proteins.

The increased Zn accumulation in the grains of the transgenic plants (Figure 3.10d)
could be due to the enhanced translocation of Zn from roots to shoots (Figure 3.4) or
enhanced retranslocation of Zn from maternal tissues to grains, or both. HvZIP7 is also
expressed in tissues other than roots (Figure 3.1). Tauris et al. (2009) showed that in a
microarray analysis of the developing barley grain, HvZIP7 is highly expressed in transfer
cells of the grain relative to other grain tissues, which suggests that HvZIP7 could be involved
in grain Zn loading. Zn loading into grains has been considered as another bottleneck for Zn

biofortification (Palmgren et al., 2008; White & Broadley 2011). Little is known about the
79



transporters that are involved in grain Zn loading. In this study, we were unable to separate
the effects of the higher Zn accumulation in shoots on grain loading from the potential
involvement of HvZIP7 in Zn remobilisation within shoots owing to the constitutive
expression of HvZIP7 driven by the CaMV 35S promoter. It remains to be established
whether the higher expression of HvZIP7 could also increase the amount of phloem-mobile
Zn and/or Zn retranslocation from maternal tissues into the grain. Future experiments with
shoot- or transfer cell-specific promoters to drive expression of HvZIP7 in combination with
the root-specific expression could shed new light on the involvement of HvVZIP7 in grain Zn

loading.

In this study, barley was used as a model for wheat and other temperate cereals. For
Zn biofortification of cereals, distribution of Zn in cereal grains is another important factor.
Cereal grains such as wheat and rice are milled or polished to remove the bran before being
used for human consumption. These processes reduce total grain Zn content because of the
removal of the Zn-rich embryo and aleurone tissues (Palmgren et al., 2008; Wirth et al.,
2009). The polishing process did not reduce the proportion of Zn in the grains of the
transgenic lines relative to the null or wildtype in spite of the difference in total Zn content
(Figure 3.12b, c). If these transgenic grains were milled into flour for human consumption,
more Zn would be available for dietary Zn intake, assuming that the bioavailability of Zn in

the transgenic grain is similar to that of the wildtype.

In conclusion, HvZIP7 appears to be a Zn-specific transporter which controls Zn
translocation from roots to shoots in a Zn concentration-dependent manner. The over-
expression of HVZIP7 not only increases the specific accumulation of Zn in shoots when Zn
in roots is above adequacy, but also enhances grain Zn content without yield penalty. Plants
over-expressing HvZIP7 with Zn fertilisation could achieve 30% higher grain Zn content in

the low Zn conditions similar to those found in the field. Our findings could have direct
80



applications to the improvement of Zn fertiliser use efficiency and Zn biofortification in

cereals.
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Chapter 4: Effects of HvZIP7 transgene expression on transcript

profiles of other HvZIP members

4.1 Introduction

Enhancing Zn uptake in plants via genetic engineering for biofortification purposes
requires not only the identification of genes crucial in Zn homeostasis, but also the functional
characterisation of these genes in a target plant by transgenic approaches. The phenotype of
transgenic plants can provide insights into the function of the gene of interest and determine
whether the gene is suitable for Zn biofortification. Using transgenic approaches, phenotypes
such as increased Zn accumulation can be obtained. For example, the heterologous expression
of Arabidopsis halleri AhHMA4 in the model tobacco plant increased Zn accumulation in the
leaves of plants cultivated in low Zn (Barabasz et al., 2010). However, when cultivated in
adequate Zn, transgenic plants had lower Zn accumulation in the shoots (Barabasz et al.,
2010). Such a Zn supply-dependent Zn accumulation in transgenic plants could be related to
changes of other metal homeostasis genes in the transgenic plants which did not occur in

wildtype.

Plant Zn status regulates transcriptome profiles of a number of genes related to Zn
homoeostasis (Talke et al., 2006; van de Mortel et al., 2006). The expression of a Zn
transporter transgene alters Zn homeostasis of the host plants, and thus may also influence the
transcript profiles of native genes involved in Zn homeostasis. Changes in the transcript
profiles of native genes may in turn affect Zn homeostasis of the plant. Therefore, the
modified expression of native genes could play a role in generating the phenotype of

transgenic plants (Barabasz et al., 2012).
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The over-expression of HvZIP7 resulted in increased Zn accumulation in shoots and
decreased Zn accumulation in roots when the plants were grown in Zn-abundant conditions
(Chapter 3). HvZIP7 appears to be a specific Zn transporter which mediates Zn translocation
from roots to shoots, and its over-expression leads to more Zn accumulation in shoots in a Zn
concentration-dependent manner. However, it is not clear whether native genes are
contributing to the phenotype observed in the transgenic plants. In Chapter 2, nine new
members of the HvZIP family were identified, bringing the total number of HvZIP family
members to 13. Transcript levels of eight HvZIP genes (HvZIP1, HvZIP2, HvZIP3, HVZIP5,
HvZIP7, HvZIP8, HvZIP10 and HvZIP13) were highly induced in roots and/or shoots of
plants with Zn deficiency, while five of them (HvZIP6, HvZIP11, HvZIP14, HvZIP16 and

HVIRT1) were not responsive to plant Zn status.

In this chapter, the effects of over-expression of HvZIP7 on the transcript profiles of
the HvZIP7 transgene and all 13 native HvZIP genes (including HvZIP7) were determined in
both roots and shoots of Zn-sufficient and -deficient transgenic barley plants. Transcript levels
of the only known barley MTP gene, HYMTP1, were also analysed. The results of the
transcript analyses will provide evidence of whether the phenotype observed in transgenic
plants was a direct consequence of transgene expression or due to the changes in the

expression of both transgene and native HVZIP genes.

4.2 Materials and methods

4.2.1 Plant growth

The experimental setup is similar to that described in Chapter 3 with several
modifications. Two seeds of Hordeum vulgare L. cv. Golden Promise (from transgenic

HvZIP7, null and wildtype lines) with emerged radicles were planted in each pot containing
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one kg dry sand (Zn-deficient siliceous sand, DTPA-extractable Zn=0.07 mg kg™ soil). There
were two Zn treatments, -Zn (no additional Zn) and +Zn (0.5 mg Zn kg™ soil supplied as
ZnSQ,). Plants were grown in a glasshouse with approximately 24/13 °C day/night
temperature and 12 hr day/12 hr night cycle. After 28 days of growth, plants were removed
from the pots. One of the plants was used to measure dry weight and nutrients, while the other
was used for transcript profile analysis. Samples for transcript analyses were snap-frozen in

liquid nitrogen and stored at -80 °C.

4.2.2 Mineral element analysis

Mineral element analysis was conducted as described in Section 2.2.2.

4.2.3 Quantitative real-time RT-PCR

RNA isolation and quantitative real-time RT-PCR analysis of transcripts were
conducted as described in Section 2.2.4. The primer sequences for all genes analysed are also

listed in Table 2.2.

4.2.4 Statistical analyses

The experiment was set up as a completely randomised block design with four
replications. Data for plant growth, metal nutrition and transcript profiles were analysed using
the Genstat Statistical Program (Version 11.1, VSN International Ltd). To overcome the
problem of non-homogeneity of variances, log-transformed data were used for the analysis of
variance. The Least Significant Difference (LSD) at P=0.05 was used for comparisons of

means.

84



4.3 Results

4.3.1 Plant growth and Zn nutrition of HvZIP7 over-expressing plants

Biomass of shoots and roots of transgenic plants were not significantly different to
those of the null or wildtype (Figure 4.1a, b) when grown either in +Zn or -Zn, indicating that
the transgene did not negatively affect plant growth. Zn concentrations in the shoots of all
plants grown in —Zn was below 20 pg g, which is lower than the critical level required for
normal plant growth (Genc et al., 2002), while Zn concentrations in the shoots of plants
grown in +Zn were well above the critical level (Figure 4.1c). Despite the low Zn
concentrations, shoot and root biomass were not affected (Figure 4.1a, b), suggesting that at
this growth stage the low Zn concentration had not yet resulted in significant growth
reductions. Zn concentrations in both shoots and roots of transgenic plants were not
significantly different to those of the null or wildtype in both Zn treatments (Figure 4.1c, d).
In addition, there were no significant differences in Fe, Mn or Cu concentrations in either
shoots or roots between the three genotypes when the plants were grown either in +Zn or —Zn
(Figure 4.2). These results indicate that the transgene has no effect on the plant accumulation

of Zn, Fe, Mn or Cu when grown either in Zn-sufficient or -deficient conditions.
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Figure 4.1. Effect of two Zn rates on growth, and Zn concentration and content of
transgenic HvZIP7 (Tr), null and wildtype plants grown in soil.

Dry weight of shoots (a) and roots (b). Zn concentration of shoots (c) and roots (d). Plants
were grown either in 0.5 mg Zn kg™ soil (referred to as +Zn) or without additional Zn
(referred to as —Zn) and harvested 28 days after seed imbibition. Means and SE values of four
replicates are presented. The shoot and root Zn concentrations of plants grown in -Zn were
significantly lower than those grown in +Zn (P<0.001).
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4.3.2 Transcript profiles of HvZIP7 transgene and eight Zn deficiency-inducible native

HVZIP genes in both roots and shoots

The expression of the HvZIP7 transgene (TxZIP7) was not detected in either roots or
shoots of null and wildtype plants (Figure 4.3a). TxZIP7 transcripts were detected in both
roots and shoots of transgenic plants grown in +Zn and —Zn (Figure 4.3a). Regardless of the
Zn status of the plants, the transcript level of TxZIP7 was either similar to or higher than that
of the native HvZIP7 gene (Figure 4.3a, b). Interestingly, TxZIP7 expression in the roots of
plants grown in —Zn was significantly higher (P<0.05) than that in roots of plants grown in

+Zn (Figure 4.3a).

In the roots of Zn-deficient plants, transcript levels of the native HvZIP7 gene and six
other HvZIP genes (HvZIP1, HvZIP3, HvZIP5, HvZIP8, HvZIP10 and HvZIP13) were
increased by two-fold or more relative to Zn-sufficient plants (Figure 4.3b, c, e, f, g, h, ).
HvZIP2 transcripts in the roots of Zn-deficient plants were also marginally increased (1.4-
fold) relative to Zn-sufficient plants (Figure 4.3d). The expression levels of these eight Zn-
deficiency inducible HVZIP genes in the roots of transgenic plants were not significantly

different to those of the null or wildtype when grown either in +Zn or —Zn.

In the shoots of Zn-deficient plants, transcript levels of the native HvZIP7 gene and
seven other HvZIP genes (HvZIP1, HvZIP2, HvZIP3, HvZIP5, HvZIP8, HvZIP10 and
HvZIP13) were increased by two-fold or more relative to Zn-sufficient plants (Figure 4.3b, c,
d, e, f, g, h, i). The transcript levels of HvZIP7 and HvZIP10 in the shoots of transgenic plants
grown in +Zn were significantly lower by approximately 50% compared to the null or
wildtype (Figure 4.3b, h), indicating that the expression of the transgene had some effects on
the expression of the native HvZIP7 and HvZIP10 genes only in the shoots of Zn-sufficient

plants. In addition, the transcript levels of HvZIP2 in the shoots of both transgenic and null
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plants were not increased by Zn deficiency despite its two-fold increase in the shoots of Zn-
deficient wildtype plants (Figure 4.3d). This lower HvZIP2 expression in transgenic and null
plants could be due to effects from the HvZIP7 transgene-transformation event. Transcript
levels of other Zn-deficiency inducible HVZIP genes in the shoots of transgenic plants were
not significantly different from those of the null or wildtype when grown either in +Zn or -Zn

(Figure 4.3).
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Figure 4.3. Transcript levels of the HvZIP7 transgene (TxZIP7), endogenous HvZIP7 and
seven other Zn-deficiency inducible HvZIP genes in transgenic HvZIP7 (Tr), null and
wildtype plants grown in soil.

Transcript levels of TxZIP7 (a), HvZIP7 (b), HVZIP1 (c), HvZIP2 (d), HvZIP3 (e), HvZIP5 (f),
HvZIP8 (g), HvZIP10 (h) and HvZIP13 (i) in roots and shoots. Plants were grown either in 0.5
mg Zn kg’ soil (referred to as +Zn) or without additional Zn (referred to as —Zn), and
harvested 28 days after seed imbibition. Quantitative real-time RT-PCR was used to
determine transcript levels. Log-transformed data were used in the statistical analyses for
comparisons of means in (b), (c), (e), (f), (g), (h) and (i). The means and SE of four biological
replicates are presented as normalised copies pg™ RNA. The TxZIP7 expression level in roots
of plants grown in —Zn is significantly higher (P<0.05) than that of plants grown in +Zn
(Student’s t-test). There are also significant differences in shoot transcript levels of HvZIP7
and HvZIP10 for interactions of Zn supply rates x genotypes (P<0.04). Asterisks indicate the
least significant difference at P<0.05 (LSD 0.05).
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4.3.3 Transcript profiles of five Zn-deficiency non-inducible HvZIP genes and HYMTP1

Transcript levels of HvZIP6, HvZIP11l, HvZIP14 and HvVIRT1 in the roots of Zn-
deficient plants were not significantly different to those of Zn-sufficient plants (Figure 4.4a, b,
c, €). HvZIP16 and HYMTPL1 transcripts in the roots of Zn-deficient plants were marginally
increased (1.3- and 1.2-fold, respectively at P<0.01) relative to Zn-sufficient plants (Figure
4.4d, f). However, the transcript levels of these five HvZIP genes and HYMTP1 in the shoots
of Zn-deficient plants were not significantly different to those of Zn-sufficient plants (Figure
4.4). Transcript levels of these Zn-deficiency non-inducible HvZIP genes and HYMTPL1 in the
roots and shoots of transgenic plants were not significantly different to those of the null or

wildtype when grown either in +Zn or -Zn (Figure 4.4).
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Figure 4.4. Transcript levels of the five Zn-deficiency non-inducible HvZIP genes and
HVMTPL in transgenic HvZIP7 (Tr), null and wildtype plants grown in soil.

Transcript levels of HvZIP6 (a), HvZIP11 (b), HvZIP14 (c), HvZIP16 (d), HVIRT1 (e) and
HVMTP1 (f) in roots and shoots. Plants were grown either in 0.5 mg Zn kg™ soil (referred to
as +Zn) or without additional Zn (referred to as —Zn) and harvested 28 days after seed
imbibition. Quantitative real-time RT-PCR was used to determine transcript levels. The
means and SE of four biological replicates are presented as normalised copies pg™ RNA.
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4.4 Discussion

4.4.1 Lack of Zn translocation from roots to shoots in transgenic lines under low Zn is
neither due to low transgene expression levels nor the altered expression of native

HvZIP genes

The expression of the HvZIP7 transgene in both roots and shoots is comparable to the
induced level of native HvZIP7 by Zn deficiency, regardless of the Zn status of the plants.
Furthermore, the transcript levels of native HvZIP genes (except for HvZIP2, HvZIP7 and
HvZIP10 in the shoots) and also HYMTP1 in roots and shoots of Zn-deficient transgenic
plants were similar to those of the null or wildtype (Figures 4.3 and 4.4). These results
indicate that the transgene had only minimal effects on the expression profile of native HvZIP
genes and HYMTP1 under low Zn conditions. Therefore, the lack of Zn translocation from
roots to shoots in transgenic plants under low Zn conditions (Chapter 3) is not due to low
transgene expression levels or alterations in native HvZIP genes or HYMTP1 expression
profiles. This suggests that it is the low Zn concentration in the roots rather than native
transporter activities which caused the lack of increased Zn translocation from roots to shoots
in transgenic plants. The expression of the transgene did not affect the transcript levels of the
13 native HvZIP genes and HVMTPL1 in the roots of either Zn-deficient or -sufficient

transgenic plants (Figure 4.4).

4.4.2 HvZIP7 transgene expression can affect transcript levels of closely related native

HvZIP genes (HvZIP7 and HvZIP10)

The transcript levels of native HvZIP7 and HvZIP10 were significantly reduced only
in the shoots of Zn-sufficient transgenic plants (Figure 4.3b). This indicates that the effect of

the transgene on the expression profile of native genes is not only dependent on the plant Zn
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nutrition status but also on which tissues the genes are expressed in. It is interesting to note
that HvZIP10 is a close homolog of HvZIP7, as they are placed in the same phylogenetic
clade (Chapter 2). The transgene only reduces the expression of genes closely related in
sequence, but not of other genes in the HvZIP family. It is not clear what mechanisms are
responsible for the reduction in the transcript levels of native HvZIP7 and HvZIP10. However,
it is possible that RNA interference mechanisms induced by the HvZIP7 transgene may have
led to the degradation of RNA with sequences identical or with high similarity to the

transgene such as HvZIP7 and HvZIP10 (Fire et al., 1998; Plasterk, 2002).

Despite the small reduction in transcript levels of native HvZIP7 and HvZIP10 in the
shoots of Zn-sufficient transgenic plants, the levels of the native HvZIP7 and HvZIP10 may
still be sufficient for Zn homeostasis. Alternatively, the transcript level of the HvZIP7
transgene could compensate for the reduced expression levels of native HvZIP7 and HvZIP10.
As a result, no changes in Zn accumulation were observed in the transgenic plants (Figure

4.1c, d).

4.4.3 Plant Zn status could influence the expression of the HvZIP7 transgene

The higher transcript level of the HvZIP7 transgene in the roots of Zn-deficient plants
relative to Zn-sufficient plants indicates that the expression of a CaMV 35S-driven gene in the
roots could be regulated by plant Zn status. It is interesting to note that plant Zn status does
not affect the expression of the transgene in shoots, suggesting that root-specific mechanisms
could be involved in the regulation of the transgene. It is not known whether the difference in
the transgene expression resulted from transcriptional regulation, post-transcriptional
regulation, or both. Obviously, further work is needed to reveal the underlying mechanisms

causing the regulation of the transgene.
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In conclusion, the HVZIP7 transgene had minimal effects on native HvZIP genes and
HvVMTPL1 in both roots and shoots of Zn-sufficient and -deficient plants. Despite small
alterations in the transcript levels of native HvZIP7 and HvZIP10 genes, there were no
significant impacts on Zn accumulation in either shoots or roots of the transgenic plants. The
increased translocation from roots to shoots in Zn-abundant conditions (Chapter 3) is

therefore likely due to over-expression of HvZIP7 alone.
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Chapter 5: General discussion

5.1 Review of thesis aims

Zinc deficiency in soils is widespread, leading to a reduction in productivity and
nutrition value of cereal grains. Consumption of these cereal foods with low Zn can increase
the risk of Zn deficiency in humans. Improving dietary Zn intake by increasing Zn density in
grains (Zn biofortification) is potentially an effective way to alleviate Zn deficiency in
humans. However, increasing grain Zn content is restricted by limitations in Zn translocation
from roots to shoots and Zn loading into grains. Little is known about the Zn transporters
involved in these processes, thus identifying and understanding these Zn transporters is
pivotal for Zn biofortification. This thesis is focused on i) the identification of HvZIP family
transporters as they are the primary group of transporters controlling plant Zn uptake and
translocation within the plant, and ii) the characterisation of HvZIP7 for its role in plant Zn

homeostasis.

5.2 ldentification and characterisation of new HvZIP genes responsive to Zn

deficiency

Most efforts towards identifying and characterising plant ZIP transporters have so far
been made in Arabidopsis, Medicago truncatula and rice. There is very little information
available on the functions of ZIP transporters in temperate cereals. So far, only four ZIP genes
from barley (Pedas et al., 2009; Pedas et al., 2008) and one from the wild tetraploid emmer
wheat (Durmaz et al., 2010) have been described. The responses of these five ZIP genes to
Zn, Fe, Mn and Cu deficiencies were investigated, but none have been functionally

characterised in planta. In this project, barley was used as a model plant to identify ZIP
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transporters for wheat and other temperate cereals because barley is a close relative of wheat,

without the complications of multiple genomes.

Nine HVZIP genes, in addition to the four HvZIP genes described in the literature,
were identified by sequence similarity searches (Chapter 2). The transcript profile analysis of
all 13 HvZIP genes showed that the expression of at least eight of them was highly induced by
Zn deficiency in either roots, shoots or both (Chapter 2). The results suggest that multiple
HVZIP genes are involved in plant responses to low Zn conditions. Therefore, a coordinated
expression of these Zn deficiency-inducible genes is required for the observable changes in
Zn uptake, translocation and/or retranslocation in Zn deficient plants (Suzuki et al., 2006).
The rice orthologs of some of these Zn deficiency inducible HvZIP genes are also responsive
to Zn deficiency, and were shown to be involved in Zn transport when functionally
characterised in planta (Ishimaru et al., 2007; Lee et al., 2010a; Lee et al., 2010b). These
observations suggest that some of these Zn deficiency-inducible HvZIP members could have

direct roles in transporting Zn and could contribute to the Zn status of Zn-deficient plants.

These results not only serve as a basis for further functional characterisation of ZIP
genes in barley, but also for the identification and characterisation of ZIP genes in other
economically and nutritionally important cereals such as wheat for Zn biofortification and
enhancing plant Zn nutrition. HvZIP7 was selected for further functional characterisation as
its phylogenetic position is different from other functionally characterised ZIP members of
rice and Arabidopsis (Chapter 2). Furthermore, HvVZIP7 is expressed in both roots and shoots
(Chapter 2), implying that HvZIP7 is likely involved in Zn uptake, translocation and/or

retranslocation.

The identification of 13 ZIP genes in barley and 16 ZIP genes in Brachypodium

(Chapter 2) can help identify additional ZIP genes in wheat. Wheat is the second most
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consumed cereal grain (behind rice), and due to low availability of Zn in most of the world’s
major cropping soils, most wheat grains do not have adequate Zn levels for human

consumption. The knowledge of ZIP genes in wheat could help improve grain Zn content.

5.3 HVZIP7 regulates Zn translocation from roots to shoots

To further characterise the function of HvZIP7, plants over-expressing HvZIP7 were
generated. The over-expression of HvVZIP7 in barley resulted in increased Zn content in shoots
but lowered Zn content in roots when Zn in plants is above the adequate level (Chapter 3). In
addition, HvZIP7 was found to be localised in the plasma membrane, and, in wildtype plants,
is expressed mainly in vascular bundles of roots and leaves. These results suggest that
HvZIP7 mediates Zn translocation from roots to shoots. Analyses of xylem exudates of
transgenic plants can provide further evidence on whether the over-expression of HvZIP7
increases Zn translocation from roots to shoots. The higher Zn accumulation in shoots of
transgenic plants shows that the over-expression of HvZIP7 can overcome the bottleneck
restricting Zn movement through the root-to-shoot barrier. As more Zn accumulates in the

shoots, more Zn is then available for transport to grains.

The higher Zn accumulation in shoots was observed only in Zn-abundant conditions,
indicating that Zn translocation mediated by HvZIP7 from roots to shoots is Zn concentration-
dependent. This Zn concentration-dependent characteristic of HvZIP7 suggests that this
transporter possesses two important physiological functions in wildtype barley. Firstly, when
external Zn supply is low, the transcript level of HvZIP7 is enhanced, but due to the low Zn
concentration in the roots, Zn translocation from roots to shoots is limited. Consequently, the
plant is able to retain Zn in roots for root functions. Secondly, when external Zn supply is

above adequacy, the expression of HvZIP7 is repressed, leading to a restriction in Zn
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translocation from roots to shoots. This would prevent Zn toxicity in the shoots if elevated Zn

is present in the plant growth media.

Our results indicate that HvZIP7 plays an important role in regulating plant Zn
homeostasis. It would be interesting to investigate the effects of knocking out or knocking
down the expression of HVZIP7 on Zn homeostasis of the plant via methods such as T-DNA
insertional mutagenesis and RNA interference (Ayliffe & Pryor, 2011). Loss of function or
reduced expression of HvZIP7 could provide further insights into the functions of HVZIP7 in
the plant. For example, Henriques et al. (2002) showed that by knocking out the IRT1
transporter gene in Arabidopsis, irtl mutants displayed reduced overall Fe and Zn
accumulation, indicating that IRT1 is an important Fe and Zn uptake transporter in
Arabidopsis. From our results, it is possible that hvzip7 mutants could translocate less Zn
from roots to shoots, provided that there are no functionally redundant genes of the HvZIP

family or other gene families involved in Zn translocation from roots to shoots.

In situ RT-PCR analysis showed that HvZIP7 expression is localised in the vascular
bundle of roots and leaves (Chapter 3). However, a relatively low resolution was obtained for
the difference in the HvZIP7 transcript levels among different cell types using this technique.
Better results in cell-specific expression may be obtainable using native HvZIP7
promoter::reporter constructs (Johansen, 1997). The isolation of the HvZIP7 promoter
sequence from a Morex BAC library was attempted. Unfortunately, the isolation of BAC
clones containing HvZIP7 genomic sequences was not successful. Recently, the International
Barley Genome Sequencing Consortium (IBSC) has made some barley genomic sequences
available for the barley research community. The promoter sequence of HvZIP7 has been
identified from the released sequences and thus can be used for future studies to determine the

tissue- and cell type-specificity of HVZIP7 expression.
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5.4 Over-expression of HvZIP7 has minimal effects on plant growth and the

expression of native HvZIP genes

Pleiotropic side effects from the over-expression of ZIP genes in planta, including
reductions in grain size and plant growth have been previously described (Ishimaru et al.,
2007; Lee et al., 2010a; Lee et al., 2010b; Ramesh et al., 2004). The utilisation of the CaMV
35S promoter to drive the constitutive expression of a gene of interest could interfere with
normal functions of the plant and therefore produce side effects such as reduced growth of
transformed plants (Rees et al., 2009). In this study, we have shown that the over-expression
of HvZIP7 specifically increases Zn translocation from roots to shoots without affecting
growth (Chapter 3). Furthermore, the increase in Zn accumulation in shoots occurred only
when abundant Zn was available. The phenotype of the HvVZIP7 transgene is therefore being
regulated by the Zn status of the plant. These are novel findings, as no work has so far
reported such substantial and specific increase in shoot Zn content by over-expressing a single
ZIP gene. The lack of any growth penalty with the over-expression of HvZIP7 also makes a
transgenic approach suitable for applications such as the production of cereal-based foods
with high Zn content. In addition, the Zn concentration-dependent increase in Zn translocation
suggests that the over-expression of HvZIP7 can be applied to improve Zn fertiliser use

efficiency to increase Zn accumulation in shoots and grains (see Section 5.5).

The HvZIP7 transgene could potentially influence the expression profile of native
HvZIP genes, which in themselves could contribute to the phenotype observed in transgenic
plants. Therefore, the expression of all native HvZIP genes in transgenic plants was examined
(Chapter 4). We found that the transcript levels of HvZIP2, HvZIP7 and HvZIP10 were
slightly reduced in the shoots of Zn-adequate transgenic plants. However, these changes did

not alter the Zn, Fe, Mn and Cu concentrations in the shoots (Chapter 4). These results
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indicate that small changes in the expression profile of native HvZIP genes do not constitute
part of the mechanism contributing to the phenotype of the transgenic plants. The increased
translocation from roots to shoots in Zn-abundant plants is therefore likely due to over-
expression of HvZIP7 alone. However, we cannot discount that other components of Zn
homeostasis may be affected by the transgene and play a role in increasing the shoot Zn
accumulation of transgenic plants. Therefore, interactions between the HvZIP7 transgene and

native Zn transporters of other family genes such as HMAs should be examined in the future.

5.5 Over-expression of HvVZIP7 contributes to Zn loading into grains

The over-expression of HVZIP7 promotes an increase of Zn concentration in grains
when Zn in roots is above adequacy (Chapter 3). As more Zn is accumulated in the shoots,
more Zn could be available as phloem-mobile Zn (Herren & Feller, 1994), contributing to the
higher grain Zn content by overcoming the bottleneck of Zn loading into grains. Similar to
shoot growth, the over-expression of HvZIP7 had minimal effect on total grain yield (Chapter
3). Consequently, transgenic plants have higher total grain Zn content due to the higher Zn

concentration in grains.

Transgenic HvZIP7 plants had 30% higher grain Zn concentration compared to
controls when grown in a low Zn potting mix with a low dose of Zn applied during anthesis.
This indicates that the transgenic plants have the potential for a 30% increase in grain Zn
content if grown in field conditions with standard Zn fertiliser applications, similar to those
described by Graham et al. (1992). This also demonstrates that genetic engineering in
combination with agronomic Zn fortification could further increase grain Zn content for Zn
biofortification in cereals. In addition, higher Zn content in seeds could improve the
establishment of seedlings in soils with low available Zn (Genc et al., 2000) and therefore

could lead to higher plant production and yield.
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The mechanisms underlying high grain Zn content due to the over-expression of
HvZIP7 is not known at this stage. It is possible that HvZIP7 could mediate Zn retranslocation
from maternal tissues into the phloem (as it expresses in the vascular tissues of shoots,
Chapter 3) and Zn unloading from the phloem stream into grain transfer cells (Figure 5.1). In
a microarray analysis of Zn loading in the developing barley grain, Tauris et al. (2009)
showed that HvZIP7 is expressed specifically in transfer cells of the grain, which suggests that
HvZIP7 could be involved in grain Zn loading. It is also possible that HvZIP7 could be
involved in loading more Zn into the grain apopolastic space (Figure 5.1). In the HvZIP7
over-expressing plants, due to the constitutive nature of HvZIP7 driven by the CaMV 35S
promoter, we were unable to separate the effect of higher shoot Zn accumulation from the
potential involvement of HVZIP7 in the retranslocation of Zn into grains. Future experiments
with tissue- or cell type-specific promoters to drive shoot-specific expression and transfer
cell-specific expression of HVZIP7 in combination with the root-specific expression could

shed more light on the specific involvement of HVZIP7 in grain Zn loading.
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Figure 5.1. The potential localisation of HvZIP7 in plant tissues and its role in Zn

trafficking in the plant.
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An alternative approach to investigate Zn movement in planta is the use of Zn
isotopes as a tracer. Zn remobilisation experiments using either radioactive (**Zn) or stable
(°®Zn) Zn isotopes could provide evidence of increased Zn translocation, retranslocation
and/or grain loading (if present) in HvZIP7 transgenic plants under Zn-abundant conditions. If
HvZIP7 is indeed involved in retranslocation within shoots, we would expect to see a larger
proportion of Zn in younger tissues than older tissues (relative to control plants), which
indicates that more Zn might also get retranslocated from older tissues into grains.
Alternatively, applying foliar Zn to the plants during anthesis could also help determine
whether transgenic lines have increased Zn retranslocation and loading into grains as this

method bypasses the process of Zn translocation from roots to shoots.

5.6 Zinc distribution in transgenic grains with high Zn

Preparation of cereal-based foods requires the removal of the husk and external part of
seeds via polishing or milling. In wheat and barley, the majority of Zn in grains is localised in
the aleurone layer and embryo. Polishing removes a large proportion (70%) of barley grain Zn
from both transgenic plants and controls, but a similar percentage of Zn was retained in the
polished grains of both transgenic plants and controls (Chapter 3). These results indicate that
the distribution of Zn in the grains of the transgenic plants is similar to that of the wildtype
despite being higher in total Zn content. These results provide an estimation of the Zn
distribution pattern in the transgenic grains with high Zn content. The high grain Zn content
retained in the polished transgenic grains would make more Zn available for human

consumption (see Section 5.9).
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5.7 HvZIPT7 is specific for Zn transport

In addition to transporting Zn, ZIP transporters have also been shown to transport
other metal ions such as Fe and Cd (Connolly et al., 2002; Lin et al., 2009). The over-
expression of HvZIP7 did not increase the accumulation of Fe, Mn, Cu or Cd in shoots nor the
accumulation of Fe, Mn or Cu in the grain, indicating that HvZIP7 is a transporter that
specifically translocates Zn from roots to shoots and into grains (Chapter 3). P-type ATPases
such as AtHMA2, AtHMA4 and OsHMA2 are also involved in Zn translocation from roots to
shoots (Hanikenne et al., 2008; Hussain et al., 2004; Satoh-Nagasawa et al., 2011). Unlike
HvZIP7 however, these HMA proteins can transport Cd in planta in addition to Zn
(Hanikenne et al., 2008; Hussain et al., 2004; Satoh-Nagasawa et al., 2011). Furthermore, the
over-expression of AtHMA4 increases the accumulation of both Zn and Cd in shoots (Verret
et al., 2004). Therefore, for biofortification, HvZIP7 is a suitable candidate transporter for

genetic engineering of cereal crops.

It would be beneficial to investigate the structural properties of the HvVZIP7 protein.
This information could potentially be used to alter the physical properties of other metal
transporters to either increase the uptake of a metal of interest, or to eliminate the ability to
take up undesired heavy metals. The ZIP transporter consists of eight trans-membrane
anchoring domains (TM) and a large cytoplasmic loop between the third and fourth TM
(Guerinot, 2000). This large cytoplasmic loop present in most ZIP proteins is rich in histidine
residues and is thought to be responsible for metal binding and transport (Guerinot, 2000).
Site directed mutagenesis of this histidine-rich loop of the human hZIP1 protein resulted in
the reduction of Zn transport activity (Milon et al., 2006). It is therefore possible that the
histidine-rich region in the large cytoplasmic loop determines the Zn ion selectivity of
HvZIP7. Metal ligands present within this cytoplasmic loop have also been suggested to

confer metal selectivity. Site directed mutagenesis of protein residues which act as potential
105



metal ligands in AtZIP1 resulted in the abolishment of Zn, Fe or Mn transport (Rogers et al.,
2000). Therefore, site directed mutagenesis can be used to investigate and identify the protein

residues conferring the Zn selectivity of HvZIP7.

5.8 Field testing of transgenic HvZIP7 lines

Transgenic barley lines can increase Zn accumulation in shoots and grains relative to
control lines when grown in a low Zn controlled environment with Zn fertilisers (Chapter 3).
This shows the potential of transgenic plants for improving plant Zn nutrition and grain Zn
content when grown in the field. However, growth conditions in the field such as Zn
availability, water availability, temperature and radiation are very different from those in the
controlled environments. Therefore, it will be essential to test the performance of the

transgenic plants in the field.

To test this, the HvZIP7 transgene needs to be transferred into elite barley cultivars.
The transgene is currently in Golden Promise, a standard cultivar that is highly amenable to
transformation but grows poorly in South Australian field conditions. Elite barley cultivars
are usually not chosen for transformation due to their low transformation rates (Han et al.,
2011). Crossing may therefore be a more suitable method to transfer the transgene from
Golden Promise into an elite line. Another benefit of backcrossing the transgenic line with
elite lines is that genetic alterations which can result from the transformation event could be
‘cleaned up’ (David, 2007). Multiple backcrossing will produce near-isogenic elite lines
suitable for field trials to assess the performance of the HvZIP7 transgene in terms of plant Zn
nutrition, grain yield and grain Zn content. The outcome of the field trials will determine
whether the transgenic lines are suitable for release or whether further optimisation of HvZIP7

expression is required.
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5.9 Bioavailability of higher grain Zn content from transgenic plants in

humans

The higher Zn content in the polished grains of transgenic plants needs to be tested for
bioavailability in humans. This is because bioavailability of Zn in humans is affected by a
number of factors including phytate content, which reduces Zn bioavailability (Hotz et al.,
2004), and the forms of Zn present in the grain. Some forms of Zn, such as Zn glycinate
(Schlegel & Windisch, 2006), are more easily absorbed than others such as Zn oxide (Allen,
1998). The most common method to test the bioavailability of nutrients from plant materials
is via mice feeding trials (Jeong & Guerinot, 2008). Alternatively, the Caco-2 cell line derived
from the human gut could be used to test the bioavailability of Zn in the grains. The Caco-2
cell line is widely used in the pharmaceutical industry as an in vitro model to test for the
absorption of orally administered drugs (Artursson & Karlsson, 1991). By milling the grains
to flour and adding digestive enzymes to break down proteins and carbohydrates, the human
gut cell line can be used to determine if the consumption of transgenic grains could increase
Zn absorption. The outcome from the Caco-2 model could lead to the consideration of human
clinical trials for high dietary intake of Zn derived from the transgenic grains. Obviously,
bioavailability tests of transgenic grains with high Zn content is beyond the scope of this PhD

project.

5.10 Summary

Eight members of the HvZIP gene family are up-regulated under Zn deficiency, and
the coordinated expression of these Zn-deficiency inducible HVZIP genes is expected to play
an important role for plant adaption to low Zn environments. One of these Zn-inducible

HvZIP genes, HVZIP7, plays a role in mediating specific Zn translocation from roots to
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shoots. The over-expression of HvZIP7 could overcome the bottleneck restricting Zn
translocation from roots to shoots when Zn is abundant in roots, and consequently increases
Zn accumulation in the shoots and Zn loading into grains. Importantly, the increase in Zn
accumulation in both shoots and grains did not have negative effects on the growth or yield of
the plants. These results demonstrate the potential of HvZIP7 in Zn biofortification and

improvement of Zn fertiliser usage.

The world population is increasing at an alarming rate, and superior cereal lines will
need to be generated not only to meet increasing food demands, but also to possess high
nutritional quality for the well-being of human health. The latter is easily overlooked as low
nutritional values of staple foods are usually compensated by the consumption of fortified
foods and supplements. However, more than half of the world’s population resides in
developing countries where artificial supplementation of foods is difficult to achieve. Their
heavy reliance on cereal-based staple foods for dietary needs causes health problems
associated with micronutrient malnutrition. Further increasing Zn in staple foods using
transgenic lines in combination with fertiliser application could help those at risk of Zn

deficiency.
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