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ABSTRACT

ANALYSES OF ARABIDOPSIS YELLOW STRIPE-LIKE

(YSL) FAMILY OF METAL TRANSPORTERS

FEBRUARY, 2010

HENG-HSUAN CHU, B.A., CHUNGSHING UNIVERSITY

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor (Elsbeth L. Walker)

Iron is one of the most important micronutrients used by living organisms.

Iron is frequently a limiting nutrient for plant growth, and plants are a major

source of iron for human nutrition. The most prominent symptom of iron

deficiency in plants is interveinal chlorosis, or yellowing between the veins,

which appears first in the youngest leaves. Iron deficiency anemia (IDA) is

the number one human nutritional deficiency worldwide. In order to solve the

problem of iron deficiency, it is desirable to breed plants that have increased

iron in those parts that are consumed by humans. To do this, we must first

understand the molecular basis of Fe uptake, transport, and storage in plants.

In soil, iron is quickly oxidized to Fe(lll), and Fe(lll) is relatively insoluble, thus

difficult for plants to obtain. Our lab has been working on metal ion

homeostasis mechanisms in plants and the ultimate goal of our research is to

understand the mechanisms by which plants maintain the correct levels of iron,
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zinc and copper in each cell and tissue.

The Yellow Stripe-like (YSL) family of proteins has been identified based

on sequence similarity to maize Yellow stripe 1 (YS1). YS1 transports Fe(lll)

that is complexed by phytosiderophores (PS), strong Fe(lll) chelators of the

mugineic acid family of compounds. Non-grass species of plants neither make

nor use PS, yet YSL family members are found in non-grass species including

Arabidopsis thaliana. YSLs in non-grasses have been hypothesized to

transport metals that are complexed by nicotianamine (NA), an iron chelator

that is structurally similar to PS and which is found in all higher plants.

In this dissertation, Arabidopsis YSL1 and YSL3 are demonstrated to be

important in iron transport and also responsible for loading Fe, Cu, and Zn

from leaves into seeds. Arabidopsis YSL4 and YSL6 are demonstrated to be

involved in iron transport and metal mobilization into seeds. The transport

function of Arabidopsis YSL1 and YSL2 are shown be partially overlapping to

the function of Arabidopsis YSL3 in vegetative structures, but distinct in

reproductive organs. Arabidopsis YSL3 and YSL6 are shown to have distinct

functions in planta.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Significance of iron:

Iron (Fe) is an essential micronutrient used by living organisms.
Because of iron’s ability to accept and donate electrons, it is essential for many
cellular functions in plants, including chlorophyll biosynthesis, photosynthesis,
and respiration. The most widespread human nutritional problem in the world
is iron deficiency anemia (World Health Organization), and plants are a major
source of iron for human nutrition. Thus, increasing the ability of plants to
take up iron could have a dramatic impact on human health (Clemens et al.,
2002; Guerinot, 2001). However, iron is frequently a limiting nutrient for plant
growth. Although iron is abundant in soils, it is often present in insoluble
complexes, particularly in aerobic conditions and at neutral or alkaline pH
(Guerinot, 1994). Plants need Fe in the concentration range of 10™“M -10°M
for optimal growth (Guerinot et al, 1994), but the concentration range of free
Fe(ll) and Fe(lll) in well-aerated soil is less than 10"°M (Marschner, 1995).
Biofortification, a method of developing crops to increase their nutritional value

through conventional selective breeding or genetic engineering, is considered



as a sustainable way to improve the iron deficiency anemia problem.

In addition to problems caused by iron deficiency, excess iron can cause

damage to cells. During the reduction of molecular oxygen, superoxide and

hydrogen peroxide can be generated in cells, and can react with Fe(ll) and

Fe(lll) to form highly reactive hydroxyl radicals. The hydroxyl radicals can

cause damage to cellular compartments such as lipids, DNA, and protein. In

conclusion, too little iron affects plants’ growth and too much iron causes

damage to plant cells. Therefore, maintaining iron homeostasis is critical for

plants and hence iron homeostasis is highly regulated in plants. In order to

achieve the goal of biofortification, improving our understanding of iron

homeostatic mechanisms is critical.

1.2 Iron acquisition:

To overcome the generally low supply of Fe in soil, higher plants have

evolved two distinct strategies, Strategy | and Strategy Il (Figure 1.1), to take

up Fe from the rhizosphere, the zone that surrounds the roots (Marschner et

al., 1986).

1.2.1 Reduction-based Strateqy I:

All dicots, as well as the non-grass monocots, use Strategy I, which is

composed of three steps: proton release, Fe(lll) chelate reduction, and Fe(ll)



Figure 1.1: A comparison of Strategy | and Strategy Il iron uptake.

(A) Strategy | plants extrude protons into the rhizosphere to lower the soil pH

and increase Fe(lll) solubility. The solubilized Fe(lll) is then reduced by FRO2

into Fe(ll) and taken up by IRT1.

(B) Strategy Il plants secrete PS into the soil to chelate Fe(lll), and then the

Fe(ll)-PS chelates are taken up by YS1 into the roots.



A Strategy |

H+  H+ Insoluble Fe(lll) .
rhizosphere

B Strategy |l

root cell

rhizosphere



transport (Eide et al., 1996; Robinson et al., 1999). At the proton release step,

Strategy | plants use a proton ATPase to pump protons into the rhizosphere to

lower the soil pH and increase the solubility of Fe(lll). For every one unit drop

in pH, Fe(lll) becomes 1000 fold more soluble (Olsen et al., 1981). The

recently identified cucumber CsHA1 proton ATPase was shown to contribute to

the proton-pumping response of Strategy | plants (Santi et al., 2005; Santi et

al., 2008). The AHAY (Arabidopsis H+ ATPase) gene was shown to be

up-regulated during iron deficiency and its expression depends on FIT1

transcription factor 1 which has been reported to be involved in iron deficiency

response (Colangelo and Guerinot, 2004). This result implies that AHA7 may

be involved in iron deficiency induced proton release.

At the Fe(lll) chelate reduction step, the solubilized Fe(lll) is reduced at

the cell surface by a plasma membrane-bound ferric reductase. The resulting

ferrous iron, Fe (II), is more soluble than Fe(lll), making it more bioavailable.

In Arabidopsis, the gene for Fe(lll)—chelate reduction, FRO2, has been cloned

and characterized (Robinson et al., 1997, 1999; Connolly et al., 2003). The

Arabidopsis mutant, frd1 (ferric reductase defective 1), lacks iron-deficiency

inducible Fe(lll) chelate reductase activity and exhibits a severe chlorosis

phenotype with iron limitation (Yi and Guerinot, 1996). The corresponding

5



gene, FRO2, was identified based on sequence similarity to the yeast ferric

reductase, FRE1, and the human respiratory burst NADPH oxidase, gp91

phox. FRO2 was shown to be able to complement the frd1 phenotype and is

considered as the main Fe(lll) chelate reductase in roots (Robinson et al.,

1997). Plants overexpressing FRO2 are tolerant to growth on low iron media

(Connolly et al., 2003). Moreover, overexpression of Arabidopsis FRO2 in

soybean confers resistance to low iron growth condition and enhanced ferric

reductase activity. Fe(lll) chelate reductases have also been identified in pea

(PsFRO1) (Waters et al., 2002) and tomato (LeFRO1) (Li et al., 2004). Just

like Arabidopsis FRO2, expression of PSFROL1 is induced by iron limitation

whereas PsFROL1 is expressed throughout the whole roots but not restricted to

outer layer of roots, suggesting an additional role in iron mobilization within

plants (Waters et al., 2002). LeFROL1, localized to the plasma membrane

using transient transformation of onion epidermal cells, confers Fe(lll) chelate

reducatase activity when expressed in yeast and is expressed in both shoots

and roots (Li et al., 2004).

At the Fe(ll) transport step, the Fe(ll) produced by ferric chelate reductase

is transported from rhizosphere into the roots by the ferrous transporter, IRT1

and its orthologs, many of which have been cloned and characterized (Eide et



al., 1996; Connolly et al., 2002; Henriques et al., 2002; Varotto et al., 2002;

Vert et al., 2002). IRT1 (iron-regulated transporter 1), a member of ZIP (ZRT,

IRT—like proteins) family of metal transporters, is responsible for transport Fe(ll)

across the plasma membrane into the root cells. The Arabidopsis IRT1 gene,

identified by functional complementation of an iron uptake defective yeast

(Eide et al., 1996), is localized to the plasma membrane and is highly

expressed in the root’s epidermal cells during iron deficiency. Yeast

functional complementation assays showed that IRT1 is able to transport Fe,

Mn, Zn, Cd, and probably Co (Eide et al., 1996; Korshunova et al., 1999;

Rogers et al., 2000). Arabidopsis irtl mutant plants exhibit chlorosis and

display seedling lethality unless supplied with high levels of soluble iron (Vert

et al., 2002), again suggesting that IRT1 is involved in Fe transport.

Furthermore, although iron supplementation alone can rescue irtl mutants, irtl

plants have reduced levels of Fe, Mn, Zn, and Co. Plants are known to

accumulate zinc, manganese, cobalt, and cadmium in response to iron

starvation (Welch et al., 1993; Cohen et al., 1998). However, the

accumulation of these heavy metals under iron starvation was lost or greatly

reduced in irtl-1 plants, suggesting that the accumulation is mediated primarily

by IRT1. Thus, IRT1 transports Fe, Zn, Mn, Cd, and Co in Arabidopsis roots.



In Arabidopsis, there are 16 members in the ZIP transporter family

(Lasswell et al., 2000; Maser et al., 2001). Arabidopsis IRT2, which is

expressed in the outer layers of roots during iron deficiency, has the highest

sequence similarity to IRT1 among all these members. Although IRT2 is able

to rescue iron uptake defective yeast, irt2 mutant plants exhibit no phenotype

and overexpression of IRT2 cannot rescue irtl mutant plants, suggesting that

IRT2 plays a different role than IRT1 (Vert et al., 2001). IRT1 orthologs have

been identified in tomato and pea. In tomato, just like AtIRT1, expression of

LelRT1 and LeIRT2 are specific to roots and are induced by iron limitation

(Eckhardt et al., 2001). In pea, the related transporter RIT1 (Root Iron

Transporter 1) is expressed in iron deficient roots and showed Fe, Zn, and Cd

transport when expressed in yeast (Cohen et al., 2004).

1.2.2 Chelation-based strateqgy |I:

Graminaceous plants like rice, wheat and maize, which are the

predominant agricultural crops, use Strategy Il for primary iron uptake. The

roots of strategy Il plants do not acidify the rhizosphere, and they do not

display increased root ferric reductase activity in response to iron starvation.

Strategy Il plants release phytosiderophores (PS): non-proteinogenic amino

acid derivatives of the mugineic acid (MA) family that form stable Fe(lll)



chelates (Takagi, 1976; Takagi et al., 1984). In the rhizosphere, PS solubilizes

the Fe(lll) in the soil. Specific uptake systems located at the root surface then

take up the Fe(lll)-PS chelates (Takagi et al., 1984). It is important to mention

that non-graminaceous plants neither synthesize nor use PS (Romheld et al.,

1986). Rice is a special case in graminaceous plants. In addition to

Fe(ll1)-PS, rice plants can also take up Fe(ll) via IRT-like transporters (Cheng

et al., 2007; Ishimaru et al., 2006). Rice plants that are defective in

synthesizing PS do not show an iron deficiency phenotype if Fe(ll) is supplied.

However, unlike Strategy | plants, both H-ATPase and Fe(lll) chelate reductase

activity are not induced by iron limitation, possibly because rice can

compensate for the lack of effective Fe(lll) chelate reductases due to its

wetland culture. It is likely that the ability to take up Fe(ll) may reflect an

adaptation to growth in paddy soil, where Fe(ll) is more available due to low

oxygen.

1.3 Iron homeostasis in plants:

Iron homeostasis in plants requires regulation of many components. As

described previously, the key components involved in iron uptake from soil into

roots have already been characterized, but little is known about the

mechanisms involved in moving iron from root epidermis into xylem, moving



iron from xylem into cells or subcellular compartments in leaves, or iron

re-distribution from mature leaves into seeds. Several genes have been

demonstrated to be significant for iron translocation in Arabidopsis. FRD3, a

multidrug and toxin efflux (MATE) family member, is required for citrate efflux

into the root vasculature (Durrett et al, 2007). Citrate is thought to be involved

in long-distance iron transport from roots to shoots, and Fe was found to exist

as Fe(lll)-citrate chelates in xylem exudates (Tiffin, 1966, 1970). FRD3 was

shown to be able to transport citrate by heterologous studies in Xenopus

oocytes. Consistent with the role of FRD3 as a citrate transporter, the xylem

exudates of frd3 mutants contained less citrate and iron, and this phenotype

can rescued by citrate supplementation. Recently, rice FRDL1 has also

shown to be a citrate transporter required for efficient translocation of iron in

rice (Yokosho et al, 2009).

The Arabidopsis vacuole membrane transporter, VIT1 (vacuole iron

transporter 1), is necessary for iron localization in Arabidopsis seeds (Kim et al,

2006). In yeast, vacuoles are the main intercellular storage compartment for

iron. The yeast CCCL1 is a vacuole membrane transporter responsible for

accumulation of Fe and Mn. Loss of function of CCC1 in yeast results in

sensitivity to high extracellular iron because of high iron toxicity from failure to

10



move cytosolic iron into vacuole. VIT1 is the Arabidopsis ortholog of yeast

CCC1, and has been shown to complement the high iron sensitivity of yeast

cccl mutants by increasing vacuolar iron content, implying that VIT1 is a

vacuole membrane iron transporter. Although retaining normal iron content,

seeds of vitl mutant plants exhibit abnormal iron distribution in developing

embryos. Normally, iron is distributed to provascular strands of the

hypocotyls, radicle, and cotyledons. However, in vitl-1 seeds, instead of

staying in the provasculature, Fe is diffusely localized throughout the hypocotyl

and radical, and in the epidermal cells of the cotyledons.

NRAMP3 and NRAMP4, two metal transporters of the natural

resistance-associated macrophage protein (NRAMP) family, are important for

seed germination on low iron (Lanquar et al, 2005). Iron in the vacuoles of

nramp3nramp4 double mutant seeds failed to be exported during germination,

causing germination to be arrested under iron-limiting conditions.

OPT3, a member of Arabidopsis oligopeptide transporter (OPT) family,

was shown to be involved in movement of iron into developing seeds (Stacey

et al, 2008). opt3-2 mutants, which have reduced levels of OPT3, exhibited

constitutive expression of iron deficiency responses in roots regardless of iron

supplementation, resulting in over-accumulation of iron in leaves, but
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decreased levels of iron in seeds.

In addition to FRO2 which is involved in primary iron uptake via strategy I,

the Arabidopsis FRO family contains seven other members and these

members are expressed in various locations. For example, FRO2 and FRO3

are specific to roots and their expression is induced by iron limitation.

However, FRO2 is expressed primarily in the outer layer of roots, whereas

FRO3 is primarily expressed in the vascular cylinder (Dinneny et al., 2008;

Mukherjee et al., 2006). FRO6, FRO7, and FROS8 are expressed

predominantly in green tissues (Mukherjee et al., 2006; Wu et al., 2005).

FROG6 expression has been shown to be induced by light. FRO6 and FRO7

are predicted to localize to the chloroplast, while FROS8 is predicted to localize

mitochondria. These results suggest either that these FRO proteins have

functions other than Fe(lll) reduction, or that reduction-based iron mobilization

is also required in many location throughout the plant. Consistent with the

latter view, Fe(lll) chelate reductase activity can be detected in leaves

sunflower (de la Guardia and Alcantara, 1996) and Vigna unguiculata

(Briggemann et al, 1993).

1.4 The role of nicotianamine (NA):

NA, a non-proteinogenic amino acid found in all plants, is the biochemical
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precursor of PS in grasses and is structurally similar to PS (Figure 1.2).

Nicotianamine is synthesized by a one-step condensation reaction of three

molecules of S-adenosyl-methionine by the enzyme nicotianamine synthase

(NAS; Shojima et al., 1989; Herbik et al., 1999; Higuchi et al., 1999). NA

chelates metal cations, including Fe(ll) and Fe(lll), as well as Zn(ll), Cu(ll),

Mn(ll), Co(ll), and Ni(ll). Unlike PS, NA is not secreted to the external

environment, and is thought to have a role in internal metal homeostasis in all

plants (Stephan et al., 1996). NA is present in shoots and roots at

concentrations from 20 to 500 nM/g fresh weight (Stephan et al, 1990). The

concentration of NA in xylem and phloem are about 20 uM (Pich et al, 1996)

and 130 uM (Schmidke et al, 1995) respectively, implying a role as a significant

metal chelator in plants.

The NA synthesis-defective tomato mutant chloronerva (Higuchi et al.,

1996; Rudolph et al., 1985) exhibits interveinal chlorosis and defects in metal

accumulation and translocation (Stephan and Scholz, 1993). Transgenic

tobacco plants constitutively expressing barley NAAT, an enzyme that

consumes endogenous NA, were shown to have chlorotic young leaves and

abnormally shaped flowers. These plants have abnormal Fe, Zn, and Mn

distribution (Takahashi et al., 2003), suggesting that NA plays a role in internal
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Figure 1.2: The structure and predicted complex conformation of NA and

deoxymugineic acid (DMA), the predominant phytosiderophore synthesized by

Zea mays.
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metal transport. Recently, two Arabidopsis quadruple nicotianamine

synthase mutants were generated, nas4x-1 and nas4x-2 (Klatte et al., 2009).

nas4x-2, which had full loss of NAS function, was sterile. nas4x-1, although

containing a T-TDNA insertion in the 5’ untranslated region of the NAS2,

showed partial NAS2 expression. NAS2 is normally expressed in roots,

whereas in nas4x-1, NAS2 expression was also observed in leaves. nas4x-1

exhibited chlorosis, which became severe under iron deficiency and during

flowering. Nicotianamine was not detectable in rosette leaves of reproductive

stage nas4x-1 plants but was detected in vegetative rosette leaves and seeds

at alow level. Fe deficiency symptoms were exhibited in leaves, roots, and

flowers. However, chlorotic leaves also showed signs of sufficient Fe supply,

since expression of two marker genes, FER1 and FRO3, which are induced by

iron deficiency, was not up-regulated. This suggests that the mutant cannot

sense iron deficiency signals normally. Fe accumulation was observed in

rosette leaves, whereas decreased Fe levels were detected in flowers and

seeds. The mutant was not able to normally mobilize Fe to flowers and seeds.

These data suggest that nicotianamine is required for seed iron loading and

iron deficiency responses.

1.5 Maize Yellow Stripe 1 (ZmYS1), the founder of the YSL family:
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Fe(lll)-phytosiderophore complexes are taken up by a specific transporter at
the root surface in graminaceous plants. The membrane bound Fe(lll)-PS
transporter of maize is called Yellow Stripe 1 (YS1) (Curie et al., 2001; Roberts
et al., 2004), a protein that is distantly related to the Oligopeptide Transporter
(OPT) family of proteins. Expression of ZmYS1 is induced by iron deficiency.
Mutant ys1 plants, which exhibit yellow stripes between the veins, make
normal amounts of PS (von Wiren et al., 1994), but lack the ability to efficiently
use Fe(lll)-PS as a source of iron (Jolley and Brown, 1991; Hopkins et al.,
1992; von Wiren et al., 1994; von Wiren et al., 1995). The maize Ysl gene
(ZmYS1) functionally complements a fet3fet4 iron uptake defective yeast strain
(Eide et al., 1996), but only on medium containing Fe(lll)-PS complex, not on
medium containing un-complexed sources of iron (Curie et al., 2001).
Moreover, ZmYS1 was reported to transport Fe(lll)—PS in experiments using
two-electrode voltage clamp analysis in Xenopus oocytes (Schaaf et al., 2004;
Murata et al, 2006). These results suggest that ZmYS1 is a
phytosiderophore-dependent iron transporter.

1.6 The Yellow Stripe-Like (YSL) family:

The YSL family was identified based sequence similarity to ZmYS1 and is

well conserved. Despite the fact that non-grasses do not synthesize or
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secrete PS, multiple YSL genes are found in many species including monocots,

dicots, gymnosperms, ferns, and mosses. The whole YSL family can be

divided into three distinct, well conserved groups based on their sequence

similarity (Figure 1.3). Itis becoming increasingly well established that YSL

proteins are Fe(ll)-NA transporters and /or Fe(lll)-PS transporters (specifically

in grasses) responsible for iron translocation throughout whole plants or iron

uptake from soil into roots (specifically in grasses).

1.6.1 The Fe(llD-PS transporters:

Barley YS1 (HvYS1) is able to functionally complement iron uptake

defective yeast grown on medium containing Fe(lll)-PS, but not medium

containing Fe(lll) only or Fe(ll)-NA complex (Murata et al., 2006), suggesting

its role as a Fe(lll)-PS transporter. Just like ZmYS1, HvYS1 is up-regulated in

iron deficient roots (Murata et al, 2006). The HvYSL1 transporter is located on

the plasma membrane of epidermal cells according to immuno-histological

staining with an anti-HvYS1 antibody and transient expression of HvYS1::GFP

fusion proteins (Murata et al, 2006). 18 members were identified in the rice

(Oryza sativa) YSL family (Koike et al, 2004). Recently, rice YSL18

(OsYSL18) was shown to be a Fe(lll)-PS transporter via two-electrode voltage

clamp analysis in Xenopus oocytes (Aoyama et al, 2009). OsYSL18 is
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Figure 1.3: Cladogram illustrating the relationships among YSL proteins.
Three distinct sub-groups of YSLs are represented in both the rice and
Arabidopsis, indicated in red, green, and blue. The more distinct related
AtOPT clade is indicated in violet. Several fungal OPT members (indicated

by their Genebank accession number) are also shown.
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reported to be localized to the plasma membrane when transiently expressed

in onion epidermal cells, and is expressed in reproductive organs and the

phloem of lamina joints.

1.6.2 The Fe(llD-PS/Fe(1)-NA transporters:

ZmYS1 is able to rescue iron uptake defective yeast on medium

containing Fe(ll)-NA and Fe(lll)-PS but not on medium containing an

un-chelated source of iron, suggesting its role as an Fe(lll)-PS and Fe(ll)-NA

transporter (Robert et al, 2004; Schaaf et al, 2004; Murata et al, 2006).

Expression of ZmYS1 in leaves also implies a role in iron translocation within

plants that is distinct from iron uptake from soil into roots. Among the 18

YSLs in rice, OsYSL15 has the highest similarity to ZmYSL1 and was thought

to be the best candidate for an ortholog of rice YS1. Similar to ZmYSL1,

OsYSL15 is up-regulated under iron deficiency, and was reported to transport

Fe(ll)-PS and Fe(Il)-NA complex according to the results of yeast functional

complementation assays (Lee et al, 2009). OsYSL15 was shown to be

localized to the plasma membrane by subcelluar localization of

OsYSL15::GFP in onion epidermal cells, and is expressed in shoots, roots and

seeds (Lee et al., 2009; Inoue et al., 2009). OsYSL15 knockout mutant plants

exhibit a chlorotic phenotype when grown in iron limited conditions and have
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reduced Fe in developing seeds. Furthermore, overexpression of OsYSL15

resulted in an elevated level of iron in shoots and roots. Taken together,

OsYSL15 is an iron transporter required for iron uptake from soil into roots and

iron distribution in the plants and to seeds, and thus is functionally equivalent

to ZmYS1 and HvYS1.

1.6.3 The Fe(I)-NA transporters:

Expression of rice YSL2 (OsYSL2) was observed in the vascular bundles

of leaves and flowers and in developing seeds during maturation, and this

gene is strongly induced by iron deficiency (Koike et al, 2004). OsYSL2 is

localized to the plasma membrane of vascular cells, and generates Fe(Il)-NA

dependent currents in Xenopus oocytes. The Thalaspi caerulescens YSL3

protein was demonstrated to transport both Fe(ll)-NA and Ni-NA using both

functional complementation and radioactive uptake assays, and is expressed

in both shoots and roots, again suggesting a role in metal transport in the

plants (Gendre et al, 2006).

There are eight members of the Arabidopsis YSL family (Figure 1.3).

The Arabidopsis YSL family members share high sequence similarity. In

yeast complementation assays conducted by Ray Didonato, all the AtYSLs

tested were able to functionally complement the iron-uptake-defective yeast
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strain, fet3fet4, in the presence of Fe(ll) with NA but not Fe(lll) only, Fe(ll) only,

or Fe(lll) with MA (Figure 1.4). This indicates that AtYSLs are transporters of

Fe(ll)-NA complexes. AtYSL3 was not included in the experiment because

we were not able to clone an AtYSL3 cDNA. AtYSL3 causes lethality in E.

coli. Our lab has demonstrated that AtYSL2 can transport not only Fe(ll)-NA

but also Cu-NA and the expression of AtYSL2 is regulated by the level of Fe or

Cu that is available to the plant (Didonato et al, 2004) . The AtYSL2 gene is

expressed in root endodermis and pericycle and in xylem-associated cells of

the leaf vasculature. AtYSL2 is localized to the plasma membrane, mostly in

the lateral zone of vascular parenchyma cells, implying a role in moving metals

laterally in the vascular tissue.

Single null mutations in the AtYSL1 and AtYSL3 genes, ysl1-2 and ysI3-1,

cause no morphological phenotype (Waters et al, 2006). Our group has

identified an ysllysI3 double mutant that exhibits interveinal chlorosis (Figure

1.5Ato E). The fact that this interveinal chlorosis phenotype can be rescued

by application of Fe-EDDHA (Figure 1.5 H; Waters et al, 2006) suggests that

YSL1 and YSL3 might be important for iron homeostasis in leaves. The

ysllysI3 double mutant also exhibits reproductive defects, such as stunting of

inflorescence, (Figure 1.5 F) low pollen viability (Figure G), and defective
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Figure 1.4: Yeast functional complementation assay (Conducted by Ray

Didonato).

Growth tests of DEY1453 (fet3fe4 double mutant) yeast transformed with

negative (vector pFL61) control, positive control IRT1 (a well characterized iron

transporter), ZmYS1, and Arabidopsis YSL cDNA. Strains were spotted at two

dilutions onto SD-URA (pH=5.5) containing 50 uM Fe-citrate growth

permissive), 10 uM FeCls, 10 uM FeCls supplemented with 10 uM mugineic

acid (MA, a phytosiderophore), 4 uM FeSOa4, 4 uM FeSOa4 supplemented with 5

uM NA, and 4 uM FeSOs4 supplemented with 5 uM MA. Ascorbate was present

in Fe(ll)-containing plates.

24



10 uM 10 uM Fe(lll) 4 uM Fe(ll) 4 uM Fe(ll)

Fe-citrate Fe(ll) +10uMMA 4 uMFe(ll) +5 uMNA + 5 uM MA

e oG Ol U< olls o6 »

280 O  j¢ -l J5 Ne
~vs O] [ O D
e of  § W B N
SEHO of J§ W jo N |
SC® O § W J° sHe o
s CHEE] I B C3E)

25



Figure 1.5: ysllysI3 double mutant phenotype (Waters et al, 2006).

(A) WT rosette. (B) ysllysl3 double mutant rosette. (C) WT leaf. (D) Leaf of WT
plant grown under iron deficiency conditions. (E) ysllysI3 double mutant leaf.
(F) Anther of a ysl1ysI3 double mutant stained for viable pollen. Viable pollen
stains purple, while inviable pollen is bluegreen. (G) Anther of a WT plant
shown at the same magnification as in F. (H) Left : WT. Middle : ysllysI3
double mutant exhibits chlorosis and stunted inflorescence. Right : ysl1ysI3

double mutant + Fe-EDDHA .
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seeds with arrested embryos, implying that YSL1 and YSL3 are necessary for

proper pollen and seed development.

Although the YSLs have been shown to play important roles in iron uptake

from soil, translocation throughout whole plants, and loading into seeds, only

very few of them have been well characterized. Using the model plant

Arabidopsis to study the roles of YSL family transporters is an ideal way of

understanding the functions of YSLs. We have hypothesize that YSL family

has role in lateral movement of metals out of vasculature during vegetative

growth and movement of metals towards phloem during senescence. | have

put my effort on characterizing four members in the Arabidopsis family, YSL1,

YSL3, YSL4, and YSL6 using reverse genetics, ICP-MS measurement of

metals, GUS histochemical analysis, GFP fusion localization, and etc.. Here,

| present results of experiments suggesting the roles of the AtYSLs as metal

transporters, and experiments that elucidate the physiological function of these

YSLs on the whole plant level. The information obtained during this project

could eventually be applied to crop improvement, either to allow better growth

on iron deficient soil, devise strategies for biofortification, or both.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Plant growth conditions:

2.1.1 Plate-grown plants:

Seeds were sterilized by being placed in an eppendorf tube (1.5mL) or a
15 mL falcon tube, depending on quantity, and suspected level of
contamination of seeds. For eppendorf tubes and up to 0.05g of seeds, 1
mL-1.2 mL were used for each step. For 15 mL tubes, 2-3mL volumes were
used for each step. Seeds were soaked in 70% ethanol, 0.05% Triton X-100
for 10 min with occasional vortexing. When seeds sank to the bottom of the
tubes, the supernatant was removed with a pipette. All the following wash
changes were performed in the sterile hood. The first wash was replaced
with the same volume of 100% ethanol and left to stand for 5 min with
occasional vortexing. The 100% ethanol wash was repeated once more and
the ethanol was left on the seeds while preparing Whatman filter papers (VWR,
West Chester, PA). Whatman filter papers were labeled with a marker pen,
soaked in 100% ethanol, and then allowed to dry in a sterile hood. Seeds

were drawn from the bottom using a 1 mL pipette, and then gently placed onto
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the Whatman paper. When the seeds dried, they were imbibed in sterile

distilled 0.1% agarose at 4C for 3-5 days. Plants were grown in sterile petri

plates containing 1X MS medium with or without antibiotics. Plates were

placed in an upright position so that the roots grew along the surface rather

than inside the agar, which allowed for easy transfer. Incubator conditions for

plate-grown plants were 16 hour light, 8 hour dark at 22C.

2.1.2 Soil-grown plants:

Seeds were imbibed in sterile distilled 0.1% agarose at 4C for 3-5 days.

The seeds were then sown directly onto potting mix (Fafard Canadian Growing

Mix 2) pre-treated with Gnatrol (Valent Bioscience Corporation, Libertyville,

lllinois). Alternatively, plate-grown seedlings were transferred from plates 7

days after germination. Growth chamber conditions for soil-grown plants

were 16 hour light, 8 hour dark at 22C.

2.1.3 Fe-EDDHA supplementation:

For Fe-EDDHA supplementation experiments, Col-0 and ysl1ysI3 plants

were subirrigated with tap water (as negative control) and were subirrigated

with 0.5 mg/L Fe-EDDHA (Sprint 138; Becker-Underwood, Ames, lowa) for 15

minutes once per week throughout the plant’s life cycle. Plants were allowed

to grow to maturity.
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2.1.4 Foliar application of Fe:

Foliar application of Fe was performed by spraying a 2 mg/mL solution of

ferric ammonium citrate (Sigma, St. Louis, MO) directly onto the aboveground

portions of the plants. Control plants were sprayed with a 2 mg/mL solution of

ammonium citrate. Spraying commenced when the first true leaves emerged

from seedlings and continued every 3 to 4 d throughout the rest of the plant's

life cycle.

2.1.5 Germination test:

Germination tests were performed by surface sterilizing seeds and

allowing them to imbibe at 4°C for 48 to 72 h. One hundred seeds were then

either plated onto standard MS agar or onto soil. Percentage viability of

seeds was determined 7 d after sowing, at which time germination was scored

as successful emergence of the hypocotyls and cotyledons.

2.2 Molecular techniques:

2.2.1 DNA isolation from E. coli by boiling lysis:

Single colonies were picked up by sterile toothpicks and grown in 2 mL LB

plus appropriate antibiotic in sterile 14 mL test tubes for 16 hours. 1.5 mL of

culture was transferred to 1.5 mL eppendorf tubes and centrifuged at 17000 xG.

The resulting bacterial pellet was resuspended in 350 ul of STET buffer (0.1M
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NaCL, 10mM Tris-HCLpH8.0, 1mM EDTA pH8.0, 5% Triton X-100). 25ul of a

freshly prepared solution of lysozyme (10 mg/mL in 10 mM Tris-HCL pH 8.0)

was added and the tubes were vortexed for 3 seconds. The tubes were

placed in a boiling —water bath for exactly 40 seconds, and then centrifuged at

17000 xG for 10 minutes at room temperature. The pellets of bacterial debris

were removed using toothpicks. 40 ul of 2.6M sodium acetate (pH 5.2) and

420 ul of isopropanol were added to the supernatant, followed by mixing by

vortexing, and the tubes were placed at room temperature for 5 minutes. The

pellets of nucleic acids were recovered by centrifugation at 17000 xG for 5

minutes at room temperature. The supernatants were removed by aspiration

and then 1 mL of 70% ethanol was added, followed by centrifugation at 17000

xG for 2 minutes at 4 C. Supernatants were removed and the tubes were

allowed to dry. The pellets of nucleic acids were re-dissolved in 50 ul of TE

(pH 8.0).

2.2.2 Large scale isolation of plasmid DNA from E. coli:

100 mL cultures were inoculated with 1 mL of overnight culture and

allowed to grow overnight with appropriate selection. Cells were spun down

at 24200 xG in two 50 mL falcon tubes. Pellets were re-suspended in 3.5 mL

Solution I (50 mL glucose, 10 mM EDTA pH 8.0, 25 mM Tris-HCL pH 8.0),
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followed by 7 mL of freshly made Solution Il (1% SDS, 0.2 M NaOH). The

tubes were mixed gently, and put onice. 5.3 mL cold 3 M KOAc was

added ,and tubes were kept on ice for 10 minutes, then at room temperature

for 2 minutes, followed by centrifugation at 24200 xG for 10 minutes at 4 C.

13 mL supernatant was transferred to a fresh 50mL Falcon tube, and tubes

were filled to top with 100% ethanol, kept at room temperature for 2 minutes,

and centrifuged at 10000 for 10 minutes at4 C. Pellets were re-suspended in

2 mL TE buffer and then transferred to 15 mL Falcon tubes. 2 mL of cold 5 M

LiCl was added, and debris was spun down at 24200 xG for 10 minutes at 4 C.

Supernatant was transferred to a fresh tube, and 2 volumes of room

temperature ethanol was added and centrifuged at 24200 xG for 10 minutes at

4 C. Pellets were washed with 10 mL 70% ethanol, centrifuged at 24200 xG

for 10 minutes at 4 C, and dried, then re-suspended in 400 ul sterile water and

transferred to a 1.5 mL eppendorf tube. 2 ul 10 mg/mL RNase A was added

and tube was incubated at 37 C for 30 minutes. Nucleic acids were extracted

in Phenol/chloroform/isoamyl alcohol (25:24:1) equilibrated with TE and then

chloroform/isoamyl alcohol (24:1). 1/10 volume of 3M NaOAc and 2 volumes

of room temperature 100% ethanol were added, and tubes were incubated at

room temperature for 5 minutes, spun at 17000 xG for 5 minutes at 4 C. The
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pellet was washed with 70 % ethanol, dried, and re-suspended in 100 — 150 ul

TE or water.

2.2.3 Plant genomic DNA extraction (small scale):

A single Arabidopsis leaf was ground using a drill with a pellet pestle

(Kimble Chase, Vineland, NJ) in liquid nitrogen in a 1.5 mL eppendorf tube,

and then 750 ul of extraction buffer (100 mM Tris, pH 8.0; 50 mM EDTA, pH 8.0;

500 mM NacCl) and 50 ul 20% SDS were added, mixed thoroughly, and

incubated at 65 C for 10 minutes. 250 ul of KOAc solution (For 100 mL: 11.5

mL 5M KOACc, 11.5 mL acetic acid, 28.5 mL H20; filter sterilize) was added and

tubes were placed on ice for 20 minutes, followed by centrifugation at 17000

xG for 10 minutes at room temperature. The supernatant was moved into

fresh 1.5 mL tubes containing 500 ul isopropanol, mixed well, and placed at

-20 C for 20 minutes. After centrifuging at 17000 xG for 10 minutes at room

temperature, pellets were re-suspended in 40 ul water. 1 ul RNAse A (10

mg/mL) was then added and incubated at 37 C for 30 minutes. 100 ul of

Phenol/chloroform/isoamyl alcohol (25:24:1) equilibrated with TE was added,

mixed thoroughly, and spun at 17000 xG for 5 minutes at room temperature.

The aqueous (upper) layer was transferred to a new tube, and then 10 ul of 3M

NaOAc and 200 ul isopropanol were added, followed by centrifugation at
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17000 xG for 5 minutes at room temperature. The supernatant was removed

and pellets were washed with 80% ethanol, dried, and re-suspended in 50 ul

TE or water.

2.2.4 RNA isolation:

Different organs of the plants were ground in 1.5 mL using RNase-free

disposable pestles (VWR, Batavia, lllinois). Total RNA was isolated using the

RNeasy plant mini kit (Qiagen, Valencia, CA), followed by DNase treatment

with DNA-free kit (Ambion, Austin, Texas). Total RNA concentration was

guantified using a spectrometer (260 nm; Beckman DU640B, Fullerton, CA),

and confirmation of RNA quality was performed by visualizing on a 1X TBE gel

stained with ethidium bromide.

2.2.5 RT-PCR:

One microgram of total RNA was reverse transcribed using Superscript

lll Reverse Transcriptase (Invitrogen, Carlsbad, CA). 50ng cDNA (based on

the starting amount of RNA) from the RT reaction was used in a 25ul PCR

reaction using Ex-Taq polymerase (Takara) under the following cycling

conditions: an initial denaturation step of 94 C for 3 min, followed by cycles of

94 C for 15 sec, 60 C for 15 sec, 72 C for 1 min, with a final elongation step of

72 C for 7 min. The number of PCR cycles was varied for each primer set, to
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ensure that amplification was in linear phase: for Actin2 and 18S rRNA, 20

cycles were used; for YSL3, 27 cycles was used; for YSL4 and YSL6, 25

cycles was used. Sequences of all primers used are in Table 2.1. Control

primers for Actin2 were AtActin2 5’ and AtActin2 3’ and for 18S rRNA were 18S

forward and 18S reverse. Primers used for YSL3 amplification were

0AtYSL3.2481..2595 and oAtYSL3.3567..3591. Primers used for YSL4

amplification were 0AtYSL4c.7..33 and 0AtYSL4c.1296..1269. Primers used

for YSL4 amplification were 0AtYSL6.3196..3221 and 0AtYSL6.3995..3969.

2.2.6 Destination vector construction:

pDEST-CGFP: The name of this vector stands for destination vector for

cDNA fusion GFP localization. A Gateway reading frame cassette B

(Invitrogen, Carlsbad, CA) was inserted into vector psmGFP (CD3-326, ABRC)

3’ to the CaMV35S promoter and 5’ to the smGFP and NOS terminator using

the Smal restriction site.

pDEST-GGFP: The name of this vector stands for destination vector for

genomic DNA fusion GEP localization. The fragment of smGFP with NOS

terminator was dropped from psmGFP vector and inserted into pPZP222

(Hajdukiewicz et al, 1994) using BamHI and EcoRI sites, followed by insertion

of a Gateway reading frame cassette B in front of SmGFP using the Smal site.
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Table 2.1: Primers used in this study.

Primer name

Sequence (5°-3’)

AtActin2..5'
AtActin2..3'

18S Forward

18S Reverse
0AtYSL1.1526..1555
O0AtYSL1.HA1
O0AtYSL1.HA2
0AtYSL1c.2..27
0AtYSL1c.2033..2006
0AtYSL2.1541..1567
0AtYSL2.HA1
0AtYSL2.HA2
0AtYSL3.26..50
0AtYSL3.1521..1496
0AtYSL3.2481..2595
0AtYSL3.3567..3591
0AtYSL3.4208..4179
0AtYSL3.4209..4175
0AtYSL3c.39..65y
0AtYSL3.4203..4198y
0AtYSL4.96..120
0AtYSL4c.7..33
0AtYSL4c.1296..1269
0AtYSL4c.2145..2112
0AtYSL4.HA1
0AtYSL4.HA2
0AtYSL6.828..856
0AtYSL6.1500..1524
0AtYSL6.3196..3221
0AtYSL6.3995..3969
0AtYSL6.4347..4324
0AtYSL6c.2076..2051
O0AtYSL6.HA1
O0AtYSL6.HA2

GCAAGTTCATCACGATTGGTGC
GAACCACCGATCCAGACACTGT
CGGCTACCACATCCAAGGAA
GCTGGAATTACCGCGGCT
CAGTCTCCATGGAAATAGAGCAAAGAAGG
GTCGTACGGGTATGAAGCTAAGAACTTCATACATATCGGAGG
TCACGCGTAGTCCGGCACGTCGTACGGGTATGAAGCTAAGAACTT
CAGTCTCCATGGAAATAGAGCAAAGA
TCCTCTGAAGCTAAGAACTTCATACAT
CTTCAAATGGAAAACGAAAGGGTTGAG
GTCGTACGGGTAATGAGCCGCAGTGAAGTTCATACAGATA
TCACGCGTAGTCCGGCACGTCGTACGGGTAATGAGCCGCAGT
ACAGTCACATGAACCGGAATCTCGG
ACTCCTCAGTTTTTTCCAAGAACAGA
ATTGGCCAGGAAACAAGTGTTTGGGT
GACAAGTCCCGCGACTACACCATTT
GTAACTCGAATATTTACTCGGCATGAAGCC
TTAACTCGAATATTTACTCGGCATGAAGCCCATAC
ATCCACTAGTAACGGCCGAAATGAGGAGTATGATGATGGAGAGAG
CCGCCACTGTGCTGGATATCTGTAACTCGAATATTTACTCGGCAT
AAAACATTTTCACCACTGCAAGGTG
TCTGAGAGTGAGAGGAATCACTGAAAA
AAACTCGAGGGGTATACGGTCCTTGAGA
GTCTCGGATGGTCTAAAGTACATACAAATGGGTG
GTCGTACGGGTAGGATGGTCTAAAGTACATACAAAT
TCACGCGTAGTCCGGCACGTCGTACGGGTAGGATGGTCTAAAGTA
CCGAGTCTAAAGCTAAACCAGAATTAACC
GCTAAAACATGGGGACGGAGATCCC
AATCTTGTCAAGATCATCGCTGTCAC
TCAGCAAAGCCCTCAATTCCGAGAATC
CTATCTTGCTGAGGACGGTCCAAA
CTCTCTCTTGCTGAGGACGGTCCAAA
GTCGTACGGGTACTATCTTGCTGAGGACGGTCCAAAGTA
TCACGCGTAGTCCGGCACGTCGTACGGGTACTATCTTGCTGA
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pDEST-YSL3p: The name of this vector stands for destination vector

with YSL3 promoter. The YSL3 promoter was amplified using Platinum Taq

DNA Polymerase High Fidelity (Invitrogen) and the following primers:

0AtYSL3.26..50 and 0AtYSL3.1521..1496. The YSL3 promoter was then

cloned into the Smal site of vector pPZP222 (Hajdukiewicz et al, 1994),

followed by insertion of a NOS terminator sequence into the Sacl/EcoRl sites.

Then a Gateway reading frame cassette A was inserted 3’to YSL3 promoter

using the Sacl site blunted by T4 DNA polymerase (New England Biolabs,

Waltham, MA).

pDEST-OX: The name of this vector stands for destination vector for

overexpression. A Gateway reading frame cassette B was introduced into the

vector pMN20 (http://www.addgene.org), which contains four copies of CaMV

35S enhancer, using the Smal site. This vector does not contain a NOS

terminator sequence.

pDEST-YES6/CT: The name of this vector stands for destination

vector of pYES6/CT. A Gateway reading frame cassette A was introduced

into the vector pYES6/CT using the Notl site.

2.3 Mineral analysis preparation, seed weight and seed number determination:

For soil-grown plants, leaf samples were collected 20 days after sowing
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and dried in an oven at 60 C. ICP-MS was performed by the Lahner lab

(Purdue University).

Seed weight was determined based on a sampling of weights of 100 seed

batches. Weight per seed was calculated from the average of three seed

batches.

Seed number was determined by dividing the total weight of seeds by the

weight per seed.

2.4 Agrobacterium-mediated stable transformation:

Arabidopsis plants were grown to flowering, and the main bolts were

clipped to encourage proliferation of secondary bolts. Agrobacterium

tumefaciens strain GV3101 carrying the vector of interest was grown in 100 mL

LB with antibiotics at 28 C for 24 hours. The Agrobacterium was spun down

at 7260 xG for 10 minutes at room temperature, and re-suspended in 5%

sucrose. Silwet L-77 was then added to a concentration of 0.04%. The

above-ground parts of the plants were dipped in Agrobacterium solution for 2

to 3 seconds with gentle agitation. Plants were returned to trays and were

covered with lids for 16 to 24 hours to maintain high humidity. For higher

rates of transformation, plants were dipped again seven days after the first

dipping. Plants were watered and grown normally until seeds were ready for
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collecting. Seeds were germinated on 1X MS medium with antibiotics to

select for transformants, and seedlings were transferred to soil 7 days after

germination.

2.5 Perl’s stain:

Seeds were cut in half vertically using a double-edged blade under a

dissecting microscope and then put into Perl’s stain solution (4% Potassium

ferrocyanide and 4% HCL) under vacuum for a period of either 15min or 4

hours. Perl’s stain solution was then removed and samples were rinsed with

double distilled water three times. Samples were mounted in water for

microscopic observation.

2.6 Cloning of YSLs for yeast complementation assays:

2.6.1 Cloning of YSL1, YSL4, and YSLG6:

YSL1 cDNA was amplified by RT-PCR using Platinum Taq DNA

Polymerase High Fidelity (Invitrogen) and the following primers:

0AtYSL1c.2..27 and 0AtYSL1c.2033..2006. YSL4 cDNA was amplified by

RT-PCR using Platinum Taq DNA Polymerase High Fidelity (Invitrogen) and

the following primers: 0AtYSL4c.7..33 and 0AtYSL4c.2145..2112. YSL6

cDNA was amplified by RT-PCR using Platinum Tag DNA Polymerase High

Fidelity (Invitrogen) and the following primers: 0AtYSL6.1500..1524 and
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OAtYSL6c.2076..2051. YSL1, YSL4 and YSL6 cDNA were then cloned into

gateway vector pCR8/GW/TOPO (Invitrogen, Carlsbad, CA), and then

introduced into the vector pDEST-YESG6/CT after sequencing to ensure no

PCR errors.

2.6.2 Cloning of YSL3 cDNA directly in yeast:

YSL3 cDNA was amplified by RT-PCR using Platinum Taqg DNA

Polymerase High Fidelity (Invitrogen) and the following primers:

0AtYSL3c.39..65y, and 0AtYSL3.4203..4198y. Each primer contains an 18

nucleotide overlap with yeast expression vector pYES6/CT for in vivo

homologous recombination. YSL3 cDNA fragment and linearized pYES6/CT

were co-transformed into the iron-uptake-defective yeast strain DEY1453 and

recombinant plasmids were selected using blasticidin resistance.

Sequencing was performed to ensure no PCR error had occured.

2.7 Grafting:

The inflorescences (3-7 cm long, and with similar diameters) of soil-grown

Col0 and ysll1ysI3 plants were cut using a double-sided blade and then placed

in water to prevent drying prior to grafting. A short tube of appropriate diameter

(~ 0.5 -1 cm; Small Parts Inc., Part #: STT-20-10), was placed over the cut

inflorescence of the stock, the tube was filled with distilled water. The scions

41



were then inserted into the other end of the tubing until they touched the stem

of the scion. The plants were returned to trays covered with lids for 3-5 days to

maintain moisture, allowing plants to recover (Rhee and Somerville, 1995).

2.8 GFP fusion and intercellular localization:

2.8.1 GFP fusion:

YSL1 cDNA was amplified by RT-PCR using Platinum Taqg DNA

Polymerase High Fidelity (Invitrogen) and the following primers:

0AtYSL1c.2..27 and 0AtYSL1c.2033..2006 which altered the stop codon from

TAG to GAG. YSL1 cDNA was then cloned into Gateway vector

pCR8/GW/TOPO (Invitrogen, Carlsbad, CA), and introduced into the vector

pDEST-CGFP via LR recombination, to generate a C-terminal translational

fusion to smGFP under the control of CaMV 35S promoter. The

35S::YSL1::GFP fusion construct was then transiently expressed in onion

epidermal cells by biolistic bombardment.

Full length YSL3 genomic DNA was amplified using Expand High-Fidelity

polymerase (Roche) and the following primers: 0AtYSL3.26..50, and

0AtYSL3.4208..4179 which altered the stop codon from TAAto TAC. YSL3

genomic DNA was then cloned into pDEST-GRuB (pPZP212 backbone with

smGFP inserted using BamHI and EcoRl site) to generate a C-terminal
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translational fusion to smGFP. The YSL3::GFP fusion construct was then

stably expressed in yslysI3 double mutant plants following

Agrobacterium-mediated transformation.

Full length YSL4 genomic DNA was amplified using Platinum Tag DNA

Polymerase High Fidelity (Invitrogen) and the following primers:

0AtYSL4.96..120 and 0AtYSL4.2145..2112 which altered the stop codon from

TAG to GAG. Full length YSL6 genomic DNA was amplified using Platinum

Tag DNA Polymerase High Fidelity (Invitrogen) and the following primers:

0AtYSL6.828..856 and 0AtYSL6.2076..2051 which altered the stop codon

from TAG to GAG. YSL4 and YSL6 genomic DNA then cloned into gateway

vector pCR8/GW/TOPO (Invitrogen), and introduced into the vector

pDEST-GGFP to generate a C-terminal translational fusion to SmGFP via LR

recombination. The YSL4::GFP and YSL6::GFP fusion constructs were then

stably expressed in ysl4-2 and ysl6-5 mutant plants, respectively, following

Agrobacterium-mediated transformation.

2.8.2 Transient transformation:

For each onion bombardment experiment, six milligrams of 1.0uM gold

particles (Bio-RAD) were weighed in a 1.5 mL eppendorf tube and prepared by

the following steps: Sonication for 10 minutes in 1 mL of 70% EtOH, vortexing
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for 15 minutes, settling for 15 minutes, centrifuging for a five second pulse at

12782 xG. 70% EtOH was removed from the gold particles, which were then

washed twice with 100% ethanol, and three times with sterile double distilled

water. Gold was re-suspended in 100ul of 50% glycerol, vortexed for five

minutes, and then 30pl was aliquoted into three 1.5 mL eppendorf tubes.

Four micrograms of plasmid DNA (1pg/ul) (35S::YSL1::GFP or psmGFP) was

added and vortexed for five seconds. 30yl of freshly prepared 2.5M CaCl>

was added to each tube, and then vortexed for five seconds. 12pl of 0.1M

spermidine was added to each tube and vortexed for three minutes, followed

by incubation at room temperature for 30 minutes, and then centrifugation for

five seconds. Supernatants were removed, and the gold was washed with

84l of 70% EtOH twice. The gold was then re-suspended in 24pul 100%

EtOH by gentle flicking, and 8 pl was immediately disbursed into the center of

microcarrier discs (Bio-RAD, Hercules, CA) that were placed in 6 well plates,

and allowed to dry. While waiting for the gold to dry, onion tissues were

prepared in a sterile hood. The outer paper layers of the onion were removed.

Dry tips were cut off and the onion was split lengthwise into quarters. One or

two innermost layers of leaves were discarded to expose the fleshy

medium-sized leaves. Starting at the tip of the leaf, the outer epidermis was
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hand-peeled from the underlying tissue. The strip of epidermis was put on

MS medium with the outer surface of the epidermis facing down. Incisions

were made so that the epidermis made good contact with the medium.

Microcarriers were loaded into the PDS-1000/He instrument (Bio-Rad,

Hercules, CA) and were released with 1100-PSI pressure onto onion

epidermal cells at a stopping screen to target distance of 6 centimeters. Two

bombardments per sample were delivered by this method, with the sample

being turned 180 degrees before each shot to ensure equal transformation

across the plate. Four replicates of each experiment were performed. The

onion epidermal peels were then incubated in the dark at 30 C. After 48

hours, samples were mounted in water for microscopic observation.

2.8.3 Microscopic observation:

Roots of 5 day old seedlings (YSL3, YSL4, and YSL6) were mounted in

water for microscopic observation. Green fluorescent cells were imaged by

Zeiss 510 Meta Laser Scanning Confocal Microscope (Nikon) with excitation at

488 nm, and the fluorescence emission signal was recovered between 520

and 550 nm.

2.9 GUS histochemical staining:

2.9.1 Promoter GUS fusion:
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The YSL4 promoter region containing 785 bps upstream of the YSL4

initiating ATG was cloned create a C-terminal translational fusion to GUS

reporter gene. The YSL6 promoter region containing 601 bps upstream of

the YSLG6 initiating ATG was cloned to create a C-terminal translational fusion

to GUS reporter gene. YSL4p::GUS and YSL6p::GUS construct were then

stably introduced into Arabidopsis by Agrobacterium-mediated transformation.

2.9.2 GUS histochemical staining:

Tissues were pre-fixed in ice-cold 10% acetone for 10 minutes, and then

were placed in 6 well polystyrene dishes with enough GUS buffer (0.1 M

NaPO, pH=7.2, 0.5 mM K3Fe(CNg), 10 mM EDTA, 0.01% Triton X-100, 0.5

mg/mL X-gluc) to cover. Tissues were stained at 37 C for 2-24 hours. For

tissues containing chlorophyll, tissues were soaked in 70% ethanol, followed

by several washes with 70% ethanol until the samples were clear.

2.10 Overexpression of YSLS:

YSL3 genomic DNA was amplified using Platinum Tag DNA Polymerase

High Fidelity (Invitrogen) and the following primers: 0AtYSL3.26..50 and

0AtYSL3.4209..4175. YSL6 genomic DNA was amplified using Platinum Taq

DNA Polymerase High Fidelity (Invitrogen) and the following primers:

0AtYSL6.828..856 and 0AtYSL6.4347..4324. YSL3 and YSL6 genomic DNA
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were cloned into gateway vector pCR8/ GW/TOPO (Invitrogen), and

introduced into the vector pPDEST-OX via LR recombination. The constructs

were stably transformed into wild type Arabidopsis plants and homozygous

transformants were obtained by kanamycin selection.

2.11 Chlorophyll content determination:

For iron starvation tests, YSL3-overexpression lines were grown on 1X

MS medium for 10 days and then transferred to MS-Fe medium for a variable

number of days prior to quantification of chlorophyll. Leaves of soil-grown

YSL3p::YSL1 and YSL3p::YSL2 lines were collected at day 20. Shoots and

leaves were placed in 3 mL of N,N'-dimethylformamide and chlorophyll was

extracted overnight. Total chlorophyll was measured by spectrophotometer at

absorbance 647nm and 664.5nm. Total chlorophyll content (ug/mL) was

determined using the equation 17.9*A467,+8.08*Ases.5 (INSkeep and Bloom,

1985).

2.12 Complementation of ysllysl3 double mutants:

The YSL3 promoter was amplified using Platinum Taq DNA Polymerase

High Fidelity (Invitrogen) and the following primers: oAtYSL3.26..50 and

0AtYSL3.1521..1496. The YSL3 promoter was then cloned into vector

pPZP222. For Cloning of YSL1, YSL2, and YSL6 cDNA, an HA tag
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(YPYDVPDYA) was added to the C terminus of each cDNA in a two step

strategy. YSL1 cDNA was amplified by RT-PCR using Platinum Tag DNA

Polymerase High Fidelity (Invitrogen) and the following primers:

0AtYSL1.1526..1555 and 0AtYSL1.HA1 which altered the stop codon from

TAG to TAC and added the first twelve nucleotides of the HA tag to the 3’ end

of the YSL1 cDNA. A secondary PCR reaction was then performed using

primary PCR product as template and the following primers: 0AtYSL1.1526..

1555 and oAtYSL1.HA2 which adds the entire HA tag sequence to the 3’ end

of the YSL1 cDNA. YSL2 and YSL6 cDNA were amplified using the same

method as for YSL1 cDNA. Primers for YSL2 primary PCR were

0AtYSL2.1541..1567 and oAtYSL2.HA1. Primers for YSL2 secondary PCR

were 0AtYSL2.1541..1567 and oAtYSL2.HA2. Primers for YSL6 primary

PCR were 0AtYSL6.1500..1524 and oAtYSL6.HA1. Primers for YSL6

secondary PCR were 0AtYSL2.1500..1524 and oAtYSL6.HA2. YSLI1, YSL2

and YSL6 cDNA were cloned into the vector pDEST-YSL3p under the control

of the YSL3 promoter. YSL3p::YSL1, YSL3p::YSL2 and YSL3p::YSL6

constructs were then stably transformed into ysllysI3 double mutant and

selected using gentamycin resistance.
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CHAPTER 3

CHARACTERIZATION AND COMPARISON

OF ARABIDOPSIS YSL1, YSL2, AND YSL3

3.1 Introduction:

The Arabidopsis YSL family contains eight members (Figure 3.1), and was

identified based on sequence similarity to ZmYS1. The AtYSL proteins share

strong full-length sequence similarity to each other (over 50%) and to ZmYS1

(over 67%). The YSL proteins are extremely hydrophobic, which is consistent

with their being membrane bound transporters. According to predicted

topology by TMAP (Persson and Argos, 1994, 1996), YSL proteins contain 15

putative transmembrane domains. Two regions were found to be poorly

conserved. One is a poorly conserved (variable) predicted extracellular loop

that occurs between putative transmembrane domains 7 and 8. The other

variable region is the N-terminal portion of the YSLs, but in spite of the poor

sequence similarity, these regions share a striking similarity of amino acid

composition. These N-terminal regions precede the first transmembrane

domain, and are predicted in all cases to be intracellular. They are extremely

acidic, containing large numbers of glutamic and aspartic acid residues.
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Figure 3.1: Phylogenetic analysis of AtYSL family and ZmYS1 proteins.
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Aside from this glutamic acid rich region, there are no obvious potential metal

ligands that are strongly conserved within the YSL family.

The whole AtYSL family can be divided into three groups based on

sequence similarity (Figure 3.1). YSL1, YSL2, and YSL3 fall into the same

group. These three YSLs have the highest similarity to ZmYS1 (73%, 77%,

and 76% respectively) and share over 60 percent sequence identity (YSL1 and

YSL2 are 79% similar; YSL2 and YSL3 are 83% similar). Moreover, their

expression patterns are quite similar to each other. These three genes are

expressed strongly in the xylem parenchyma of leaves, and are

down-regulated during iron deficiency (DiDonato et al., 2004; Waters et al.,

2006). Taken together, the protein sequence similarity and the similar

expression patterns lead us to hypothesize that YSL1, YSL2, and YSL3

perform similar functions.

Characterization of mutants of YSL1, YSL2, and YSL3 revealed no

morphological phenotypes in the single mutants. YSL1 single mutant plants

exhibit subtle phenotypes- decreased NA and Fe contents in seeds, and

excess NA in leaves with normal Fe content (Le Jean et al., 2005). Our group

identified a ysllyslI3 double mutant that exhibits strong interveinal chlorosis

(Figure 1.5 Ato E; Waters et al, 2006). The fact that this interveinal chlorosis
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phenotype can be rescued by application of Fe-EDDHA (Figure 1.5 H; Waters

et al, 2006) suggests that YSL1 and YSL3 may be important for iron utilization

in leaves. In addition, leaves of the double mutants have decreased levels of

Fe and elevated levels of Mn, Zn, and Cu. Thus, we have proposed that the

role of YSL1 and YSL3 is to transport metal-NA complexes into vascular

parenchyma cells (Figure 3.2A). Lower mRNA levels of YSL1 and YSL3 in

Fe-limiting conditions would decrease Fe removal from the xylem into adjacent

tissues (Figure 3.2B). This would facilitate direct Fe exchange from xylem

into phloem, which we hypothesize can occur without YSL1 and YSL3 (Figure

3.2C). In this way, during periods of iron deficiency, the increased phloem Fe

would be delivered to the young leaves, which are primarily supplied with

nutrients from phloem. The ysllysI3 double mutants also exhibited

reproductive defects, implies that YSL1 and YSL3 are involved in metal

transport during reproduction. Studies addressing reproduction in the double

mutant will be discussed in Chapter 4.

Our lab has demonstrated that ZmYS1 and AtYSL2 can transport Fe(ll)-NA

(Curie et al., 2001; DiDonato et al., 2004; Roberts et al., 2004). In this chapter,

| examined that YSL1 and YSL3 are Fe-NA transporters by yeast functional

complementation assay. Furthermore, | examined that YSL1 and YSL3 are

53



Figure 3.2: Working model of YSL1 and YSL3 in vegetative tissues of ColO and

ysllysI3 double mutant plants.

(A) Model in ColO plants during period of iron sufficiency. YSL1 and YSL3

take up metal ions that arrive via xylem. This uptake occurs mostly in the

xylem parenchyma. Once inside the cells, iron moves through the symplast

or is effluxed elsewhere.

(B) Model in Col0 plants during period of iron sufficiency. When iron is limited

for growth, YSL1 and YSL3 expression is low, causing iron to remain in the

vein, and allowing them to be exchanged readily into the phloem. The

phloem iron can then move to the growing parts of the plant such as young

leaves, thus allowing their continuous development at the expense of storage

by mature leaves.

(C) Model in ysllysl3 mutant plants. Loss of function of YSL1 and YSL3

results in decreased Fe removal from the xylem into adjacent tissues, and thus

facilitates direct Fe exchange from xylem into phloem. If metal sensing

mechanisms are located in the phloem, then high levels of metals in the

phloem may send an inappropriate signal of metal sufficiency in spite of actual

low levels of metals in most leaf cells.
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localized to the plasma membrane, consistent with their roles as Fe-NA

transporters that allow cells to take up iron from apoplast. Over-expressing

AtYSL3 resulted in a small increase in copper in shoots and mildly increased

Fe deficiency resistance, suggesting that YSL3 is involved in Fe utilization in

Arabidopsis. The biochemical functions of YSL1, YSL2, and YSL3, the three

members that fall into the same subgroup as YS1, were compared. | have

demonstrated that the YSL1 or YSL2 proteins, when placed under the control

of the AtYSL3 promoter, can only partially rescue the phenotypes of the

ysllysI3 double mutant, suggesting that although these three YSL transporters

are closely related, they have distinct activities in planta.

3.2 Materials and methods:

The detailed materials and methods are described in Chapter 2. Sections

Plant growth conditions (2.1), Molecular techniques (2.2), Mineral analysis by

ICP-MS (2.3), Agrobacterium mediated stable transformation (2.4), Perl’s stain

(2.5), GFP fusion and intercellular localization (2.8), Overexpression of YSLs

(2.10), Chlorophyll content determination (2.11), and Complementation of

ysllysI3 double mutants (2.12) are relevant to the work presented in this

chapter.

3.3 Results:
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3.3.1 Functional complementation of iron growth defects using AtYSL1 and

AtYSL3:

Previous lab members have attempted to clone AtYSL3 cDNA for use in

yeast functional complementation assays. However, when attempting to

clone AtYSL3 cDNA, both by RT-PCR and by screening cDNA libraries, every

cDNA we obtained was either only a partial clone or was a mutated version.

Two types of full length cDNA were obtained by RT-PCR; PCR errors caused

frame shifts or retained introns were observed. These products are presentin

very low levels in our RT-PCR reactions—the vast majority of RT-PCR product

is the correct size, and direct sequencing of PCR products confirms the

presence of a large excess of the fully spliced, expected cDNA product. We

conclude that even low levels of expression of YSL3 in E. coli are causing

lethality, and thus the only clones we obtained were ones that do not encode

YSL3 protein. We have made use of strains of E. coli that maintain plasmids

at very low copy number (Copycutter™, Epicenter), hoping that the expression

would be low enough to allow growth. However, this approach failed too.

Recently, | successfully cloned YSL3 by direct cloning of YSL3 in yeast

through homologous recombination (Oldenburg et al., 1997). The YSL3

cDNA from RT-PCR contains eighteen nucleotides homologous to the yeast
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expression vector pYES6/CT. When the RT-PCR product and the vector

were co-transformed into yeast, homologous recombination occurred allowing

recovery of the desired plasmid. Sequencing was then performed to confirm

correct splicing and no mutation. Sequencing results of YSL3::pYES6/CT

clone reveal one mutation, which changed lysine to arginine in a conserved

region but at a poorly conserved amino acid residue (Figure 3.3). Notably,

both lysine and arginine are basic, indicating that they are similar to each

other.

Using a yeast functional complementation assay, the abilities of YSL1 and

YSL3 to transport Fe-NA and Fe-PS complexes were examined (Figure 3.4).

This assay was performed by a colleague, Jeff Chiecko, in the lab. In this

assay, fet3fet4 yeast was transformed with the YSL -expressing plasmids, and

with the empty pYES6/CT vector, which serves as a negative control. We

made use of the beta-estradiol (BE) regulated expression system developed by

Gao and Pinkham (Gao and Pinkham, 2000) to allow us to control the level of

YSL expression in yeast). This system is used to achieve dose-dependent

gene expression levels and further confers a tightly regulated off state, so that

strains can be grown without expression of the target proteins (negative control).

As a positive control to demonstrate viability of the strains, all strains
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Figure 3.3: Protein alignment of ZmYS1, Arabidopsis YSLs (AtYSL),and rice

YSLs (OsYSL) using Clustal W2. The arrow indicates the mutation, which

changed lysine (K) to arginine (R) in the YSL3 clone.
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AVLSUGIHUPLIKGLKGDUFPSTLPENSH%SLNGYKVFISISLILGDGLY
AILSWGILWPLISKQKGEWYPANIPESSMKSLYGYKAFLCIALIMNGDGTY
AILSYGLMWPLLDKLEGSWFPDNLDEHNMKSIYGYKVFLSVALILGDGLY
AILSWGIMWPLIARLKGEWFPATLEDNSMQGLNGYKVFICIALILGDGLY
AITISWGFLWPFISQHAGDWYPADLEKANDFKGLYGYKVFIAISIILGDGLY
GILSWGIMWPLIETKEGDWFPDNVPSSSMHGLOAYKVFIAVAIILGDGLY
AIISUGILWPFVSQHAGDWYPADLGSNDFKGLYGYKVFIAIAIILGDGLY
AILSWGVMWPLIGAQKGKUYAADLSSTSLHGLQGYRVFIAIAMILGDGLY
GILSWGLMWPLIETREGDWFPSNVDSSSMNGLQAYKVFIAVATILGDGLY
SISSSGFIWPALQAKQGEWYTDPSP-TSFKGINGYRVPNGVSMVLGDCLF
AILSWGIMWPLISIQKGKWYPGNVPESSMTSLFGYKSFMCVALIMGDGLY
AIISUGFLYPFLETERGQUYQTDSP-TSLNGQNGYKVFISVTLIITDGNI
AIISUGFLYPYLETKHGEWYQTDSP-SNLDGLNGYKVFISVTLIVIDGLI
SVISWGFLWPFIAKQAGDWYPDNLSNTDFRGLYGYRVFIAISVILGDGLY
AIISUGFLWPYISTKAGDUYPANLGSNDFKGLYGYKVFISVSVILGDGLY
TIISCGVIWPYIESKEGIWYPSNLGPNSLNGIRGYRVFIGLSMIMADCLF
SVVSUGIMWPYIESKKGSWYDAGLPKSSLHGLNGYQVFISIAMIVGDGLF
AILSUGVMWPLISDLEGDUYSADIPESSMKSLOQGYKAFICVALILGDGLY
GVMSWGIMWPLIEHKKGDWYPADLKPSSLRGIVGYRVFISISLILGDGLY
GIISWGIMWPLISKKKGSWYPETLPESSLLGLOQAYKVFITIAVILGDGLY
GILSWGIMWPLIRNKKEGSWYAASLSETSLHGLQGYRVFISIALILGDGLY
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were grown under permissive conditions (50 pM iron citrate; Figure 3.4A, B

and C). When Fe(ll) was provided in unchelated form (as 3 uM FeSOy;

Figure 3.4A), both AtYSL1 and AtYSL3 failed to restore growth, whereas both

AtYSL1 and AtYSL3 were able to restore growth when NA was provided along

with Fe(ll) (3 uM FeSO, with 8 uM NA; Figure 3.4A). BE was withheld from

the medium to demonstrate that growth is dependent on YSL expression, and

no growth was observed (Figure 3.4A). This result showed that AtYSL1 and

AtYSL3 are transporters of Fe(ll)-NA complexes.

To examine whether AtYSL1 and AtYSL3 can transport Fe(lll)-PS, the

strains were grown on 10 uM FeCl3 with or without 10 uM 2’-deoxymugineic

acid (DMA; a phytosiderophore; Figure 3.4B) in the presence of the inducer BE.

Both AtYSL1 and AtYLS3 were not expected to restore growth on Fe(lll)-PS

medium since Arabidopsis neither makes nor uses PS. As expected, AtYSL1

failed to complement on medium containing Fe(lll)-PS.  Strikingly, AtYSL3

was able to complement growth on the medium containing DMA but not on

medium with FeCls alone, suggesting that AtYSL3 is able to transport Fe-PS

complexes. To demonstrate that growth is dependent on AtYSL3 expression,

BE was withheld from the medium, and no growth was observed (Figure 3.4B).

To confirm that the growth on Fe(lll)-Ps medium was not from the residual
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Figure 3.4: Functional complementation of fet3fet4 yeast. DEY1453-derived

yeast strains transformed with pGEV-TRP and constructs expressing YSL1,

YSL3, or the empty pYES6/CT vector were grown on synthetic defined medium

containing variable conditions for iron (Fe(ll) or Fe(lll)), chelator (DMA or NA),

and beta-estradiol (BE). Pairs of spots correspond to 10-fold and 100-fold

dilutions of the original cultures. This yeast complementation assay was

performed by Jeff Chiecko.

(A) Results using Fe(ll) and NA. Each plate contained the constituents

indicated, as the following concentrations: 50 pM iron citrate, 3uM Fe(11)SOy4, 8

MM NA, 10 nM BE.

(B) Results using Fe(lll) and PS. Each plate contained the constituents

indicated, as the following concentrations: 50 uM iron citrate, 10uM Fe(111)Cls,

10uM DMA, 40nM BE. In addition, the Fe(ll) chelator, BPDS, was added to

some plates, as indicated.

(C) Results using Fe(lll) and NA. Each plate contained the constituents

indicated, as the following concentrations: 50 uM iron citrate, 10 uM Fe(lII)Cls,

15 uM NA, 40nM BE.
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Fe(ll) in the medium, the strong Fe(ll) chelator

4,7-biphenyl-1,10-phenanthroline-disulfonic acid (BPDS) was used to remove

any Fe(ll). Functional complementation on Fe(lll)-PS still occurred in the

presence of BPDS, indicating that YSL3 transports Fe(lll) (Figure 3.4B). The

ability of AtYSL3 to use Fe(lll)-PS as a substrate could imply that the substrate

of AtYSL3 in vivo is Fe(lll)-NA, since PS and NA share very high structural

similarity. To test this, strains were grown on medium that contained 10 uM

FeCl3 with or without 15 pM NA (Figure 3.4C) in the presence of the inducer

BE, and AtYSL3 did not restore growth on Fe(lll)-NA medium.

3.3.2 Localization of YSL1 and YSL3 proteins:

We have hypothesized that YSL1 and YSL3 are plasma membrane bound

proteins responsible for distribution of Fe-NA complexes in Arabidopsis. To

localize the expression of YSL1 and YSL3 protein precisely, the YSL1 and

YSL3 genes were fused to GFP for sub-cellular localization. Both YSL1 and

YSL3 are predicted to be plasma membrane proteins, and their activity in

yeast (Figure 3.4) also reveals their role as plasma membrane transporters.

For YSL1, YSL1 cDNA was fused to GFP at the carboxyl terminus under the

control of 35S promoter (35S::YSL1::GFP), and then transiently transformed

into onion epidermal cells using microprojectile bombardment. A construct

64



containing soluble GFP under a 35S promoter was also included as a control

(35S-smGFP; Figure 3.5D-F). The fluorescence signal of the YSL1-GFP

fusion protein was observed at the periphery of the cell (Figure 3.5A-C), and

no signal deviation around the nucleus was observed, indicating that YSL1 is

localized to plasma membrane.  For YSL3 localization, the whole gene was

fused to GFP at the C-terminus (YSL3-GFP), and then stably transformed into

yslysI3 double mutants. Transgenic plants were screened by their green,

rescued phenotype. The tonoplast localized protein TIP1 (Tonoplast Intrinsic

Protein 1) was also included as a control to visualize tonoplast localization.

The fluorescence signal from YSL3::GFP protein was observed in the

periphery of cells of the vascular tissue of roots (Figure 3.5G-1). By contrast,

the TIP1::GFP signal deviates around the nucleus (Figure 3.5J-L, yellow arrow)

as expected and such deviation away from the cell periphery was never

observed in plants transformed with YSL3::GFP. Thus, the YSL3 gene is

located in the plasma membrane. The GFP signal for YSL3 was observed

almost exclusively in the lateral plasma membrane of the root but rarely at the

apical or basal ends. This pattern is similar to that of YSL2 (Didonato et al,

2004) and is consistent with a role in the lateral movement of metals within

vascular tissues.
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Figure 3.5: Localization of YSL1 and YSL3 using GFP. (A-F) Localization in

onion epidermal cells using microprojectile bombardment. (G-L) Localization

in stably transformed Arabidopsis.

(A) Fluorescence image of an onion cell bombarded with 35S-YSL1-GFP

construct. (B) DIC image of the onion cell shown in (A). (C) Overlay of

images shown in (A) and (B). (D) Fluorescence image of an onion cell

bombarded with 35S-smGFP construct. (E) DIC image of the onion cell

shown in (D). (F) Overlay of images shown in (D) and (E). (G)

Fluorescence image of the root of a plant stably transformed with

theYSL3-GFP construct. (H) DIC image of the root shown in (G). ()

Overlay of images shown in (G) and (H). (J) Fluorescence image of the root

of a plant stably transformed with a 35S-TIP construct. Arrows indicate

positions where the fluorescence signal deviates around nuclei. (K) DIC

image of the root shown in (J). (L) Overlay of images shown in (J) and (K).
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3.3.3 Over-expression of YSL3:

Over-expression has been an important tool for determination of the function of

a gene. | attempted to increase the expression of YSL3 to observe the direct

impact to plants. For overexpression, the YSL3 gene was cloned into pMNZ20,

vector with 4 copies of the CaMV 35S enhancer. This construct is expected

to enhance expression of YSL3 without inducing ectopic expression (Weigel et

al.,2000; Tian et al, 2004; Mora-Garcia et al, 2004). The construct was stably

transformed into wild type Arabidopsis plants and homozygous transformants

were obtained by gentamycin selection. Three lines of homozygous

transformants, YSL3 OX 5.8, 7.1, and 13.2, were generated, and RT-PCR

results demonstrated that the mRNA level of YSL3 was increased by 2.7, 1.6,

and 2.4 fold respectively in the leaves of transgenic lines (Figure 3.6A). Line

YSL3 OX 5.8 also showed increased expression of YSL3 in the flowers and

flower buds, whereas the other two lines had normal mRNA levels (Figure 3.6B

and C). In the cauline leaves, normal mRNA levels were detected in all three

lines (Figure 3.6D).

No morphological phenotype was observed for any line, so ICP-MS

determination of metal content was performed on leaves and seeds of these

plants. Inthe leaves, Cu levels were increased in all three lines
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Figure 3.6: YSL3 enhanced expression lines YSL3 OX L5.8, YSL3 OX L7.1,

and YSL3 OX L13.2. Each line contains a 4X35S enhancer sequence

upstream of a YSL3 genomic clone containing 1487 bp of native sequence

upstream of the initiating ATG.

(A)-(D) Expression of YSL3 by semi-quantitative (relative quantification)

RT-PCR. Actin2 was included as a control for template quantity. Lanel: ColO.

Lane2: YSL3 OX L5.8. Lane3: YSL3 OX L7.1. Lane4: YSL3 OX L13.2. (A)In

leaves. (B) In flowers. (C) In flower buds. (D) In cauline leaves. (E)

ICP-MS determination of Mn, Fe, Cu, and Zn concentrations of leaves from 20

day old soil-grown plants. Results are given as ppm. Error bars represent

standard error. Each sample contains 10 replicates. Asterisks indicate P < 0.05

by T-test. (F) ICP-MS determination of Mn, Fe, Cu, and Zn concentrations of

seeds. Results are given as ppm. Error bars represent standard error. Each

sample contains 10 replicates. Asterisks indicate P < 0.05 by T-test.
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(Figure 3.6E). The Fe and Zn levels were not changed in the over-expression

lines. Increased levels of Mn were only observed in line 7.1. In the seeds,

no metal levels were changed except for a decreased level of Znin line 7.1

(Figure 3.6F). However, since the changes of Mn and Zn were only observed

in a single line, and did not correlate with mRNA levels, their significance is not

clear. The weak or non-existent over-expression demonstrated by RT-PCR

for flowers, buds, and especially cauline leaves may explain the lack of clear

changes in metal content in seeds.

Since over-expression of YSL3 appears to be strongest in vegetative

tissues in these lines, | examined whether this strong expression contributes to

resistance or sensitivity to iron deficiency stress. Seeds of Col-0 plants and

the three transgenic lines were germinated on MS medium for 10 days and

then transferred to MS medium that lacked Fe. The total chlorophyll level of

the seedlings, which reflects the level of iron deficiency chlorosis, was

measured at various time points. Line 5.8, which had the highest expression

relative to control plants level for YSL3 mRNA (Figure 3.6A), had significantly

increased chlorophyll content from 18 to 24 days of iron starvation (Figure 3.7),

thus demonstrating resistance to prolonged iron deficiency. The two other

lines with weaker expression showed no significant differences from wild type
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Col0 plants.

3.3.4 Complementation of ysllysI3 double mutants by YSL1 or YSL2:

The Arabidopsis YSL family members share high sequence similarity, and

the whole YSL family can be divided into three well-conserved groups based

on their sequence similarity. YSL1, YSL2, and YSL3 fall into the same group.

These three YSLs share over 60 percent sequence identity and their

expression patterns are quite similar to each other. ysll single mutants

exhibit only subtle phenotypes and both ysI2 and ysI3 single mutant exhibit no

phenotype, whereas ysllysl3 double mutant showed a severe phenotype.

Lack of clear phenotypes in the single mutants suggests that these closely

related members of the family may share overlapping biochemical functions

and differ only in their expression patterns. The overt phenotype of the

ysllysl3 double mutant is an ideal tool to define the biochemical function of

YSL1, YSL2, and YSL3. Inthe experiment, YSL1 and YSL2 cDNA were

driven by the YSL3 promoter and stably transformed into ysllysI3 double

mutants. If using YSL1 or YSL2 promoter, function of YSL3 could not be

compared since we could not clone a YSL3 cDNA because of toxicity in E. coli.

If YSL1 and YSL2 have highly similar or identical biochemical functions to

YSL3, then the severe phenotypes of double mutant should be alleviated or
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Figure 3.7: Iron starvation response in wild-type and YSL3 enhanced
expression lines YSL3 OX L5.8, YSL3 OX L7.1, and YSL3 OX L13.2. Plants
were grown on MS plates for 10 days, then transferred to MS without iron for a
period of 0-24 days. The total chlorophyll content of the shoot system was
measured every two days. Error bars represent standard error. Each sample

contains 4 replicates.
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recovered. A YSL3 whole gene fusion to GFP for localization studies was
included as a positive control since this construct contains the same promoter
as used in this experiment. Plants transformed with YSL3p::YSL1 exhibited
only a partially rescued phenotype. Chlorophyll levels of four transgenic lines
(YSL3p::YSL1 L2, L3, L4, and L5) were significantly lower than those of WT,
but significantly higher than those of the un-complemented double mutant
(Figure 3.8A and B). The positive control, YSL3::GFP, did completely
complement the chlorotic double mutant phenotype (Figure 3.8C). The seed
number (as an indication of fertility) and seed weight (as an indication of seed
development) of the four transgenic lines were similar to those of ysllysI3
double mutant (Figure 3.8D and F), while both seed amount and seed weight
are normal in YSL3::GFP complemented lines (Figure 3.8E and G). Thus,
YSL1 can only partially complement YSL3 transport function in planta,
suggesting that YSL1 and YSL3 are partially redundant at the level of protein
function. In conclusion, YSL1 and YSL3 appear to have related but distinct
functions in planta.

Similar to YSL3p::YSL1 transgenic plants, plants transformed with
YSL3p::YSL2 also exhibited only a partially rescued phenotype. Chlorophyll

levels of three transgenic lines (YSL3p::YSL2 L4, L7, and L9) were
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Figure 3.8: Complementation of ysllysl3 double mutants with YSL1 and YSL2.

ysllysl3 double mutant plants were transformed with YSL1 and YSL2 cDNA

driven by YSL3 promoter (YSL3p::YSL1 and YSL3p::YSL2). Four lines of

YSL3p::YSL1 (L2, L3, L4, and L5) and three lines of YSL3::YSL2 were

included (L4, L7, and L9). * indicates P < 0.05 by T-test. ** indicates P < 0.01

by T-test.

(A) 20 day old soil-grown Col0, YSL3p::YSL1, YSL3p::YSL2, and ysllysI3

plants.

(B) Total chlorophyll concentration of leaves of Col0O, YSL3p::YSL1,

YSL3p::YSL2, and ysllysI3 grown on soil for 20 days. Each sample represents

10 replicates.

(C) Total chlorophyll concentration of leaves of Col0, YSL3-GFP, and ysl1ysI3

grown on soil for 20 days. Each sample contains 10 replicates.

(D) Average weight of an individual seed.

(E) Average weight of an individual seed.

(F) Average seed number per plant.

(G) Average seed number per plant.
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significantly lower than those of WT, but significantly higher than those of the

un-complemented ysllysl3 double mutant (Figure 3.8Aand B). The seed

number and seed weight of the three transgenic lines were similar to those of

ysllysI3 double mutant (Figure 3.8D and F). Thus, YSL2 can only partially

complement YSL3 transport function in planta, suggesting that YSL2 and

YSL3 are partially redundant at the level of protein function. In conclusion,

YSL2 and YSL3 appear to have related but distinct functions in planta.

3.4 Discussion:

Using the YSL3 construct | prepared, we showed the ability of AtYSL1 and

AtYSL3 to take up iron using a yeast functional complementation assay

(Figure 3.4). In this assay, by carefully controlling expression from a

BE-inducible promoter, growth is dependent on expression of YSL protein. In

addition, we showed that rescue of growth only occurs when both iron and

chelator (NA or PS) are present in the growth medium. No complementation

occurs when only an equal amount of iron but no chelator is present in the

medium. This suggests that, in order to rescue growth, Fe-NA or Fe-PS

complexes are required as substrates for the YSLs. As expected, AtYSL1

and AtYSL3 exhibited Fe(Il)-NA transporter activity as AtYSL2. Strikingly,

AtYSL3 can use Fe(lll)-PS as substrates for transport (Figure 3.4C), since PS,
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including DMA used in the assay, are not produced by Arabidopsis (Mori, S.,

1999). Only grass species (e.g., rice, maize, wheat, etc) produce PS, and so

only these species would be expected to have YSLs that transport PS. One

explanation is that AtYSL3 may possess the ability to transport Fe(lll) bound to

NA, since Fe(lll)-NA complexes are expected to occur in all plants (von Wiren

et al., 1999), including Arabidopsis. Because DMA shares high structural

similarity to NA, it could substitute for NA to form a transportable complex.

However, no complementation was observed when the assay was performed

in medium containing Fe(lll) and NA. This negative result can be attributed to

a lack of Fe(lll)-NA transport activity for AtYSL3, or to a problem with the assay

conditions. For example, either unsuccessful Fe(lll)-NA complexes formation,

or unstable Fe(ll1)-NA complexes under the conditions in the medium could

cause the assay to fail. Another explanation of the ability of YSL3 to transport

Fe(ll1)-PS could be the amino acid substitution in the YSL3 construct used for

this assay. The amino acid change from lysine to arginine may have altered

the transport activity of the protein (Figure 3.3). However, this is unlikely to be

the case since the altered amino acid not strongly conserved among YSL

proteins, and known Fe(lll)-PS transporters, ZmYS1, OsYSL15 (Figure 3.3),

and HvYS1 (not shown) do not contain the R residue at this position. This

79



negative result of Fe(lll)-NA transport assay leaves the question of Fe(lll)-NA

transport via AtYSL3 open. Thus, whether AtYSL3 can transport Fe(lll)-NA in

plants remains unclear.

Subcellular localization results showed that YSL1 and YSL3 are localized

to the plasma membrane (Figure 3.5), consistent with their roles as Fe-NA

transporters that allow cells to take up iron from apoplast. This s in

agreement with our hypothesis that the role of YSL1 and YSL3 is to transport

metal-NA complexes through vascular parenchyma cells into adjacent cells.

Over-expression of YSL3 increases the iron deficiency tolerance of plants

(Figure 3.7), but does not cause any change in metal levels of seeds. The

unaltered metal levels may be due to unchanged mRNA levels in the

reproductive tissue (Figure 3.6B-D). The increased iron deficiency tolerance

with unchanged levels of iron in leaves implies that elevated expression of

YSL3 results in better iron utilization, rather than an increased capacity to take

up or store iron.

Examination of the functional equivalency of Arabidopsis YSL1, YSL2,

and YSL3 showed that YSL1 and YSL2, although they share high sequence

similarity to YSL3, do not share completely redundant transport functions in

planta. ysllysI3 double mutant plants expressing YSL1 and YSL2 under
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control of YSL3 promoter only exhibited partial complementation in vegetative
tissues, and exhibited no complementation in reproductive tissues (Figure 3.8).
This result implies that the function of YSL3 is partially overlapping to the
function YSL1 and YSL2 in vegetative structures, but distinct in reproductive

organs.

81



CHAPTER 4

ROLES OF ARABIDOPSIS YSL1 AND

YSL3 IN REPRODUCTION

4.1 Introduction:

In chapter 3, the functions of AtYSL1 and AtYSL3 in vegetative tissues

were discussed, but AtYSL1 and AtYSL3 seem also to be important in

reproductive tissues. In addition to vegetative defects, ysllysI3 double

mutant plants also exhibit reproductive defects such as low pollen viability

(Figure 1.5 F and G), and defective seeds with arrested embryos (Waters et al,

2006), implying that YSL1 and YSL3 are necessary for proper pollen and seed

development. Expression of AtYSL1 and AtYSL3 increases markedly during

leaf senescence, a period in which many minerals are remobilized from leaves,

presumably for delivery into developing inflorescences and seeds (Himelblau

and Amasino, 2001). Direct measurements of metals in senescing and

younger leaves demonstrated that ysllysl3 double mutants failed to mobilize

Cu and Zn from leaves, indicating that YSL1 and YSL3 are important for metal

remobilization from senescing leaves (Waters et al, 2006).

Hence, we propose that, in addition to transporting metals into vascular
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parenchyma cells for distribution away from veins into interveinal regions,

YSL1 and YSL3 have an additional role in transport of metals away from

interveinal regions toward the phloem in senescing leaves (Figure 4.1).

Because YSL1 and YSL3 seem to play important roles in metal transport, we

are particularly interested in understanding their physiological function in

loading of metals into seeds.

In this chapter, the effect of Fe-EDDHA treatment of Col-0 and ysl1ysI3

plants was examined, and foliar application of Fe was included to confirm that

defects revealed in ysllysI3 double mutant plants was due primarily to lack of

iron. Perl’s stain was performed to determine whether iron localization is

normal in seeds of double mutants. Finally, grafting experiments were

performed to determine whether YSL1 and YSL3 activity in leaves is

necessary for successful reproduction of seeds.

4.2 Materials and methods:

The detailed materials and methods are described in Chapter 2. Sections

Plant growth conditions (2.1), Mineral analysis by ICP-MS (2.3), Grafting (2.7),

and Chlorophyll content determination (2.11) are relevant.
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Figure 4.1: Working model of YSL1 and YSL3 in vegetative leaf and during leaf

senescence.

(A) Vegetative growth: YSL1 and YSL3 take up metal ions that arrive via xylem.

This uptake occurs mostly in the xylem parenchyma. Once inside the cells, iron

moves through the symplast or is effluxed elsewhere.

(B) YSL1 and YSL3 take up metal ions that have been released from leaf cells.

This uptake occurs mostly in the vascular parenchyma. Once inside the cells,

iron moves through the symplast or is effluxed elsewhere prior to loading into

phloem.
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4.3 Results:

4.3.1 Mineral homeostasis and fertility are partially rescued by Fe-EDDHA

treatment:

In a previous study, ysllysI3 double mutants exhibited altered levels of Mn,

Fe, Zn, and Cu, yet Fe-EDDHA treatment reversed the chlorotic phenotype.

Could Fe-EDDHA treatment cause metals other than Fe to change in the plants?

In order to determine how Fe-EDDHA treatment affects the metal content of

leaves and seeds, the metal concentrations in these organs were measured by

ICP-MS. Double mutant plants had high leaf concentrations of Mn, Zn, and

especially Cu (Figure 4.2). In this experiment, the concentration of iron was

not significantly different from normal in leaves, but all experiments have shown

consistent small (~10%) decreases in Fe concentration in leaves, which is often

statistically significant. Subirrigation with Fe-EDDHA caused the

concentration of Mn and Zn to decrease, while the concentration of Cu and Fe

increased. With Fe(lll)-EDDHA treatment, ysl1ysI3 and Col-0 leaves had

similar Mn, Fe, and Zn concentrations. Fe(lll)-EDDHA treatment had no effect

onthe Cu levels of Col-0 shoots, but resulted in even greater Cu

concentrations in ysllysI3 leaves. Thus, treatment with this chelated form of

iron caused unanticipated changes in the levels of several metals.

86



Figure 4.2: ICP-MS determination of Mn, Fe, Cu, and Zn concentrations in
ysllysI3 and ColO leaves receiving treatment with Fe-EDDHA or water. Results
are given as ppm. Error bar represents standard deviation. Each sample

contains 10 replicates.
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Use of the strong iron chelate solution, Fe-EDDHA, results in changes in

3/4 of the affected metals, calling into question whether the chlorotic phenotype

of the double mutant is simply the result of iron deficiency, or instead is caused

by a more complex imbalance in the levels of transition metals. Thus, we

sprayed the plants with ferric ammonium citrate, an un-chelated form of iron.

The irtl mutant, defective in primary iron uptake from soil, can be rescued by

soil amendment (Vert et al, 2002). irtl mutant plants were included as a

control to ensure that foliar application is effective in treating iron deficiency in

Arabidopsis. The chlorophyll content of irt1-1 mutants and ysllysI3 double

mutants increased significantly after application of iron ammonium citrate to the

leaves. Control plants that were treated with ammonium-citrate (Figure 4.3)

remained chlorotic, indicating that the chlorosis was caused by Fe deficiency.

The effect of iron application on seed set in the double mutant plants was also

examined. While both foliar application of iron (Figure 4.4 A) and

subirrigation with Fe-EDDHA (Figure 4.4 B) resulted in increased seed

production by the double mutants, the Fe-EDDHA treatment was much more

effective: the number of seeds from the double mutant plants was only 13%

that of WT after foliar spraying, while the number of seeds from double mutants

treated with Fe-EDDHA was 57% of the normal seed number.
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Figure 4.3: Total chlorophyll concentration of shoot system of wild-type, irtl1-1,

and ysllysl3 plants receiving foliar application of ferric ammonium citrate or

ammonium citrate (negative control). Plants homozygous for a mutation in

IRT1 (the main site of root iron uptake) were used as a control to ensure that

Arabidopsis plants can use foliar applied iron. Error bar represents standard

deviation. Each sample contains 3 replicates.
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Figure 4.4: Response of seed production of wild-type, irtl-1, and ysllysI3
plants to alternative methods of iron supplement. Error bars represent
standard deviation.

(A) Seed production by plants receiving foliar treatment of ferric ammonium
citrate or ammonium citrate (negative control).

(B) Seed production by plants receiving subirrigation treatment of Fe-EDDHA

or water.
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Thus, treatment with both Fe-EDDHA and Fe-Citrate was able to at least

partially restore the seed development defect, but Fe-EDDHA was much more

effective. | also examined whether Fe-EDDHA treatment affects seed viability.

Seeds from treated ysl1ysI3 plants had much higher germination rates, both on

soil (89% percent germination) and MS agar plates (92% percent germination),

than the seeds from untreated plants (33% on soil; 74% on MS agar plates)

(Table 4.1). In conclusion, treatment with Fe-EDDHA restored the seed

viability defect of ysllysl3 double mutant (Figure 4.4 and Table 4.1).

To understand the underlying cause of the change in seed viability, |

measured the metal levels of seeds (Figure 4.5). Seeds of the double

mutants had diminished levels of Fe, Zn, and Cu, suggesting that YSL1 and

YSL3 are necessary for proper loading of these minerals into seeds.

Treatment with Fe-EDDHA increased both Fe and Cu levels but decreased

levels of Mn and Zn in seeds of both ysllysI3 double mutants and WT.

Notably, the Fe(lll)-EDDHA treatment caused the level of seed Fe to rise to the

same level as contained in Col-0 plants but did not raise Zn and Cu levels,

yet the Fe(lll)-EDDHA treatment did recover seed viability (Figure 4.5 and

Table 4.1). Thus, we conclude that the seed defects resulted mainly from lack

of Fe, not the lack of Cu, Zn, or Mn.
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Table 4.1: Germination rate of Fe-EDDHA and water treated ysl1ysI3 double
mutant. Germination was scored as successful emergence of the hypocotyls
and cotyledons. For each sample, three sets of 100 seeds were included in

the experiment.

Fe-EDDHA water
Soil 89%+4.36 33%+7.00
MS agar 92%%5.29 74%+7.81
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Figure 4.5: ICP-MS determination of Mn, Fe, Cu, and Zn concentrations in
ysllysI3 and ColO seeds receiving treatment with Fe-EDDHA or water. Results
are given as ppm. Error bar represents standard deviation. Each sample

contains 4 replicates.
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4.3.2 ysllysl3 double mutant seeds retain correct iron localization:

We have previously shown that the seeds produced by ysllysI3 double

mutants are low in Fe, Zn, and Cu (Waters et al., 2006). To determine

whether iron is localized normally in these seeds, | further examined the iron

content in ysl1-2, yslI3-1, and ysllysl3 mutant seeds by Perl’s stain for Fe(lll)

(Figure 4.6). Using this method, Fe(lll) is released from tissue deposits by

treatment with dilute hydrochloric acid, and then reacts with potassium

ferrocyanide to produce an insoluble blue compound, potassium ferric

ferrocyanide (Prussian blue). Ferrous ions do not participate in the reaction, but

since measures are not taken to prevent oxidation of Fe(ll) to Fe(lll) during the

staining, both Fe(lll) and Fe(ll) may ultimately contribute to staining. In

Arabidopsis seeds, iron is most concentrated in the vasculature of the

embryo’s cotyledons (Kim et al., 2006), and Perl’s stain reveals this pattern

(Figure 4.6A). ysl1-2 and ysl3-1 have a staining intensity similar to WT seeds,

which indicated normal levels of iron, and are consistent with our previous

metal measurement results. These single mutants also have correct iron

localization (Figure 4.6B and C). Seeds of ysl1ysI3 double mutants showed

no staining at all even after four hours of staining, while seeds of ysllysI3

double mutants treated with Fe-EDDHA do show staining, albeit after longer
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Figure 4.6: Perl’s staining of seeds. Seeds were cut in half and then stained
with Perl’s stain solution for 15 min except (D) and (F).

(A) Wild-type. (B) ysl1-2. (C) yslI3-1. (D) ysllysI3 stained for 4 hours. (E) Seed
from a ysllysl3 plant that was supplemented with Fe-EDDHA. (F) Seed from a

ysllyslI3 plant that was supplemented with Fe-EDDHA stained for 4 hours.
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times (Figure 4.6D-F). The staining pattern of the double mutant seeds

indicates that iron levels are reduced but iron localization is correct: iron is

located in the vascular bundles of the cotyledons. Thus, loss of function of

YSL1 and YSL3 results in low iron levels but does not affect iron localization in

seeds.

4.3.3 YSL1 and YSL3 are necessary for loading metals into seeds:

Since previous data suggested that YSL1 and YSL3 are necessary for

proper loading of Fe, Zn, and Cu into seeds, | sought to determine where YSL1

and YSL3 act to affect this process. To accomplish this, | performed

inflorescence-grafting experiments. In these experiments, | grafted young

(~3-7 cm) primary inflorescence stems (scion) of ysllysI3 double mutant plants

onto WT rosettes (stock), and then allowed flowering and seed set to proceed.

If YSL1 and YSL3 are required in the vegetative tissues for proper metal levels

in the seeds, the reproductive defects of ysllysI3 double mutants should be

rescued by grafting so that the seed development would be normal. On the

other hand, if YSL1 and YSL3 are important in flowers or developing seeds,

the ysllysI3 scion would still produce defective pollen and/or seeds. As a

control, self-grafts of WT plants were also made. | attempted to perform

self-grafts of the ysllysI3 double mutants, but was not able to obtain viable
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grafts. Therefore, comparative data obtained from un-grafted ysl1lysI3 double

mutant plants is presented.

Using reciprocal crossing, failure of seed set in ysllysl3 double mutants

has been demonstrated to be causing by defective pollen. Thus, in this

experiment, seed set was used as an indication of pollen function. Seed set,

seed weight, and metal content of the seeds were measured. The seed

number and observation of anthers showed that grafting rescued the pollen

defect of the scion (Figure 4.7A). Moreover, seed weight was also corrected

by grafting (Figure 4.7B), suggesting that YSL1 and YSL3 function are

necessary in the rosettes (stems/leaves/roots) for normal development of

pollen and seeds. Furthermore, metal content measurement was performed

to examine whether the grafting also recovered metal balance in seeds. Asa

control, un-grafted WT was also included in the measurement to observe

whether metal levels were affected by grafting.

Measurements of the concentrations of Fe, Zn and Cu (Figure 4.7C)

showed no significant difference between ysllysI3 scion-grafted WT and

un-grafted ysl1lysI3 double mutant seeds. The Fe, Cu, and Zn levels of seeds

produced by ysllysI3 grafts were all significantly lower than the levels in WT

self-graft. These results indicate that YSL1 and YSL3 are required in the
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Figure 4.7: Inflorescence grafting experiment. ysllysl3 double mutant scions

(inflorescences) grafted onto WT stocks are labeled as ysl1ysI3+WT. WT+WT

indicates wild type plants that were self-grafted as positive controls. ysllysI3

double mutant was used as negative control since it was not possible to

generate self-grafted ysllysI3 plants. Un-grafted WT was included in metal

measurement experiments as a positive control. Error bars represent

standard deviation. Asterisks indicate P < 0.05 by T-test. WT+WT and ysl1ysI3

contain 4 replicates. ysl1ysI3+WT contains 6 replicates. WT contains 10

replicates.

(A) Average seed number per silique. Each silique on the grafted

inflorescences was opened and the seed number was counted.

(B) Average weight of an individual seed produced by the grafted

inflorescences.

(C) Metal concentration of seeds of grafted plants. Metal content of the seeds

produced by grafted inflorescences was determined using ICP-MS.
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grafted portion (inflorescence stems, flowers, or developing fruits and seeds) in

order for the seeds to accumulate correct metal levels at maturity. The Fe, Cu,

and Zn levels of seeds produced by double mutants were significantly different

from un-grafted WT levels, consistent with previous results (Figure 4.5; Waters

et al, 2006). The Mn levels of seeds produced by un-grafted WT were

significantly higher than that of WT self-grafts indicating that grafting itself alters

loading of Mn into seeds. The Mn levels in the seeds of ysllysI3 grafts and WT

self-grafts were similar, but are both significantly lower than that of both

un-grafted WT and double mutants. Thus, grafting caused substantially

diminished levels Mn in the seeds.

4.4 Discussion:

Together, the Fe-EDDHA and ferric ammonium citrate experiment show

that, even though treatment with Fe-EDDHA causes changes in multiple

metals, the reversal of chlorosis results only from increased iron, not from

changes in the levels of other metals (Figure 4.2 and 4.3). Two reasons may

be able to explain why Fe-EDDHA treatment decreased the levels of Zn and

Mn in leaves. The first is that uptake or translocation of Zn and Mn was

affected by EDDHA. Treatment with EDDHA only can address this issue.

However, this experiment is currently not possible because Na-EDDHA has
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not been commercially available for several years. The second is that the

IRT1 Fe transporter, which takes up not only Fe but also Zn and Mn, is

down-regulated when plants are treated with high levels of bioavailable iron.

Thus, Fe abundant plants reduced uptake of Zn and Mn. This is consistent

with a previous report that plants experiencing Fe deficiency typically contain

high levels of Zn and Mn (Lahner et al., 2003).

Treatment with Fe-EDDHA restored the seed viability defect of ysllysI3

double mutant (Figure 4.4 and Table 4.1). Furthermore, the metal levels of

seeds are the cause of the change in seed viability. Treatment with

Fe-EDDHA increased both Fe and Cu levels but decreased levels of Mn and

Zn in seeds of both ysl1ysI3 double mutants and WT. Notably, the

Fe(ll)-EDDHA treatment caused the level of seed Fe to raise to the same level

as contained in Col-0 plants (Figure 4.5). Because Fe-EDDHA treatment did

not raise Zn and Cu levels, yet did improve seed viability (Figure 4.4 and Table

4.1), we hypothesize that the seed viability defect of the double mutant is due

primarily to a lack of iron.

We have shown that the seeds produced by ysl1ysI3 double mutants are

low in Fe, Zn, and Cu (Waters et al., 2006). Here, | further show that seeds of

ysllysl3 double mutant retain correct iron localization using Perl’s stain. Thus,
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loss of function of YSL1 and YSL3 results in low iron levels but does not affect

iron localization in seeds.

Previous results suggested that YSL1 and YSL3 are important in

senescing leaves for proper loading of Fe, Zn, and Cu from leaves into seeds.

To determine where YSL1 and YSL3 act to affect this process, inflorescence

grafting was used to show that YSL1 and YSL3 function are necessary in the

rosettes (stems/leaves/roots) for normal development of pollen and seeds

(Figure 4.7A and B). However, the fact that metal levels of ysllysI3 grafts

remained uncorrected showed that YSL1 and YSL3 are not only required in

the rosettes. Instead, the metal measurement results suggested that YSL1

and YSL3 are also required in inflorescences for proper accumulation of

metals in seeds (Figure 4.7C). Since YSL1 and YSL3 are poorly expressed in

siliques and seeds, the presence of YSL1 and YSL3 in flowers, stems or

cauline leaves is likely necessary for proper loading of metals into developing

seeds. In conclusion, YSL1 and YSL3 do not only play a role in moving iron

or other metals from leaves directly to seeds but also are needed within the

flowers, stems or cauline leaves for correct metal accumulation in seeds.

The grafting experiment showed that recovery of expression of YSL1 and

YSL3 in leaves restored seed weight and seed number defects of ysllysI3
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double mutants, indicating that normal leaf expression of YSL1 and YSL3 is

the key for normal seed weight and seed number. In chapter 3, ysllysI3

double mutants complemented by YSL1 and YSL2 under control of YSL3

promoter have partially restored chlorophyll level, indicating that function of

YSL3 in leaves was partially recovered. Thus, since normal expression of

YSL3 results in normal seed weight and seed number, these two traits were

expected to be at least partially restored in the ysllysl3 double mutants

complemented by YSL1 and YSL2. However, seed weight and seed number

remain low in the complemented double mutant lines, implying two distinct

YSL3 activities in leaves- one is needed during vegetative growth, and the

other one is needed during reproduction/senescence.
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CHAPTER 5

ROLES OF THE ARABIDOPSIS YSL4

AND YSL6 METAL TRANSPORTERS

5.1 Introduction:

The YSL family was identified based on sequence similarity to ZmYS1

and eight members were found in the Arabidopsis YSL family. The functions

the three Arabidopsis family members most closely related to ZmYS1 (YSL1,

YSL2, and YSL3) have been demonstrated previously (DiDonato et al., 2004;

Le Jean et al., 2005; Waters et al., 2006; Chapter 3 and 4). The whole YSL

family can be divided into three groups based on sequence similarity (Figure

1.3) and YSL4 and YSL6 belong to a distinct, well conserved group. AtYSL4

and AtYSL6 share 84 percent sequence identity and 92 percent similarity to

each other. OsYSL6, belongs to the same sub-group (Figure 1.3), share 88

percent similarity to AtYSL4 and AtYSL6, suggesting that this is a really well

conserved sub-group. The AtGenExpress microarray data available at

www.arabidopsis.org was used to visualize the expression pattern of the

AtYSL family in roots, rosettes, senescent leaves, flowers, and seeds. Based

on these available microarray data, we conclude that YSL1, YSL3, and YSL6
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are the most abundantly expressed members of the AtYSL family. Thus,

YSL6 is also of particular interest for functional analysis. However, YSL4 is

not represented on the array, so its abundance cannot be determined. Since

YSL4 has the highest similarity to YSL6, YSL4 is also particularly interesting.

Using yeast functional complementation, our lab has demonstrated that

YSL4 and YSL6 can transport Fe(ll)-NA (Figurel.4), implying that they have

roles in the translocation of iron in Arabidopsis. In this chapter, YSL4 and

YSL6 were shown to be highly expressed in both vegetative and reproductive

tissues using RT-PCR and YSL promoter::GUS reporter constructs, implying

that they may play an important role in Arabidopsis. YSL4 and YSL6 are

localized to the plasma membrane, consistent with their roles as Fe-NA

transporters. Loss of function of YSL4 and/or YSL6 resulted in altered metal

levels. Over-expressing AtYSL6 resulted in a small increase in Zn in seeds.

Moreover, YSL6 proteins under the control of the AtYSL3 promoter do not

rescue the phenotypes of the ysllysI3 double mutant, indicating a transport

activity that is distinct from that of AtYSL1, AtYSL2, and AtYSL3.

5.2 Materials and methods:

The detailed materials and methods are described in Chapter 2. Sections

Plant growth conditions (2.1), Molecular techniques (2.2), Mineral analysis by
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ICP-MS (2.3), Agrobacterium mediated stable transformation (2.4), Perl’s stain

(2.5), GFP fusion and intercellular localization (2.8), Gus histochemical staining

(2.9), Overexpression of YSLs (2.10), Chlorophyll content determination (2.11),

and Complementation of ysllysI3 double mutants (2.12) are of particular

interest.

5.3 Results:

5.3.1 YSL4 and YSL6 are not iron requlated:

We have previously described that expression of YSL1, YSL2, and YSL3

are stronger in above ground tissues than underground tissues and that

expression of these genes is reduced in response to iron deficiency. To

determine whether YSL4 and YLS6 are expressed in aboveground or

underground parts and whether their mMRNA levels change in response to iron

deficiency, plants were grown on MS medium for 10 days and then transferred

to MS and MS lacking iron for 5 days. RNA was extracted from shoots and

roots and the expression levels of YSL4 and YSL6 were determined by

semi-quantitative RT-PCR. Figure 5.1A and B shows that YSL4 and YSL6

are strongly expressed in both shoots and roots. Based on AtGenExpress

microarray data available at www.arabidopsis.org, YSL4 mRNA was not

detectable, indicating its presence at a low level, which is in conflict with the
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Figure 5.1: Expression of YSL4 and YSL6 by semi-quantitative RT-PCR (A-D),

and profile of AtYSL gene expression from AtGenExpress microarray in rosette

leaves and senescing leaves of soil-grown plants (E and F). AtYSL genes not

represented on the graphs were not detected. For (A) and (B), Col0O plants

were grown on MS medium for 10 days and then transferred to MS or MS-Fe

medium for 5 days. Actin was included as control. For (C) and (D), leaves

were collected from ColO plants grown on soil for 20 and 38 days. 18S rRNA

was included as control.

(A) RT-PCR using RNA from shoots.

(B) RT-PCR using RNA from roots.

(C) RT-PCR using RNA from shoots.

(D) RT-PCR using RNA from shoots.

(E) Expression of AtYSLs in rosette leaves of mature soil-grown plants.

(F) Expression of AtYSLs in leaves of senescing soil-grown plants.
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RT-PCR results. The RT-PCR has been repeated for more than three times

and the GUS histochemical analysis in section 5.3.2 also confirms that YSL4 is

highly expressed in shoots and roots. Moreover, the expression levels of

YSL4 and YSL6 are not regulated by iron deficiency (Figure 5.1A and B).

This pattern of expression is markedly different from that of YSL1, YSL2, and

YSL3, which are down-regulated under iron deficiency. Based on the

AtGenExpress microarray data, expression of YSL1, YSL3, and YSL6 all

increase during leaf senescence (Figure 5.1E and F), and mRNA levels of

YSL1 and YSL3 have been confirmed to increase during leaf senescence by

RT-PCR and GUS histochemical staining (Waters et al, 2006). Thus,

RT-PCR was performed to observe the expression of YSL4 and YSL6 during

senescence. Figure 5.1C and D show that expression of both YSL4 and

YSL6 are not increased during leaf senescence. This RT-PCR result of YSL6

is inconsistent with the microarray data, but again, the RT-PCR has been

repeated three times. Thus, expression of YSL6 is not increased during leaf

senescence. Again, this pattern of expression is markedly different from that

of YSL1 and YSL3.

5.3.2 Expression pattern of YSL4 and YSLG6:
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To determine the tissue expression patterns of YSL4 and YSLS6, the

promoter of each gene was fused to GUS and transformed into Col-0 plants.

Plants were grown on MS medium or soil, and GUS activity was observed by

histochemical staining in various tissues at different stages of the plant’s life

cycle. The expression patterns of YSL4p::GUS and YSL6p::GUS are quite

similar to each other. YSL4p::GUS was strongly expressed in seeds, during

germination, and in young seedlings (Figure 5.2A). In leaves, YSL4p::GUS

was expressed generally in the whole leaf area in mature leaves (Figure 5.2E).

This pattern is distinct from most of the AtYSL genes, which are most strongly

expressed in the vasculature. In floral tissues, GUS staining was observed in

the sepals (Figure 5.2C), pollen (Figure 5.2B), and siliques (Figure 5.2F).

When siliques were opened, GUS staining was only observed in the valves but

not in the vascular tissues inside (Figure 5.2G). In roots, GUS staining was

observed mainly in vascular tissue, although staining can also be seen in other

parts of the roots (Figure 5.2F).

YSL6p::GUS was also strongly expressed in seeds, during germination,

and in young seedlings (Figure 5.3Aand F). Inleaves, YSL6p::GUS was

strongly expressed in mature leaves (Figure 5.3B) in both vascular and

intercostal regions. In floral tissues, GUS staining was observed in the
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Figure 5.2: Histochemical staining of YSL4 promoter-GUS reporter plants.
(A) Day 1 to day 7 of germination on MS medium. (B) Anther. (C) Flower.
(D) Root and cross-section of root. (E) Mature leaf. (F) Silique. (G) An

open silique.
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Figure 5.3: Histochemical staining of YSL6 promoter-GUS reporter plants.
(A) Day 1 to day 7 of germination on MS medium. (B) Root and crossection
of root. (C) Rosette leaf. (D) Seeds and funiculi of an open silique. (E)

Flower. (F) Young seedling.

118



119



sepals, anthers (Figure 5.3E), and siliques. When siliques were opened,

GUS staining was not only observed in the valves but also in the funiculi

(Figure 5.3D), implying a role in loading of iron from maternal tissues into

seeds. In roots, GUS staining was observed mainly in the vascular tissues

(Figure 5.3C). These expression patterns support the idea that YSL4 and

YSL6 are active during the whole plant life cycle, and especially during

germination. These results, together with strong sequence similarity of the

two proteins, also suggest that YSL4 and YSL6 may perform overlapping

functions in plants.

5.3.3 Localization of YSL4 and YSL6 protein:

To more precisely localize the expression of the YSL4 and YSL6 proteins,

the whole YSL4 and YSL6 genes were fused to GFP and then stably

transformed in to ysl4-2 and ysl6-5 mutant plants, respectively, for sub-cellular

localization. GFP fluorescence of the roots was observed by Zeiss confocal

microscopy. Since a proteomics analysis had suggested that YSL4 and YSL6

were localized to the vacuole membrane (Jaquinod et al, 2007), Tonoplast

Intrinsic Protein 1 (TIP1) was included for demonstration of the pattern

associated with tonoplast localization (Figure 5.4D-F). GFP signal from

TIP-GFP frequently deviates around the nucleus (Figure 5.4D, yellow arrow).
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Figure 5.4: Subcellular localization of AtYSL6 in Arabidopsis roots.

(A)-(C) Confocal microscope images of a plant transformed with AtYSL6-GFP.

(A) GFP image. (B) DIC image (C) Overlay image of (A) and (B). (D)-(F) As

a control for tonoplast localization, confocal microscope image of the root of a

plant transformed with GFP fused to AtTIP (Tonoplast Intrisic Protein). (D)

GFP image. Note deviation of the GFP signal around nucleus (yellow arrow).

(E) DIC image. (F) Overlay image of (D) and (E).
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The fluorescence signal of YSL6 was observed at the periphery of the cell

(Figure 5.4A-C), and signal deviation around the nucleus was never observed,

indicating YSLG6 is localized to plasma membrane. The fluorescence signal of

YSL4-GFP fusion protein was also observed at the periphery of the cell (Figure

5.5A-C), and signal deviation around the nucleus was never visualized,

suggesting that YSL4 is also localized to the plasma membrane.

5.3.4 Characterization of ysl4 and ysl|6 knockout plants:

Among all the AtYSL family members, AtYSL4 and AtYSL6 belong to the

same group (Figure 1.3), and share highest sequence similarity. The gene

structure of AtYSL4 and AtYSL6 is similar (Figure 5.6A), with six exons in each

gene. Furthermore, the length of each exon is also similar, suggesting that

they may perform similar functions.

We have identified one T-DNA knock out allele for ysl4 (SALK 025447;

ysl4-2) and two T-DNA knock out alleles for ysl6 (SALK_119560; ysl6-4 and

SALK 093392; ysl6-5). T-DNA insertion occurred in exon 5 in ysl4-2, in

intronl in ysl6-4, and in exon7 in ysl6-5 (Figure 5.6A). In each case, no

corresponding mRNA is detected in homozygous mutant individuals (Figure

5.6B, Lane 2, 5, and 6). Amplification of YSL6 genomic DNA using gene

specific primers (Figure 5.6B, Lane 4) was included to demonstrate that the
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Figure 5.5: Subcellular localization of AtYSL4 in Arabidopsis root.

(A)-(C) Confocal microscope image of plant transformed with AtYSL6-GFP.

(A) GFP image. (B) DIC image. (C) Overlayed image of (A) and (B).
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Figure 5.6: Characterization of ysl4 and ysl6 T-DNA knockout mutants.

(A) Schematic representation of the structure of YSL4 and YSL6. Grey bars

represent promter regions. Blue bars represent exons. Black lines

represent introns (not to scale). Red triangles represent T-DNA insertions.

(B) Detection of YSL4 andYSL6 mRNA. RT-PCR was performed using RNA

extracted from the leaves of wild type (WT), ysl4-2, ysl6-4, ysl6-5, and ysl4ys|6

plants. WT genomic DNA (gDNA) was also included as control. Lane 1: WT

cDNA with YSL4 specific primers. LaneZ2: ysl4-2 cDNA with YSL4 specific

primers. Lane 3: WT gDNA with YSL6 specific primers. Lane 4: WT cDNA

with YSL6 specific primers. Lane 5: ysl6-4 cDNA with YSL6 specific primers.

Lane 6: ysl6-5 cDNA with YSL6 specific primers.
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bands seen in Figure 5.6B, Lane 5 and 6 results from genomic DNA

contamination of the cDNA.

Since no obvious phenotype was observed in either ysl4 or ysl6 single

mutants, | generated ysl4ysl6 double mutant plants by crossing ysl4-2 and

ysl6-5. F2 plants were used for genotyping to identify double mutants. In

homozygous ysl4ysl6 double mutants, no PCR products of YSL4 (Figure 5.7A)

or YSL6 (Figure 5.7C) is detected and T-DNA insertions in both YSL4 (Figure

5.7B) and YSL6 (Figure 5.7D) were detected. No overt phenotypes were

observed in the ysl4ysl6 double mutants.

5.3.5 Mutant plants have altered metal levels:

Because no obvious phenotypes could be discerned from single or double

mutant plants, ICP-MS determination of metal content was performed (Figure

5.7) to see whether metal homeostasis is altered. Metals were measured in

the leaves and seeds, because YSL4 and YSL6 showed strong expression in

both vegetative and reproductive organs. The results of leaf metal content

measurement showed that Mn is significantly high in ysl4-2 and ysl6-4, and

although not significant, there is a trend that Mn is high in ysl6-5 (Figure 5.8A).

Interestingly, Mn level is normal in the double mutants. Zn is also significantly

high in ysl4-2 and ysl6-4, but normal in ysl6-5 and ysl4ysl6.
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Figure 5.7: Characterization of ysl4ysl6 double mutants. PCR was performed

using genomic DNA as template to identify YSL4, YSL6, and T-DNA insertion.

In (A) and (C), Col0 was included as a positive control of genomic DNA quality.

In (B) and (D), ColO was included as a negative control to confirm no PCR

product can be generated without a T-DNA insertion.

(A) YSL4 gene specific primers, which span through T-DNA insertion site, were

used to show no wilt type YSL4 present.

(B) Primers, which associate with YSL4 T-DNA insertion, were used to show

the presence of the T-DNA insertion.

(C) YSL6 gene specific primers, which span through T-DNA insertion site, were

used to show no wilt type YSL6 present.

(D) Primers, which associate YSL6 T-DNA insertion, were used to show the

presence of the T-DNA insertion.
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Figure 5.8: ICP-MS determination of metal concentrations of Col0, ysl4-2,
ysl6-4, ysl6-5, and ysl4ysl6. Results are given as ppm. Error bars represent
standard error. Each sample contains 10 replicates. Asterisks indicate P < 0.05
by T-test. (A) Metal concentrations of leaves. (B) Metal concentrations of

seeds.
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For the seeds, ysl4-2 mutant seeds have decreased levels of Fe and

increased levels of Zn and Cu (Figure 5.8B). Both ysl6-4 and ysl6-5 mutant

seeds have decreased levels of Fe and increased levels of Cu (Figure 5.8B).

Since both ysl4 and ysl6 single mutant seeds have altered Fe, Cu, and/or Zn

levels, altered Fe, Zn, and Cu levels were expected to be observed in ysl4ys|6

mutant seeds. As expected, ysl4ysl6 double mutant seeds have increased

levels of Zn and Cu (Figure 5.8B). Interestingly, decreased iron level was not

observed in seeds of ysl4ysl6 mutants. Moreover, seeds of ysl4ysl6 mutants

have increased levels of Mn.

5.3.6 Examination of growth of mutant lines:

Since YSL4 and YSL6 are highly expressed in seeds, and seeds of

mutant lines (single and double mutants) exhibit altered metal levels, YSL4

and YSL6 may play important role in seeds. Thus, germination tests were

performed test whether these mutants have germination defects. In this

experiment, three sets of 100 seeds each of every line were germinated on

normal MS medium plates and MS medium without added Fe, Zn, Cu, or Mn.

Germination was defined as emergence of the radical, and was scored every

24 hours after plating. Germination rate and germination time of the seeds of
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these mutants were normal when grown on MS medium and MS medium

without Fe, Zn, Cu, or Mn (Figure 5.9).

Total chlorophyll level of 5 day old seedlings germinated on MS medium

was measured to confirm whether mobilization and utilization of Fe was

affected in the seeds of the mutants.  Four sets of 20 seeds of each mutant

line were placed on MS medium lacking Fe in a line parallel to a line of seeds

from ColO plants, allowing better visual comparison of greenness. Since Fe

levels were decreased in seeds of the ysl4 and ysl6 single mutants, the

mutants were expected to be more susceptible to Fe limiting conditions than

Col0 plants. However, the chlorophyll level was statistically indistinguishable

from Col0 in the seeds of each mutant (Figure 5.10). Furthermore, to test

whether iron mobilization or utilization was affected by losing function of YSL4

or YSL6, or both, seeds were germinated on MS medium for 10 days and then

transferred to MS medium without Fe, Zn, Cu, or Mn for 14 day, followed by

total chlorophyll level measurements. The chlorophyll level of all the mutants

showed no difference from that of ColO (Figure 5.11), indicating that loss of

function of YSL4 and/or YSL6 does not affect tolerance to metal deficiency.

All mutants were also examined to observe whether they are more sensitive or

tolerant to metal excess. Plants were grown on MS medium for 10 days and
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Figure 5.9: Germination test of seeds of Col0, ysl4-2, ysl6-4, ysl6-5, ysl4ys|6
plants. Three sets of 100 seeds each of every line were germinated on

normal MS medium plates and MS medium without added Fe, Zn, Cu, or Mn
(Marked as —Fe, -Zn, -Cu, and —Mn in the charts). Germination was defined

as emergence of the radical, and was scored every 24 hours after plating.
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Figure 5.10: Metal starvation response in seedlings of Col0, ysl4-2, ys|6-4,

ysl6-5, and ysldysl6. Seedlings were grown on MS medium lacking Fe for 5

days and then chlorophyll levels were measured.
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Figure 5.11: Metal starvation response in Col0, ysl4-2, ysl6-4, ysl6-5, and
ysldysl6 plants. Plants were grown on MS plates for 10 days, and then
transferred to MS without Fe, Zn, Cu, or Mn for 14 days. The total chlorophyll
content of the shoot system was measured.

(A) Chlorophyll levels of plants grown on MS medium lacking Fe.

(B) Chlorophyll levels of plants grown on MS medium lacking Zn.

(C) Chlorophyll levels of plants grown on MS medium lacking Cu.

(D) Chlorophyll levels of plants grown on MS medium lacking Mn.

139



2 g
3 3
> >
4 9
(el 2
I I
t %
9 o8
3
- - - s 8 8 3 8 8 35 °
*my BwyBn Aydololyo rejor =) ‘M3 Bwybn 1Aydosolyd fejo)

Col0 ysl4-2 ysi6-4 ysi6-5 ysl4/6

RS B M R N o O
S e o e

o o o
m’) Buybn (1Aydosolyd fejol C m’) Buybn (1Aydosolyg fejo)

ysld-2 ysi64 ysi6-5 ysldysi6
140

Col0o




then transferred to MS medium containing 200 uM Fe, 200uM Zn, 100 uM Cu,

or 200uM Mn for 21days. No growth difference was observed in comparison

to ColO.

5.3.7 Seeds of mutant plants retain correct iron localization:

We have previously shown that the seeds produced by ysl4 and ysl6

mutants are low in Fe and high in Cu and/or Zn (Waters et al., 2006). To

determine whether iron is localized normally in these seeds, | examined the

iron content in ysl4-2, ysl6-4, and ysl6-5 mutant seeds by Perl’s stain for Fe(lll)

(Figure 5.12). Using this method, Fe(lll) is released from tissue deposits by

treatment with dilute hydrochloric acid, and then reacts with potassium

ferrocyanide to produce an insoluble blue compound, potassium ferric

ferrocyanide (Prussian blue). Ferrous ions do not participate in the reaction, but

since measures are not taken to prevent oxidation of Fe(ll) to Fe(lll) during the

staining, both Fe(lll) and Fe(ll) may ultimately contribute to staining. In

Arabidopsis seeds, iron is most concentrated in the vasculature of the

embryo’s cotyledons (Kim et al., 2006), and Perl’s stain reveals this pattern

(Figure 5.12). The Perl’s stain pattern of all the mutants is similar to that of

WT. Thus, all mutants have correct iron localization in seeds. We conclude
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Figure 5.12: Perl’s stain of seeds for Fe(lll). Seeds were cut in half and then

stained with Perl’s stain solution for 15 min.
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that loss of function of YSL4 and/or YSLG6 results in low iron levels but do not

affect iron localization in seeds.

5.3.8 Over-expression of YSLG6:

For a better understanding of the physiological function of the YSL6 gene,

| attempted to increase the expression of YSL6 to observe the direct impact to

plants, i.e. whether metal content, seed set, iron deficiency tolerance etc.

would be affected. The whole YSL6 gene was cloned into the pMN20 vector,

which contains 4 copies of the CaMV 35S enhancer. This construct is

expected to enhance expression of YSL6 without inducing ectopic expression

(Weigel et al.,2000; Tian et al, 2004; Mora-Garcia et al, 2004). The construct

was stably transformed into wild type Arabidopsis plants and homozygous

plants were identified in the F2. Three lines of homozygous transformants,

YSL6 OX 1.3, 4.7, and 7.10, were generated that have increased mRNA levels

(2.1- 1.7- and 1.5- fold, respectively) in the leaves (Figure 5.13A). However,

no elevated expression of YSL6 was observed in reproductive tissues of any of

the three transgenic lines (Figure 5.13B-E).

No morphological phenotypes were observed in these lines, so ICP-MS

determination of metal content was performed on both leaves and seeds.

The results of metal content measurement showed that, except for Zn levels in
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Figure 5.13: YSL6 enhanced expression lines YSL3 OX L1.3, YSL3 OX L4.7,

and YSL3 OX L7.10. Each line contains a 4X35S enhancer sequence

upstream of a YSL6 genomic clone containing 683 bp of native sequence

upstream of the initiating ATG.

(A) Expression of YSL6 by semi-quantitative RT-PCR. Actin2 was included

as a control for template quantity. Lanel: Col0. Lane2: YSL6 OXL1.3.

Lane3: YSL6 OX L4.7. Lane4: YSL6 OX L7.10.

(B) ICP-MS determination of Mn, Fe, Cu, and Zn concentrations of leaves from

20 day old soil-grown plants. Results are given as ppm. Error bars represent

standard error. Each sample contains 10 replicates. Asterisks indicate P < 0.05

by T-test.

(C) ICP-MS determination of Mn, Fe, Cu, and Zn concentrations of seeds.

Results are given as ppm. Error bars represent standard error. Each sample

contains 10 replicates. Asterisks indicate P < 0.05 by T-test.
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the seeds of YSL6 OX 1.3 and 4.7, metal levels were not changed (Figure

5.13G). The increased Zn phenotype does not correspond to our

expectations, since Zn levels are normal in the seeds of ysl6 mutants. |If

YSL6 is strongly involved is seed Zn deposition, | would expect to see

decreased levels of Zn in ysl6 mutant plants.

5.3.9 Examination of YSL6 over-expression lines:

Because overexpression of YSLG6 in these lines appears to be strongest in

vegetative tissues, we examined whether the lines were resistant or sensitive

to metal deficiency stress. In this experiment, seeds were germinated on MS

medium for 10 days and then transferred to MS medium lacking Fe, Zn, Cu, or

Mn for 28 days. The total chlorophyll level of the seedlings, which reflects the

level of iron deficiency chlorosis, was measured at various time points.  All

three lines (Line 1.3, 4.7, and 7.10) showed no significant differences from wild

type Col0 plants (Figure 5.14). Three overexpressing lines were also

examined to observe whether they are more sensitive or tolerant to metal

excess. Plants were grown on MS medium for 10 days and then transferred

to MS medium containing 200 uM Fe, 200uM Zn, 100 uM Cu, or 200uM Mn for

21 days. Again, no growth difference was observed compared to ColO.

147



Figure 5.14: Metal starvation response in wild-type and YSL6 over-expression

lines YSL6 OX L1.3, YSL3 OX L4.7, and YSL3 OX L7.10. Plants were grown

on MS plates for 10 days, and then transferred to MS without Fe, Zn, Cu, or

Mn for 28 days. The total chlorophyll content of the shoot system was

measured.

(A) Chlorophyll levels of plants grown on MS medium lacking Fe.

(B) Chlorophyll levels of plants grown on MS medium lacking Zn.

(C) Chlorophyll levels of plants grown on MS medium lacking Cu.

(D) Chlorophyll levels of plants grown on MS medium lacking Mn.
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5.3.10 Complementation of ysllysl3 double mutants by YSL6:

Both AtGenExpress microarray data and promoter-GUS analysis showed

that YSL3 and YSL6 are abundantly expressed in leaves and pollen and pollen

inviability is a prominent feature of ysllysI3 double mutant phenotype.  Thus,

| examined whether YSL3 and YSL6 share overlapping biochemical functions

using the overt phenotype of the ysllysI3 double mutant as a tool. In the

experiment, YSL6 cDNA was driven by the YSL3 promoter and stably

transformed into ysllysl3 double mutants. If YSL6 has highly similar or

identical biochemical functions to YSL3, then the severe phenotypes of double

mutant should be alleviated or recovered. YSL3 whole gene fusion to GFP

for localization studies was included as a positive control since this construct

contains the same promoter as used in this experiment.

Plants transformed with YSL3p::YSL6 exhibited only a partially rescued

phenotype. Chlorophyll levels of four transgenic lines (YSL3p::YSL6 L3, L5,

and L7) were similar to those of ysllysl3 double mutants and significantly lower

than those of WT (Figure 5.15A), whereas the positive control, YSL3::GFP, did

completely complement the chlorotic double mutant phenotype (Figure 5.15B).

The seed number (as an indication of fertility) and seed weight (as an

indication of seed development) of the three transgenic
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Figure 5.15: Complementation of ysllysI3 double mutants with YSL6.
ysllysl3 double mutant plants was transformed with YSL6 cDNA driven by
YSL3 promoter (YSL3p::YSL6). Three lines of YSL3p::YSL6 (L3, L5, and L7)
were included. Asterisk indicates P < 0.05 by T-test.

(A) Total chlorophyll concentration of leaves of Col0, YSL3p::YSL6, and
ysllysI3 grown on soil for 20 days. Each sample represents 10 replicates.

(B) Total chlorophyll concentration of leaves of Col0, YSL3-GFP, and ysllysI3
grown on soil for 20 days. Each sample contains 10 replicates.

(C) Average weight of an individual seed.

(D) Average weight of an individual seed.

(E) Average seed number per plant.

(F) Average seed number per plant.
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lines were similar to those of ysllysI3 double mutant (Figure 5.15C and E),

while both seed number and seed weight are normal in YSL3::GFP

complemented lines (Figure 5.15D and F). No complementation resulted

from expression of the YSL3p::YSL6 construct. RT-PCR was performed to

confirm the expression of the transgene. When making the YSL3p::YSL6

construct, an HA tag was added to 3’ end of YSL6. Primers specific to the HA

tag were therefore used to amplify only the YSL6 mRNA from the

YSL3p::YSL6 construct. Expression of YSL6 controlled by YSL3 promoter

was confirmed (Figure 5.16). Thus, YSL6 cannot complement YSL3

transport function in planta, suggesting that YSL3 and YSL6 are not redundant

at the level of protein function. In conclusion, YSL3 and YSL6 appear to have

distinct biochemical functions in planta.

5.4 Discussion:

An analysis of the tonoplast proteome had suggested that YSL4 and YSL6

were localized to the tonoplast (Jaquinod et al, 2007). Localization of YSL4

and YSL6 using whole gene fusion to GFP revealed that YSL4 and YSL6 are

actually localized to the plasma membrane (Figure 5.4 and 5.5). This result is

in agreement with our yeast functional complementation result, which suggests

that YSL4 and YSL6 are plasma membrane bound Fe(ll)-NA transporters
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Figure 5.16: RT-PCR result showed mRNA level of YSL6 expressed under

control of YSL3 promoter in three lines of YSL3p::YSL6 (L3, L5, and L7).

Primers amplifying only YSL6 expressed from the construct were used for the

PCR. WT cDNA was included as negative control to show that mRNA of

YSL6 under control of native promoter cannot be amplified using this set of

primers. Actin2 was included as control.
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(Figure 1.4). 1t is known that tonoplast membrane preparations can easily be

contaminated by plasma membrane. Since YSL4 and YSL6 are the most

abundantly expressed YSL family members, it is very likely that they would be

the YSL most likely to be detected in any proteomic study.

Loss of function of YSL4 or YSL6 resulted in elevated Mn and Zn levels in

leaves (Figure 5.8A). This elevated Mn and Zn phenotype is a standard

phenotype appearing plants experiencing iron deficiency. This phenotype is

seems to be the result of IRT1 transporter activity. In addition to the primary

iron uptake transporter, IRT1 also takes up Mn and Zn. During iron limitation,

the iron deficiency signal triggers increased expression of IRT1 to maintain

iron homeostasis. In this way, increases Mn and Zn levels arise as a

by-product of increased IRT1 expression. It has been established that plants

under Fe deficiency may not show declined level of iron in leaves, but

increased levels of Mn and Zn (Baxter et al, 2008). Thus, this could also be

happening in ysl4 and ysl6 single mutants. To confirm this, IRT1 and ferric

reductase activity in the roots need to be checked to observe whether their

expression is increased.

| hypothesize that YSL4 and YSL6 may be involved in iron mobilization

from roots into shoots, consistent with their expression pattern, revealed by
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promoter-GUS analysis, that YSL4 and YSL6 are highly expressed in the

vascular tissue of roots. In this model, loss of function of YSL4 or YSL6

results in trapped iron in the roots, which induces iron deficiency responses in

the leaves. Metal levels of roots will need to be measured in order to test the

hypothesis.

In the seeds, loss of function of YSL4 results in reduced levels of Fe and

elevated levels of Zn and Cu (Figure 5.7B). Loss of function of YSL6 results

in decreased levels of Fe and increased levels of Cu in seeds (Figure 5.7B).

This result implies that YSL4 and YSL6 are involved in iron distribution into

seeds, consistent with the high expression levels of YSL4 and YSL6 in flowers

and siliques. Interestingly, seeds of double mutants have normal levels of

iron. Moreover, seeds of ysl4ysl6 double mutants have increased levels Mn,

Zn, and Cu, which are even significantly higher than those of ysl4 and yslI6

single mutant seeds. One explanation is that since loss of ysl4 or ysl6 results

in decreased levels of iron in the seeds, and loss of function of both YSL4 and

YSL6 may trigger stronger response to iron deficiency. Therefore, in order to

compensate the iron levels in seeds of ysl4ysl6 double mutants, more iron may

be remobilized from senescing leaves and be delivered into developing

inflorescences and seeds, results in a normal level of iron in seeds.
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Furthermore, transporters could transport multiple metals. Our lab has

shown that YSL1 and YSL3 are important for Cu and Zn remobilization from

senescing leaves (Waters et al, 2006). Some other genes may be

responsible for moving Fe, Mn, Cu, or Zn out of senescing leaves, distributing

these metals to flowers, or loading these metals into seeds. Thus, in order to

deliver iron into seeds of ysl4ysl6 double mutants, Mn, Zn, and Cu may also be

moved into seeds causing increased levels of Mn, Zn, and Cu.

Seeds of ysl4 and ysl6 single mutants have decreased levels of iron

similar to that of ysllysl3 double mutants. | was not able to stain seeds of

ysllysl3 mutants using Perl’s reagent and even attempting to stain seeds of

ysllysl3 mutants with Fe-EDDHA treatment, which have normal iron levels, it

took 4 hours to observe staining (Figure 4.6). However, just like seeds of WT,

it took only 15 minutes to observe Perl’s staining of ysl4 and ysl6 single mutant

seeds. We know that Perl’s stain can only detect Fe(lll), which is the typical

storage form of iron, but not Fe(ll). One possibility is that loss of function of

YSL1 and YSL3 somehow prevents the Fe(ll) transported to seeds from being

oxidized to Fe(lll) for storage. This may explain the germination defect of

ysllyslI3 since iron homeostasis in seeds may be disrupted by the

accumulation of an abnormal form of Fe.
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Both AtGenExpress microarray data and promoter-GUS analysis showed

that YSL3 and YSL6 are abundantly expressed in leaves and pollen, implying

possible overlapping functions of YSL3 and YSL6. The functional

equivalency examination of Arabidopsis YSL3 and YSL6 showed that YSL6 do

not share redundant functions in planta. ysllysl3 double mutant plants

expressing YSL6 under control of YSL3 promoter exhibited no

complementation in both vegetative tissues and reproductive tissues (Figure

5.15). We cannot make the conclusion at this point because the lack of

complementation could be caused by absent or low expression of YSL6

protein. Although the presence of mMRNA has been confirmed (Figure 5.16),

the presence of MRNA does not guarantee protein expression. | have done

western blot for several times to detect the presence and level of YSL6 protein.

In this experiment, ysllysI3 double mutant plants transformed with

YSL3p::YSL2 were used as a positive control since they showed partial

complementation, indicating protein from construct is expressed in this line.

However, | was not able to detect HA tag in either line. Thus, optimization of

western blots needs to be done to show the presence and level of YSL6

protein.
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CHAPTER 6
DISCUSSION

Iron homeostasis in plants requires regulation of many components.

Initial work on iron homeostasis was focused on how iron is taken up from soil

into roots. As described previously, the key components involved in iron

uptake from soil into roots have already been characterized, but little is known

about the mechanisms involved in moving iron from root epidermis into xylem,

moving iron from xylem into cells or subcellular compartments in leaves, or iron

re-distribution from mature leaves into seeds. In order to achieve the goal of

biofortification, the mechanisms governing distribution of iron from roots to

seeds needs to be understood. At the start of my work, YSL family members,

which were putative metal-nicotianamine transporters were candidates for

these functions.

We have hypothesized that the Arabidopsis YSL family has roles in lateral

movement of metals out of vasculature, and metal movement from mesophyll

towards phloem in senescing leaves. Using yeast functional

complementation assays, | have shown that Arabidopsis YSL family members

are Fe-NA transporters (Figure 3.4), suggesting that they are involved in

movement of metals within Arabidopsis. Since NA is the candidate chelator for

160



iron being distributed from organ to organ within plants, YSLs are implicated in

these processes.

Our group has identified a ysll1ysI3 double mutant that exhibits interveinal

chlorosis (Figure 1.5 Ato E) and reproductive defects, such as stunting of

inflorescence, (Figure 1.5 F) low pollen viability (Figure G), and defective

seeds with arrested embryos. We have hypothesized that these phenotype

are caused by iron deficiency. From the Fe-EDDHA and ammonium citrate

experiments, | conclude that the interveinal chlorosis and reproductive defects

of the ysllysI3 double mutants are the result of low iron, and not due to lack of

other metals. This is consistent with our hypothesis, suggesting that YSL1

and YSL3 are important for iron homeostasis within Arabidopsis

In the Inflorescence grafting experiment, | showed that ysl1ysI3 grafts

have normal development of pollen and seeds (Figure 4.7A and B) but that

seeds have uncorrected metal levels, calling into a question whether the

recovery of pollen and seed development is actually caused by normal metal

levels. Since ysllysI3 double mutants are chlorotic, they should have less

sugar. Less sugar could have two distinct effects. One is that, to drive

phloem transport of iron to the seeds, adequate sucrose in the phloem is

required. Thus, pollen and seed defects could be the result of poor iron
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translocation. Alternatively, sugar is itself needed for pollen and seed

development, thus that simple lack of carbohydrate experienced by the

chlorotic ysllysl3 plants could be the cause of the pollen and seed defects.

ysllysI3 grafts to WT rosettes, which have normal sugar content to drive the

phloem transport or provide carbohydrate, do correct the pollen and seed

weight defects that characterize the double mutant. The ferric ammonium

citrate treatment results can be used to address this issue. Ferric ammonium

citrate treatment reversed the chlorosis phenotype of ysllysI3 double mutants

(Figure 4.3), suggesting normal photosynthesis in treated double mutant

leaves. However, ferric ammonium citrate treatment can barely restore seed

viability (Figure 4.4A). In this experiment, normal photosynthesis in leaves but

loss of function of YSL1 and YSL3 results in poor recovery of pollen and seed

development, strongly suggesting that it is metal transport, not sugar

production that causes the pollen and seed weight defects of the double

mutant. In conclusion, YSL1 and YSL3 are required in rosette leaves for

normal pollen and seed development, possibly in movement of metals towards

phloem for loading of metals into seeds. The uncorrected levels of metals in

ysllyslI3 grafts suggest that YSL1 and YSL3 are also necessary in the

inflorescences for proper accumulation of metals in seeds (Figure 4.7C).
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Since YSL1 and YSL3 are poorly expressed in siligues and seeds, the

presence of YSL1 and YSL3 in flowers, stems or cauline leaves is likely

necessary for proper loading of metals into developing seeds. In conclusion,

YSL1 and YSL3 not only play a role in moving iron or other metals from

leaves directly to seeds but also are needed within the flowers, stems or

cauline leaves for correct metal accumulation in seeds.

The initial step towards the goal of biofortification is to characterize “the

players” for metal accumulation in different parts of plants. My work

described here helps us understand how metal mobilization works and gives a

possible way to increase mobilization and thus Fe concentration in seeds.

We have showed that all YSLs are Fe(ll)-NA transporters using yeast

functional complementation assay. This result raises the question of whether

all YSLs identically transport Fe(ll)-NA across plasma membrane in

Arabidopsis. The substitution experiments | performed suggest distinct

biochemical activities for each YSL, indicating that existing biochemical

analyses are not enough. This substitution study allows us to test the

functional equivalency of YSLs and increases our understanding of the

biochemical activities of the whole YSL family. Eventually, these results give

us more possible candidate genes to achieve the goal of biofortification.
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