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ii. Abstract 
 
Na+ is a non- essential element for plant growth. Na+ accumulation within 

plants, especially the shoot tissue causes osmotic stress and Na+-specific 

toxicity that threatens plant survival and reduces crop yield. The control of Na+ 

accumulation in the shoot is mainly at the root level, by regulating net Na+ 

uptake into roots and Na+ transport from root to the shoot. My thesis work is 

mainly on the characterization of a fast neutron mutagenized Arabidopsis 

mutant, nakr1-1, that accumulates Na+ and K+ in the shoot tissue and has 

pleiotrophic developmental phenotypes (including short roots, late flowering and 

loss of apical dominance). Using traditional mapping together with DNA- chip 

based mapping, a 7-bp deletion was identified that caused loss- of- function 

mutation of a gene encoding a putative heavy-metal-binding protein. The metal- 

binding feature of the protein was confirmed by elemental analysis of maltose 

binding protein (MBP)- tagged NaKR1 expressed and purified from Escherichia 

coli.  AtNaKR1 was specifically expressed in the phloem companion cells. 

NaKR1 protein was phloem mobile and unloaded at the phloem terminal into 

the proximal root meristem region.  nakr1-1 mutation caused severe phloem 

function defects as demonstrated by less efficient 14C- sucrose loading and 

starch accumulation in rosette leaves. Phloem function defects were also 

responsible for the Na+/K+ accumulation in the shoot tissue based on the 

reciprocal grafting results together with ICP- MS analyses. Moreover elemental 

analysis of xylem sap indicated Na+ and K+ accumulation phenotypes were not 

caused by increased root- to- shoot transport of Na+ and K+.  nakr1-1 mutation 
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affects root meristem maintenance after germination as revealed by study of 

root meristem size, cell pattern and starch accumulation in root columella cells 

and quiescent center activity. My work provided evidence that phloem 

recirculation plays more important roles than had been suggested by previous 

literature in controlling shoot Na+ accumulation. Understanding how Na+ and K+ 

redistribution is regulated might have potential application in improving salinity 

tolerance of crop plants and the improvement of seed quality.  

iv



iii. Table of Contents

List of Tables ································       vi

List of Figures ································      vii

1. Introduction: Literature review·····················        1

Part I: Control of Na accumulation in higher plants·····        1

Part II: Phloem, structures and functions ············        17

2. Arabidopsis AtNaKR1 is a phloem mobile metal binding       

protein necessary for phloem function and root meristem     

maintenance·······························      34

3. Conclusions·································         89

4. References··································      92

5. Appendices··································     116

Appendix 1: Effect of nakr1-1 mutation on carbohydrate and 

mineral nutrients accumulation in the major sinks- roots      

and seeds·······························     116

Appendix 2: Identifying a Na accumulation mutant 103:06 by 

map-based cloning·························      126

Appendix 3: Elemental analyses of seeds from Arabidopsis 

ecotypes, FN induced and T-DNA insertion mutants···    134

v



iv. List of Tables   

Ap. Table 1: Genetic markers used for 103:06 mutation mapping. 
·······································································································  131

Ap. Table 2: Statistically significant changes in seeds elemental 
profile of ecotypes/ mutants compared to Col-0. ················   136                     

vi



v. List of Figures

Figure 1: Leaves of nakr1-1 contain higher Na, K, and Rb than          

Col-0. ····························································································     38

Figure 2: nakr1-1 Na, K and Rb accumulation phenotypes and root 

growth defects were complemented by NaKR1 whole- gene 

construct. ······················································································    39

Figure 3: Identification of a 7bp- deletion in At5g02600. ················      41

Figure 4: NaKR1 gene and protein structure. ···································      42

Figure 5: AtNaKR and the C- terminal HMA domain failed to rescue 

the lysine auxotrophy phenotype of yeast sod1∆ mutant. ····   44

Figure 6: Purified MBP-NaKR1 fusion protein binds heavy metals.

            ··········································································································    46

Figure 7: The identity of the purified MBP-NaKR1 fusion protein        

was confirmed by mass spectrometry analysis. ··················     47

Figure 8: Expression pattern of NaKR1pro::NaKR1-GUS           

specifically in the phloem region of the vasculature. ··········    49

Figure 9: NaKR1 is expressed in companion cells and NaKR1-       

GFP is phloem mobile. ······························································    51

Figure 10: nakr1-1 developmental and Na/K/Rb accumulation     

defects were complemented with NaKR1pro:: NaKR1-GFP.      

             ·······································································································     52

vii



Figure 11: nakr1-1 developmental and Na/K/Rb accumulation     

defects were complemented with NaKR1pro:: NaKR1-GUS.

             ·······································································································     54

Figure 12: Cellular structures of SE/CC complex were not affected by 

the nakr1-1 mutation as shown by transmission electron 

microscopy. ···············································································      55

Figure 13: The differentiation of protophloem/metaphloem cells       

and companion cells was not affected by the nakr1-1      

mutation. ·····················································································     55

Figure 14: nakr1-1 mutants are defective in phloem function. ·······     57

Figure 15: Quantification of starch in Col-0 and nakr1-1 rosette        

leaves. ·························································································     58

Figure 16: Grafting experiment followed by ICP-MS analyses    

indicated that the Na/K overaccumulation phenotypes of      

nakr1-1 were mainly caused by the loss of function of     

NaKR1 in the shoot tissue. ······················································     60

Figure 17: The effect of reciprocal grafting of Col-0 and nakr1-1            

on leaf Na and K contents. ······················································      62

Figure 18: nakr1-1 plants displayed similar Na content and less K         

in xylem sap than Col-0 plants. ··············································      63

Figure 19: Root phenotypes of nakr1-1 mutant. ·······························      65

viii



Figure 20: Root defects in nakr1-1 appeared after germination. ·····   67

Figure 21: nakr1-1 displayed a strong late flowering phenotype,        

most significantly in long- day growth conditions. ·················   69

Ap. Figure 1: nakr1-1 mutation led to starch accumulation in the      

maternal tissues. ········································································· 122

Ap. Figure 2: nakr1-1 mutation led to alteration in the accumulation        

of multiple mineral elements in Arabidopsis seeds. ············  123

Ap. Figure 3: Under hydroponic growth conditions nakr1-1 plants   

accumulate higher K and Rb than Col-0 plants in the leaf     

tissue.····························································································  124

Ap. Figure 4: nakr1-1 plants accumulate higher K/Rb in the root        

than Col-0 plants and NaKR1 whole gene complementation    

lines NO. 8 and NO. 13.·····························································  125

Ap. Figure 5: 103:06 is a semi- dominant mutant that over-   

accumulates Na in the shoot tissue. ······································   129

Ap. Figure 6: Leaf Na accumulation patterns of the F2 population        

of 103:06 crossed to Ler-0, and Col-0 wild type plants      

grown on the same tray. ···························································   130

Ap. Figure 7: Differences in leaf Na content between the 103:06     

homozygous line 1198:15 and the average Col-0 WT 

population were plotted as the z- values. ······························  132 

ix



Ap. Figure 8: 103:06 homozygous plants are hypersensitive to 

elevated NaCl. ········································································     133

x



 

1. INTRODUCTION: Literature Review 

Part I. Control of Na+ accumulation in higher plants 

Salinity has been a major constraint for crop production. It has been 

estimated that 20% of the irrigated soil is salt affected. Irrigated land 

produces one third of the world’s food (Munns, 2002; 2005). Saline soil 

contains high levels of Na+, which is the main cause of ionic damage to most 

species (Tester and Davenport, 2003).   

Osmotic and salt specific effects on plant growth 

High concentrations of Na+ affect plant growth by two mechanisms: the 

osmotic and ionic stresses. When salt- sensitive plants are exposed to salt 

stress for hours, their shoot growth and to a less extent root growth is 

permanently reduced. This effect is more due to osmotic than Na+- specific 

damage (Munns, 2002). Part of the osmotic problem is caused by the 

negative water potential of the soil solution. Plants need to maintain lower 

internal water potential than that of the soil to maintain turgor and water 

uptake. This requires either uptake of solutes from the soil or the synthesis of 

metabolically compatible solutes that are energetically expensive (Tester and 

Davenport, 2003). Osmotic damage also occurs when high concentrations of 

Na+ build up in leaf apoplast since Na+ enters leaf through xylem sap and is 

left behind when water evaporates (Öertli, 1968; Flowers et al., 1991). With 

high concentrations of Na+ in the leaf apoplast, plants have difficulty 

maintaining low Na+ level in the cytosol, especially low Na+:K+ ratios  
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(Gorham et al., 1990; Dubcovsky et al., 1996; Maathuis and Amtmann, 1999). 

Na+ specific toxicity is largely caused by its competing with K+ over its 

essential cellular functions. A high Na+: K+ ratio in the cytosol interferes with 

the activity of multiple enzymes that require K+ as cofactors (Bhandal and 

Malik, 1988). Moreover high concentration of Na+ in the cytosol also affects 

protein synthesis by interfereing with ribosome function (Blaha et al., 2000). 

The other Na+ related toxicity includes affecting plasma membrane 

permeability, the production of reactive oxygen species explicit. Na+ 

accumulation causes soil decay and thus affects water and nutrient uptake 

into roots. Na related stress always interact with other environmental factors, 

such as drought (Tester and Davenport, 2003). 

Leaves are more vulnerable than roots to Na+ related damage. Upon 

exposure to a saline environment, roots maintain Na+ at a relatively constant 

level (10-30 mM, (Tester & Davenport, 2003). Na+ accumulation in the shoot 

however increases over time due to transpiration. A plant transpires 50 times 

more water than it retains in the leaf tissue, as a result Na+ builds up within 

leaves over time (Munns, 2005). The most severe damage is to the leaf 

tissue, including leaf necrosis, reduced photosynthesis and reduced stomata 

conductivity. As Na+ mainly accumulate in old leaves, the rate of leaf death is 

crucial for plants to survive in saline soil. Only when new leaves are produced 

at a rate greater than the rate at which old leaves dies will there be enough 

photosynthesizing leaves for plants to make flowers and seeds (Munns, 
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2005). One way for reducing Na+ accumulation in the shoot is to redistribute it 

through the phloem translocation stream. Till now there is limited evidence of 

significant Na+ recirculation from shoot to root and Na+ transport from root to 

shoot is considered to be largely unidirectional. Control of Na+ accumulation 

in shoot is thus of major importance for most species to survive salt stress. 

Most salt sensitive species have poor ability to sequester Na+ to the vacuoles 

and have to rely on other mechanisms to deal with Na+ accumulation.   

Mechanisms for Na+ tolerance 

Na+ transport processes have major roles in salinity processes. There are 

two distinct mechanisms for Na+ tolerance: (1) the sequestration of Na+ into 

intracellular compartment to prevent Na+ accumulation in the cytosol and the 

apoplast, and the signaling process to prevent Na+ related damage to the cell. 

(2) the partitioning of Na+ at the whole plant level to avoid Na+ 

overaccumulation in fast growing tissues. This includes several processes: 1. 

Regulation of Na+ delivery to the shoot; 2. Regulation of Na+ recirculation out 

of the shoot; 3. Allocation of Na+ to specific parts of the plants, such as the 

stem, leaf petiole or leaf margin.  There are other mechanisms that are 

involved in improving tolerance to saline stress, such as water- use efficiency, 

osmotic adjustment, secretion of Na+ to the leaf surface and advance of 

flowering time etc., not included in this introduction. More detailed information 

can be obtained from the reviews by Tester and Davenport (2003) and Munns, 

(2005). 
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NHX mediated Na+ sequestration and salt tolerance 

An important strategy used by many plants to survive salt stress is to 

sequester Na+ into the vacuole. Na+ accumulation in vacuoles will decrease 

the toxic Na+ level in the cytoplasm, and provide osmotic potential in the 

vacuole to maintain turgor pressure essential for cell expansion under salt 

stress. This process is mediated by vacuolar membrane localized Na+/H+ 

antiporter. AtNHX1 was the first vacuolar localized Na+/H+ antiporter identified 

in plants, based on its sequence similarity to human NHE and yeast scNHX1 

transporter (Gaxiola et al., 1999). The Arabidopsis genome has six NHX 

genes (AtNHX1-6). AtNHX1 and AtNHX2 are the predominant isoforms. 

When expressed in yeast, AtNHX1,2 and 6 complemented the salt sensitivity 

of nhx1 mutant and led to increased Na+/K+ accumulation in yeast (Gaxiola et 

al., 1999; Yokoi et al., 2002). AtNHX1 and AtNHX2 are induced by salt, 

osmotic stress and ABA treatment; AtNHX5 however is only induced by salt 

stress in an ABA independent manner. The functional overlap and differential 

expression of AtNHXs genes suggest they play important roles in plants and 

different tissues have different requirements for their expression (Yokoi et al., 

2002). The transport of Na+ into vacuoles is an energy- dependent process 

relying on the proton motive force established by the vacuolar membrane 

localized H+- pumping ATPase and pyrophosphatase proteins (Blumwald et 

al., 2000). Salt treatment also induced the activity of both vacuolar proton 

pumps, although in both salt- tolerant and salt- sensitive species (Hasegawa 
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et al., 2000; Maeshima, 2000). The importance of NHX antiporters in salt 

tolerance has been revealed by overexpression or silencing experiments. 

Overexpression of AtNHX1 or its isoforms in various plant species show 

significantly increased salt tolerance (Apse et al., 1999; Zhang and Blumwald, 

2001; Zhang et al., 2001). On the other hand, Arabidopsis null mutants of 

AtNHX1 and tomato plants with LeNHX2 silenced are more sensitive to salt 

stress than control plants (Apse et al., 2003; Rodríguez- Rosales et al., 2008). 

Interestingly, overexpression of vacuolar localized pyrophosphatase (AVP1) 

also enhanced the salt tolerance of transgenic plants (Gaxiola et al., 2001).  

The exact mechanism for NHX overexpression mediated salt tolerance 

remains unclear, since the increased salt tolerance is not always 

accompanied with increased vacuolar Na+ accumulation (Rodríguez- 

Rosales et al., 2008; Zhang et al., 2008). NHX has been identified with K+/H+ 

exchanger activities. LeNHX2 from tomato plants when expressed in yeast 

affects the accumulation of K+ but not Na+ in intracellular compartment 

(Venema et al., 2003). Similarly, disruption of ScNHX in yeast has more effect 

on internal K+ than Na+ accumulation (Quintero et al., 2000; Venema et al., 

2003). Overexpression of H+- pyrophophatase in yeast increased the 

vacuolar pH gradient, and resulted enhanced salt tolerance, increased K+ 

levels and reduced Na+ levels in the presence of ScNHX1 (Gaxiola et al., 

1999). Therefore over-expressing NHX genes induced salt tolerance might 

be partially due to the increased K+ accumulation. NHX genes are also 
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involved in vacuolar pH regulation (Fukada- Tanaka et al., 2000; Brett et al., 

2005) and vesicle trafficking (Mukerjee et al., 2006).  These also present an 

alternative explanation for NHX protein mediated salt-tolerance. Consistently, 

overexpressing vesicle trafficking protein AtRab7 (Mazel et al., 2004) and 

suppression of vesicle- SNARE (Leshem et al., 2006) in Arabidopsis also 

increased tolerance to salt and osmotic stress and increased Na+ 

sequestration into the vacuoles.  

Salt stress induced signaling 

Salt stress induced signal perception mechanism remains unknown. It might 

involve proteins such as stretch- activated channels and ion specific 

receptors (Tester and Davenport, 2003). An early response to the sudden 

increase in extracellular Na+ is a transient rise in cytosolic Ca2+ (Knight et al., 

1997). Saline induced Ca2+ transporter/channel activities (Allen and Sanders, 

1994, Wimmers et al., 1992) and components of Ca2+ related signaling 

pathways (Hirayama et al., 1995; Ishitani et al., 2000) also suggest Ca2+ 

signaling plays important roles in plant salinity response. Protein 

phosphorylation / dephosphorylation also plays important roles in plant 

responses to salt stress. Overexpression of GSK1/shaggy- like protein kinase 

in Arabidopsis resulted in plants exhibiting stress- response phenotypes 

accompanied by enhanced salt tolerance and increased Na+ accumulation in 

the shoot tissue of transgenic plants (Piao et al., 2001). It’s possible the 

increased kinase activity activated Na+ pump activity directly or indirectly. 
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Multiple myriad kinases and phosphatases have been found involved in 

salinity response, including metabolic phosphatases (HAL2, Gil-Mascarell et 

al., 1999), Ca2+- dependent protein kinases (CDPKs) (SOS2, Halfter et al., 

2000), mitogen- activated protein kinase (MAPK) cascades (Kovtun et al., 

2000; Tena et al., 2001), Ca2+/ calmodulin- activated serine/threonine- 

specific protein phosphatases (Pardo et al., 1998; Kudla et al., 1999) etc.  

Much evidence indicated that hormonal signals play predominant roles in 

plant growth under saline conditions (Munns et al., 2002). Signals derived 

from root are translocated through the xylem sap to the shoot to reduce leaf 

growth and change leaf architecture. Root growth itself is also under the 

control of this signal (James et al., 2002). Abscisic acid is a likely candidate 

for this signal since it’s translocated to the shoot through the xylem 

transpiraton stream and retranslocated via the phloem sap (Munns & Cramer, 

1996). However, it is still unclear if ABA is the only signal in this long distance 

signaling. 

SOS (Salt Overly Sensitive) signaling is the most well studied signaling 

pathway for plant salt stress response ( Mahajan et al., 2008).  sos mutants 

(sos1, sos2 and sos3) were screened using root bending assay in 

Arabidopsis T-DNA and fast neutron induced plants (Wu et al., 1996; Zhu et 

al., 1998). These mutants show similar phenotypes as being hypersensitive 

to high amounts of external Na+/Li+ and unable to grow in K+ deficiency 

conditions. The fact that double mutants do not show any additive 
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phenotypes suggests that they are involved in the same pathway. SOS3 

encodes a myristoylated calcium- binding protein (Ishitani et al., 2000). Salt 

stress induced Ca2+ elevation is sensed by SOS3 which interacts with SOS2 

protein kinase and the SOS2-SOS3 complex phosphorylates the plasma 

membrane localized Na+/H+ antiporter SOS1 and activates Na+ efflux 

process (Shi et al., 2000; Halfter et al., 2000). SOS1 contains a N-terminal 

region of transmembrane domains with substantial similarity to Na+/H+ 

antiporters of animals and microorganisms, and a unique regulatory region at 

the C terminal. A recent study discovered the direct interaction between the 

C-terminal region of SOS1 with RCD1 (Radical- induced Cell Death), an 

important transcriptional regulator of oxidative- stress response in plants, 

suggesting SOS1 is also involved in detoxification of ROS (Katiyar-Agarwal 

et al., 2006).  sos2 mutant has the most severe phenotype compared with 

sos1 and sos3 under salt stress conditions. It has been found that SOS2 

protein kinase has targets in addition to SOS1. SOS2 activates Arabidopsis 

Ca2+ transporter CAX1 to integrate Ca2+ transport and salt tolerance (Cheng 

et al., 2004). SOS2 interacts with subunits of vacuolar H+-ATPase to 

promoter Na+ sequestration into vacuoles (Batelli et al., 2007). A close 

homolog of SOS3, AtCBL10/ScaBP8 was recently found to be involved in 

salts- stress regulation by directly interacting with SOS2 and function in Na+ 

exclusion from plasma membrane and sequestration into vacuole (Kim et al., 

2007; Quan et al., 2007). Compared with the root phenotype of sos3, 
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scabp8/cbl10 phenotypes were stronger in the shoot than the root. Direct 

interaction of SOS2 with a protein phosphatase ABI2 was also detected. ABI2 

might play antagonistic roles as SOS2 in salt stress responses by 

dephosphorylating proteins that are phosphorylated by SOS2 (Ohta et al., 

2003). The root defect phenotypes in sos mutants are more related to K+ 

deficiency than Na+ toxicity. Yeast experiments indicated that SOS1 does not 

transport K+ (Quintero et al., 2002). The Na+/H+ antiporter activity of SOS1 

however, is necessary for maintaining plant K+ homeostasis in salt stress 

conditions, possibly by affecting a plasma membrane depolarization- 

activated outward rectifying K+ channel as well as by affecting H+ pump 

activities (Shabala et al., 2005; Qi and Spalding, 2004). 

Na+ entry and efflux from the roots 

Na+ entry from the soil environment into the root cells is a passive process, 

due to the negative electrical potential (~ -180mV) of plant cells (Cheeseman, 

1982), and Na+ accumulation into plants is due to the net result of passive 

influx and active efflux. Unidirectional Na+ influx is mediated by three different 

pathways: two protein mediated pathway distinguished by their sensitivity to 

extracellular Ca+, and a Na+ ‘leakage’ pathway via the apoplast. The relative 

importance of these pathways varies with different species and growth 

conditions (Tester and Davenport, 2003). Major candidates for the Ca2+ - 

sensitive Na+ influx are the non-selective cation channels including the cyclic 

nucleotide gated channels (the CNGCs) and the putative glutamate activated 
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channels (the GLRs) (CNGCs, Maathuis and Sanders, 2001; Leng et al., 

2002; GLRs, Demidchik et al., 2004). Possible candidates for the Ca2+- 

insensitive pathways are the Ca2+- insensitive components of non- selective- 

cation channels (Davenport and Tester, 2000) and members of the KUP, and 

HAK gene families that encode high affinity K+ transporters, and possibly 

mediate Na+ influx at low affinity levels (Rubio et al., 1995; Tyerman and 

Skerrett, 1999). Some members of HKT transporters are able to mediate 

specific high- affinity Na+ uptake, which might be a common process for most 

land plants (Haro et al., 2010).  

Na+ that enters the root cell have one of three fates: it can be translocated 

back to the apoplast; it can be compartmentalized into vacuoles, or it can 

move from cell to cell before being unloaded into the xylem apoplast and 

translocated via xylem transpiration stream from root the shoot. 

Unidirectional Na+ influx into roots has been recorded within the range of 

0.5-2.0 µmol g-1 f. wt min-1 for several species growing at conditions of 50mM 

external Na+ (Tester and Davenport, 2003; Essah et al., 2003). This is 

significantly higher than Na+ accumulation rates within plants (about ten- fold), 

implying substantial efflux of Na+ across the plasma membrane (Tester and 

Davenport, 2003). An important candidate gene responsible Na+ efflux is 

AtSOS1. AtSOS1 is expressed in epidermal cells at the root tip (Shi et al., 

2002) and the mature root zone (Shabala et al., 2005), as well as in the 

parenchyma cells at the xylem/ symplast boundary of roots (Shi et al., 2002).  
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Under mild salt stress, sos1 mutants accumulate less Na+ in the shoot than 

wild type plants (Shi et al., 2002). This suggests SOS1 is involved in 

maintaining low Na+ level within the root, either by exporting to the 

environment or to the shoot. Na+ remaining in roots can be sequestered in 

the vacuoles by tonoplast antiporter (NHX) family proteins. Comparing 

different maize varieties differing in salt tolerance, it was found that NHX 

genes were induced in roots of a variety known to exclude Na+ from the shoot 

(Zörb et al., 2004). Similarly, comparing the NHX induction in salt tolerant 

barley (HvNHX1) and in rice that is more salt sensitive revealed HvNHX1 was 

more induced in the root, whereas OsNHX1 more induced in the shoot 

(Fukuda et al., 2004a, b). This suggests the salt tolerance in barley is related 

to Na+ accumulation in root cell vacuoles, thus limiting the amount of Na+ 

transported to the shoot.      

Control of xylem loading 

As Na+ traffics from root to shoot through xylem transpiration stream, 

maintaining low Na+ accumulation in shoot can thus be achieved by 

minimization of Na+ entry into the xylem, or by maximizing Na+ removal from 

the xylem sap before it reaching the shoot. Retrieval of Na+ from the xylem as 

a major controller of shoot Na+ accumulation has been suggested based on 

the research around athkt1;1 mutants. Athkt1 is a salt- sensitive mutant 

accumulating significant amount of Na+ in the shoot tissue and reduced Na+ 

in the root (Berthomieu et al., 2003; Mäser et al., 2002; Rus et al., 2004), 
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therefore AtHKT1;1 was involved in the regulation of Na+ distribution between 

roots and shoots. AtHKT1;1 functions as Na+-selective uniporter when 

expressed in Xenopus laevis oocytes and yeast (Uozumi et al., 2000). Based 

on the result that HKT1 localized to the plasma membrane of xylem 

parenchyma cells, reduced Na+ content in the phloem exudate and elevated 

Na+ level in the xylem sap of hkt1;1 mutants, it was hypothesized HKT1 

function in retrieval of Na+ from xylem parenchyma cells to facilitate Na+ 

loading and recirculation via phloem from shoot back to the root (Sunarpi et 

al., 2005). More recent work using 22Na+ labeling to study the individual 

process contributing Na+/K+ accumulation in Arabidoposis root and shoot 

demonstrates that AtHKT1 is involved in Na+ retrieval from xylem back into 

the roots instead of in phloem recirculation of Na+ from shoot back into roots 

(Davenport et al., 2007). Research on two Arabidopsis accession lines (Ts-0 

and Tsu-0) which accumulate significantly higher levels of Na+ in the shoot 

than Col-0 demonstrates that the reduced expression of AtHKT1;1 in the root 

tissue is responsible for the elevated Na+ accumulation in shoot and this 

result was supported by the reciprocal grafting experiment between Col-0 

and hkt1;1 plants (Rus et al., 2006).  

More evidence for a role of HKT in salinity tolerance is from the study in 

monocots. Quantitative trait locus mapping of rice SKC1 (shoot K+ content) 

has identified OsHKT1;5, the close ortholog of AtHKT1;1(Ren et al., 2005). 

Point mutations in OsHKT1;5, lead to changes in several amino acids and 
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enhanced Na+ transport activity of OsHKT1;5  in the salt- tolerant cultivar 

Nona Bokra. OsHKT1;5 was localized to xylem parenchyma cells and 

involved in reducing Na+ levels in xylem sap (Ren et al., 2005). Similarly the 

major salinity tolerance QTLs in bread wheat (Kna1) and wheat (Nax1 and 

Nax2) have been correlated with polymorphisms in the copies of AtHKT1;1 

orthologs (TmHKT7-A1 and TmHKT7- A2 for Nax1; TmHKT1;5 and 

TaHKT1;5 for Nax2 and Kna1 respectively.) (Huang et al., 2006; Byrt et al., 

2007). The Nax1 locus mediates Na+ exclusion from leaves, by removing Na+ 

from the xylem of leaf sheath and preventing Na+ entry into the leaf blade. 

Both Nax1 and Nax2 were shown to enhance K+ accumulation in leaf sheaths 

and blades. (James et al., 2006). Together these studies suggest AtHKT1;1 

and its close othlogs in rice (OsHKT1;5), wheat (TmHKT7-A1, TmHKT7-A2 

and TmHKT1;5) and bread wheat (TaHKT1; 5) have major functions in 

mediating Na+ tolerance and Na+ exclusion from leaves by removing Na+ 

from the xylem sap.  

The functional interplay between AtSOS1 and AtHKT1 has been suggested 

to affect xylem loading/ unloading process and the differential Na+ distribution 

in root and shoot (Rus et al., 2004). Research on SlSOS1 revealed its crucial 

role in the survival of tomato plants in saline soil (Olías et al., 2009). 

Comparing varieties differing in salt tolerance revealed the more tolerant 

tomato species accumulate more Na+ in stems and old leaves, while the 

more sensitive species accumulate Na+ mainly in roots (Cuartero and 
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Fernandez- Muñoz, 1999). SlSOS1- silenced plants accumulated 

significantly less Na+ in stems than control plants under saline conditions 

(Olías et al., 2009a). Based on these results a model has been made that 

besides its main action in the extrusion of Na+ out of the root, 

SlSOS1-mediate Na+ transfer from xylem parenchyma cells to xylem vessels, 

preferentially from the root. HKT1 then mediate the reverse unloading 

process of Na+ from the xylem to the stem before it reaches the shoot. 

SlSOS1 might also contribute in exclusion of Na+ from young leaves toward 

the apoplast (Olías et al., 2009b).        

Phloem recirculation of Na+ 

Large gaps still remain in our knowledge of phloem recirculation of Na+, 

especially its relative importance in shoot Na+ accumulation and the specific 

membrane transporters involved in this process. The textbook views tend to 

support that Na+ is effectively excluded from the phloem sap to avoid its 

accumulation in young and meristematic tissues. The challenges of studying 

phloem recirculation of Na+ are mainly caused by the difficulty of collecting 

enough pure phloem exudate for accurate phloem sap measurements. 

Estimates of xylem and phloem fluxes in barley revealed that phloem export 

of Na+ from leaves is only 10% of the import via the xylem (Munns, 2005). 

Similar Na+ recirculation rate was obtained in durum wheat using 22Na+ 

labeling in a split root system (James et al., 2006) and in Arabidopsis using 

22Na+ flux measurements (Davenport et al., 2007). Phloem recirculation of 
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Na+ to levels that significantly affect leaf Na+ accumulation has also been 

reported in several other species including lupin (Munns et al., 1988), maize 

(lohaus et al., 2000) and more recently in castor bean (Peuke, 2010). 

Moreover by comparing a salt- tolerant wild species of tomato (Lycopersicon 

pennellii) with domesticated tomato (Perez- Alfocea et al., 2000) and salt- 

tolerant Phragmites communis with rice (Matsushita and Matoh, 1991) 

revealed salt- tolerant species exclude Na+ from phloem to greater extent 

than salt- sensitive species. Protection of young tissues and meristem region 

from over-accumulating Na+ is of crucial importance for plant salt tolerance. 

14C labeled experiments indicated lower leaves are responsible for loading 

carbohydrates to be transported to roots, upper leaves to the shoot apex and 

photosynthate produced by middle-layer leaves is transported in both 

directions (Layzell et al.,1981). It has been described that Na+ transport is 

targeted to certain leaves to protect the young tissue and meristem region 

from excessive accumulation of Na+.  Although the role of HKT gene in 

removing Na+ from the xylem sap has been well defined, the hypothesis 

made by Sunarpi et al., (2005) that AtHKT1;1 involved in Na+ loading into 

phloem vessels needs be considered based on the fact that HKT is also 

expressed in the shoot. It is possible that HKT is involved in the deposition of 

Na+ to specific regions of the shoot to facilitate its loading into phloem (Jame 

et al., 2006). Recent research on cyclic nucleotide-gated channels (CNGCs) 

suggests some members of this family might be involved in re-allocation of 
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Na+ within the Arabidopsis based on their specific expression pattern within 

the phloem region (AtCNGC19, Kugler et al., 2009), and salt- dependent 

phenotype as well as altered K+/Na+ ratio in roots and shoots of antisense 

plants (AtCNGC10, Guo et al., 2008). However, more detailed 

characterization of these channels is still required.   
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Part II. Phloem, structures and functions 

Phloem is the long- distance route that transports photoassimilates (Chiou 

and Bush, 1998; Lalonde et al., 1999), mineral elements (Peuke, 2010), 

amino acids (Urquhart and Joy, 1981) and lipids (Madey et al., 2002) from 

source to sinks. The sources are mainly photosynthetically active leaves. The 

storage organs in some cases also act as the source tissues. Tissues that 

depend on the net import of fixed carbon are considered to be sinks, 

including roots, young leaves, fruits, seeds, meristematic region and most 

parenchymatous cells of cortex, pith, xylem and phloem (Evert, 2006). 

Phloem also transports a large amount of water and may serve as the major 

source of water for fruits, young leaves and storage organs (Lee, 1990; Araki 

et al., 2004; Nerd and Neumann, 2004). Recent research has revealed more 

important and complicated roles for phloem transport. Hormones (Baker, 

2000) and flowering signals (Corbesier et al., 2007) are transported through 

phloem translocation stream. A large number of proteins and RNAs are also 

identified form phloem exudate, the majority of them the functions remain 

unknown. Long distance signaling predominantly occurs through the phloem. 

For this reason phloem plays a major role in inter- organ communication and 

in the coordination of growth processes within plant. Phloem transport was 

also found to be the major source for the accumulation of nonessential 

element such as arsenic (As) in seeds (Carey et al., 2010).  
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Structures and pathways 

The basic components of phloem are sieve elements and various 

parenchyma cells. Sieve elements are the principal conducting cells. Mature 

sieve elements are devoid of nucleus, tonoplast, and the wall areas are 

characterized with pores to increase the degree of symplasmic continuity 

between vertically or laterally adjoining sieve elements. The remaining 

organelles (endoplasmic reticulum, plastids and mitochondria) occupy a 

peripheral position to facilitate mass flow of phloem components. Sieve 

elements (SEs) are intimately linked with specific parenchyma cells called 

companion cells (CCs) via numerous specialized plasmodesmata structures- 

the pore plasmodesmal units (PPUs) and rely on the companion cells to 

provide most of the cellular components for their maintenance (Evert, 2006). 

Derived from the same cambial mother cell, the SE-CC complexes become 

increasingly symplasmically isolated from the adjacent phloem parenchyma 

cells during differentiation, which makes the transport phloem independent 

structure both physiologically and functionally (Van Bel and Van Rijen, 1994). 

Despite the symplastic isolation, water molecules have been detected 

exchange freely along the transport path with surrounding tissues (Eschrich 

et al., 1972; Phillips and Dungan, 1993).  

PPUs are different from regular plasmodesmata structure in that they consist 

of multiple channels on the CC side and a single pore on the SE side (Oparka 

and Turgeon, 1999). Microinjection of fluorescently labeled probes into 
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companion cells or sieve elements revealed the size exclusion limit (SEL) 

between sieve tube – companion cells is around 10-40 KDa (Kempers and 

van Bel, 1997), significantly larger than the SEL of PD between epidermal 

cells (Derrick et al., 1990) or mesophyll cells (Wolf et al., 1989) which is at the 

range of 1 kDa. Diffusion of the fluorescent dyes occurs on both directions 

between SE and companion cells (Kempers and van Bel, 1997).  In 

consistent, expression of green fluorescence protein (27kDa) specifically in 

CCs of Arabidopsis revealed the CC-SE trafficking of GFP and its 

subsequent unloading in sink tissues (Imlau et al., 1999). In research 

studying the expression of gfp- fusion proteins driven by companion cell 

specific promoter SUC2, a SEL of 67kDa were detected for PPUs connecting 

CCs to SEs (Stadler et al., 2005).   

The PPU connecting SE with CC might be highly dynamic, depending on 

tissue type and developmental stages. Upon sink- source transition, SEL of 

PD decrease significantly, which is accompanied by a developmental switch 

from simple to branched forms of plasmodesmata (Oparka et al., 1999). 

Consistently the fusion of FLOWERING LOCUS T (FT) with green 

fluorescence protein (GFP) when expressed specifically in phloem 

companion cell, moves from CC into SE and through phloem sap into the 

shoot apical meristem (SAM) to induce flowering; however when expressed 

in CCs of minor vein of leaves, the fusion protein was retained in the minor 

veins (Corbesier et al., 2007). Proteins derived from pumpkin phloem sap 
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were detected to have the capacity to alter SEL of plasmodesmata 

(Balachandran et al., 1997). Similarly, viral proteins can manipulate PD 

connecting SE with CC thus affect the long- distance signaling and 

carbonhydrate partitioning. Expression of the TMV MP in tobacco phloem 

region leads to elevated levels of starch and sugars and a decrease in sugar 

export and dramatic shift of root to shoot ratio (Almon et al., 1997). A 

complete antioxidant system has been detected in phloem sap, including 

thioredoxin- h, cytosolic Cu/Zn superoxide dismutase, 

monodehydroascobate reductase, and peroxidase (Walz et al., 2002; 

Giavalisco et al., 2006). Their possible function might be to protect phloem 

especially plasmodesmata structures against reactive oxygen species. Loss 

of function of a m- type thioredoxin encoding gene led to callose and 

hydrogen peroxide accumulation and defects in plasmodesmal transport 

(Benitez- Alfonso et al., 2009). Cadmium at non- toxic concentrations has 

been detected to specifically block systemic movement of tobacco viruses 

(Citovsky et al., 1998; Ghoshroy et al., 1998). A cadmium- induced glycine 

rich protein (cdiGRP) negatively regulates viral systemic spread along 

phloem (Ueki and Citovsky, 2002), possibly by inducing callose deposits in 

phloem tissue thus reducing the SEL of PD (Iglesias and Meins, 2000).  

Several types of minor veins and sucrose loading strategies 

Phloem loading occurs in the minor veins of source leaves. Photoassimilates 

produced in leaf mesophyll cells diffuse into bundle sheath cells surrounding 
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phloem. Depending on the density of plasmodesmata linking bundle sheath 

cells with companion cells within the minor veins, two types of minor veins 

(Gamalei, 1991) and three different loading strategies have been identified 

(Rennie and Turgeon, 2009). Type-1 plants have a plasmodesmata density of 

>10 per µm2 and type-2 plants have a plasmodesmata density of <1 per µm2. 

Plants with plasmodesmata density in between of type 1 and type 2 are 

called type 1-2a plants (Gamalei, 1991). Arabidopsis thaliana is a type 1-2a 

species (Haritatos et al., 2000). Type 2 plants are known as apoplastic 

loaders, with sucrose being the major type of sugar transported within 

phloem. Sucrose is loaded from the apoplast into SE-CC complex by 

sucrose-proton cotransport activity that is energized by a plasma membrane 

H+-ATPase (Lalonde et al., 2003). The importance of the phloem specific 

sucrose transporter for apoplastic loading is revealed by experiments 

including overexpression of apoplastic invertase (Heineke et al., 1992), down 

regulation of sucrose symporter activity (Burkle et al., 1998; Hackel et al., 

2006; Riesmeier et al., 1994) and study of sucrose transporter T- DNA 

insertion lines(Gottwald et al., 2000; Slewinski et al., 2009). All these 

experiments led to significant growth defects including sucrose/ starch over- 

accumulation in source leaves, stunted growth, leaf chlorosis etc.. In some 

species the phloem sucrose transporter localized to the plasma membrane of 

sieve elements (Kühn et al., 2003) whereas in other species the sucrose 

transporter is specifically expressed in the companion cells (Arabidopsis 
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thaliana, Stadler and Sauer, 1996; Gottwald et al., 2000; Plantago major, 

Stadler et al., 1995). The type 1 species are regarded as symplastic loaders. 

Some type 1 species have specialized companion cells called intermediary 

cells characterized by especially large cell size with dense cytoplasm, 

extensive labyrinth of endoplasmic reticulum, numerous small vacuole, 

rudimentary plastids and highly branched plasmodesmata leading into them 

(Turgeon et al., 1993). The presence of intermediary cells is always 

accompanied by raffinose and stachyose being transported as the major form 

of sugar within the phloem. A polymer trap mechanism has been proposed to 

explain this process (Turgeon, 1991; Haritatos et al., 1996). Sugar 

synthesized in the mesophyll cells diffuse via plasmodesmata through bundle 

sheath cells and into the intermediary cells. Within the intermediary cells, 

sucrose is synthesized into raffinose and stachyose. The size of raffinose and 

stachyose is too large for them to diffuse back to the bundle sheath cells. 

From the intermediary cells they diffuse into sieve tubes to be transported 

into the sinks. There are some type 1 plants that also transport sucrose as 

the major form of sugar- the third strategy. Sucrose diffuses down the 

concentration gradient from mesophyll cells to sieve tube- companion cell 

complexes for long distance transport (Turgeon & Medville, 1998).  This 

passive loading strategy is more widespread than previously thought, 

especially in trees (Rennie and Turgeon, 2009). 

Phloem translocation and unloading 
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The mechanism of assimilate flow from the source to sinks is widely accepted 

to follow the osmotically generated pressure flow mechanism, originally 

proposed by Ernst Münch (1930) and modified by others (Crafts and Crisp, 

1971; Eschrich et al., 1972; Young et al., 1973; van Bel, 1993). Sucrose 

loading into the source tissue leads to an increase in solute concentration, 

and a decrease in water potential, as a result water flows into the source 

tissue by osmosis. An opposite effect occurs in the sink tissue accompanied 

by sucrose unloading. Assimilates and other compounds thus flow along the 

pressure gradient from the source to the sink. Photoassimilates leak along 

the pathway (Hayes et al., 1987; Minchin and Thorpe, 1987). Sucrose 

transporters are expressed along the whole transport phloem, possibly 

involved in the recovery of leaked solutes from flanking tissues (Sauer, 2007; 

Srivastava et al., 2008). The process of phloem unloading remains largely 

unknown. Symplastic unloading is thought to predominate in most sink 

tissues (such as roots and developing leaves). Unloading of GFP from the 

phloem terminal and post- phloem diffusion has been detected in the root 

apical meristem of transgenic Arabidopsis plants (Stadler et al., 2005) and in 

cortical tissues destined to develop as nodules in Medicago (Complainville et 

al., 2003). Apoplastic unloading however has also been reported in sink 

tissues and some developmental stages. Energy dependent unloading 

process might be involved in unloading into the developing seeds of cereal 

and leguminous species (Patrick, 1990). A shift of phloem unloading from 
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symplastic to apoplastic pathway has been reported before onset of fruit 

ripening in grape berry (Zhang et al., 2006).  Similarly, a transition from 

symplasmic connection to surrounding cells to symplasmic isolation has been 

reported in Arabidopsis inflorescence meristem  before flowering initiation 

(Gisel et al., 1999; 2002). Viola et al. (2001) reported that tuberization of 

potato stolons is accompanied by a switch from apoplastic to symplasmic 

unloading. Transgenic research provided strong evidence that sucrose 

transporters are involved in apoplastic unloading based on the tuber- specific 

repression of potato StSUT1 expression leading to retarded development of 

tubers (Kühn et al., 2003).  

Relationship between K+ and sucrose loading/unloading 

Potassium and sucrose are the major osmotic solutes in the phloem. 50% of 

K+ transported to the shoot tissue is redistributed via phloem (Peuke, 2010). 

K+ recirculation via phloem translocation to the root is thought to act as a 

signal that controls K+ secretion into the root xylem and by feedback K+ 

absorption from the soil (Drew and Saker, 1984; Marschner et al., 1996). 

Moreover as a major cation in the phloem K+ stimulates sugar loading into the 

phloem (Giaquinta, 1980; Peel and Rogers, 1982). Mild K+ deficiency has 

been shown to suppress assimilate translocation (Vreugdenhil, 1985). The 

most well know mechanism is from the research on the phloem specific K+ 

channel AtAKT2/3 (Marten et al., 1999). AKT2/3 is predominantly expressed 

in the vasculature of the source tissue. Gene transcription induced by light 
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and high CO2 concentration, indicating the positive regulation of 

photosynthesis (Deeken et al., 2000). AKT2/3 endodes a weakly rectifying, 

voltage independent and proton- blocked K+ channel (Marten et al., 1999). 

Compared with that of the wild type plants, the phloem exudate of akt2/3-1 

mutant has reduced sucrose concentration and exhibits a reduced K+ 

dependence of the phloem membrane potential. When co-expressed with 

sucrose transporter AtSUC2 in Xenopus oocytes AKT2/3 effectively inhibits 

membrane potential depolarization upon sucrose application. However K+ 

concentration within phloem sap was not significantly influenced by loss of 

function AKT2/3 mutations, suggesting AKT2/3 is more involved in 

maintaining phloem tissue membrane potential in a K+ dependent manner 

rather than loading K+ into the phloem (Deeken et al., 2002). VFK1 is an 

AKT2/3 homolog isolated from Vicia faba. In situ RT-PCR revealed its specific 

expression within the phloem tissue, with the expression predominantly in 

sink tissues and the stem. Like AKT2/3 VFK1 expression is induced in the 

light. When source leaves were forced to form sink tissues, the channel 

mRNA increased more than two fold. In developing seeds the expression of 

VFK1 is tightly correlated with VfSUT1 with the transcript maximum occurs at 

the beginning of the storage stage and decrease during maturation. Feeding 

fructose instead of sucrose or glucose doubled VFK1 gene expression and 

increased the K+ channel activity, and as a result K+ channel dominated the 

electrical properties of the sieve element plasma membrane. Since fructose 
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is the product of apoplastic invertase, a tight correlation between sucrose and 

K+ unloading from the phloem and positive regulation of K+ channel activity 

by sucrose unloading is suggested (Ache et al., 2001).  

Proteins 

Besides facilitating the cell-to- cell exchange of metabolites and mineral 

elements, PD also mediate the trafficking of macromolecules such as 

proteins and RNAs. Proteins that move through PD are defined as non- cell- 

autonomous proteins (NCAPs). Analyses of phloem exudates from multiple 

species (pumpkin, Lin et al., 2009; rape, Biavalisco et al., 2006; rice, Aki et al., 

2008; castor bean, Barnes et al., 2004; cucumber, Walz et al., 2004) revealed 

a large population of NCAPs within phloem sap. The presence NCAPs is also 

supported by grafting experiment, analysis of cucumber scion sieve tube 

contents detected pumpkin stock- derived phloem sap proteins (Golecki et al., 

1998). The functions of most phloem-sap derived proteins remain 

unidentified. The identified proteins are divided into several types: RNA 

binding proteins possibly involved in unfolding and refolding of RNA during 

trafficking (Jorgensen et al., 1998; Yoo et al., 2004), molecular chaperones to 

assist the delivery of protein “cargo” (Aoki et al., 2002), proteins involved in 

ubiquitin- mediated proteolysis, protein synthesis and stress response etc. 

(Lin et al., 2009). Heavy metal binding proteins including ferredoxin, copper 

homeostasis factor, metallothioneins have been detected in phloem sap of 

several species, underlining the importance of this class of proteins in the 
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function of SEs (Giavalisco et al., 2006; Barnes et al., 2004; Krüger et al., 

2002). Their functions might be involved in antioxidant defense; redox 

reactions and phloem- mediated metal reallocation (Biavalisco et al., 2006). 

The most significant example of non-cell- autonomous protein that serves as 

long-distance phloem mobile signal is FLOWERING LOCUS T (FT). Study in 

Arabidopsis, pumpkin and rice indicates FT is the long-sought florigen, with 

the mRNA transcripts expressed in the vascular region of leaves in response 

to photoperiod however FT protein is translocated through the phloem 

translocation stream to the shoot apical meristem to induce flowering 

(Corbesier et al., 2007; Lin et al., 2007; Tamaki et al., 2007). 

The findings that many phloem sap proteins are larger than 100 kDa 

(Balachandran et al., 1997; Walz et al., 2004) and the protein profiles 

identified from phloem sap are uniquely different from those of the 

surrounding tissues (Giavalisco et al., 2006; Lin et al., 2009) suggested that 

protein trafficking from CC to SE is a regulated process. Evidence is provided 

from the study of pumpkin (Cucurbita maxima) phloem sap protein CmPP36. 

This phloem mobile protein contains a plasma membrane- anchoring domain 

at the N- terminal. Following the cleavage of this 5 kDa membrane- targeting 

domain, the ΔN- CmPP36 moves into the phloem translocation stream. 

Microinjection experiments demonstrated that ΔN- CmPP36, but not 

CmPP36 is able to interact with plasmodesmata to mediate its cell- to- cell 

trafficking (Xoconostle-Cázares et al., 2000). Additional evidence comes from 
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the characterization of a sequence motif from a sub- class of non- cell- 

autonomous chaperones, which allowed these Hsc70 chaperones to engage 

in cell- to- cell translocation. When this sequence motif was used to replace 

the equivalent domains in human Hsp70 chaperone, the engineered 

chaperone regained the ability to move from cell to cell (Aoki et al., 2002). An 

endoplasmic reticulum- localized Nicotiana tabacum 

NON-CELL-AUTONOMOUS PATHWAY PROTEIN1 (NtNCAPP1) has the 

capacity to interact with approximately 30% of pumpkin phloem sap proteins. 

Transgenic plant expressing an engineered dominant negative form of 

NCAPP1, lacking the N- terminal membrane- anchoring domain displayed 

developmental changes- probably due to selective blockage of intercellular 

trafficking of specific NCAPs. This also support the model that NCAP delivery 

to plasmodesmata is both selective and regulated (Lee et al., 2003). The 

selective translocation of phloem sap proteins is also demonstrated by 

selective movement of CmPP16-1 into roots. Biotin- labeled probes including 

NCAPs, CmPP16-1 and CmPP16-2 were introduced directly into a SE and 

their subsequent translocation monitored. While both CmPP16-1 and 

CmPP16-2 moves to leaf tissues, only CmPP16-1 moves into the root. This 

property was abolished if CmPP16-1 was purified before reintroduction into 

sieve tube system. However reconstitution experiments involving CmPP16-1 

and specific pumpkin phloem sap fractions restored this selective delivery of 

CmPP16-1 to the roots. This suggests the selective movement CmPP16-1 is 
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mediated by other phloem specific protein complex (Aoki et al., 2005).   

Besides the selective transport, unregulated, diffusion- based movement 

might also account for some of proteins that enter the sieve tube system.  

Since CC expression of GFP and GFP- fusion proteins shows the diffusion of 

GFP and GFP- fusion proteins into SE translocation stream to be transported 

to the sinks (Stadler et al., 2005). As GFP is not plant origin, it’s unlikely that 

they enter SE via a selective pathway.  The relative importance of the 

non-selective process in phloem protein trafficking remains to be determined. 

RNAs 

The non-cell-autonomous nature of some RNAs has received much attention 

recent years, especially for those acting as potential long- distance signals 

(review by Kehr and Buhtz, 2008).  Studies based on mRNA profiling of 

phloem tissue (Asano et al., 2002; Brandt et al., 1999; Ivashikina et al., 2003) 

and direct analysis of transcripts in phloem transpiration stream (Haywood et 

al., 2005; Xoconostle-Cázares et al., 1999; Deeken et al., 2008) detected a 

high population of RNAs that transport through phloem.  The phloem sieve 

tubes as ideal place for RNA transport is also supported by the result that no 

detectable RNase activity detected in phloem sap (Sasaki et al., 1998; 

Doering- Saad et al., 2002). Three major types of RNA molecules are 

systematically transported, RNA viruses, endogenous plant mRNAs and 

small non-coding RNAs (Voinnet and Baulcombe, 1997; Mlotshwa et al., 

2002). Most virus genomes are single strand RNAs.  Local spread of virus 
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occurs from cell to cell via PD.  Within vascular tissue viruses generally 

traffic by mass flow at rate similar to nutrient movement (Schneider et al., 

1965; Santa Cruz, 1999) although selectivity of some forms has been 

reported in the systemic movement of potato spindle tuber viroid (PSTVd) 

(Zhu et al., 2001, 2002). Applying cadmium at non- toxic concentration to 

plants specifically blocks systemic movement of virus (Citovsky et al., 1998; 

Ghoshroy et al., 1998). This also supports the passive diffusion of virus RNA 

within the phloem. Viruses contain specific movement proteins (MPs) that 

have the ability to bind and unfold single stranded RNAs (Citovsky et al., 

1990; Citovsky and Zambryski, 1991). MPs can increase the SEL of PD (Ding 

et al., 1992) and thus facilitate intercellular translocation of virus (Lucas, 

2006). Another important factor for virus movement is the coat protein (CP). 

In some virus types, CPs are required for virus long- distance transport 

(Scholthof, 2005). Study of endogenous phloem proteins (CsPP2, CmPP2 

and CmmLec17) in cucumber and melon revealed their interactions with viral 

RNAs and involved in virus translocation (Gomez and Pallas, 2004; Gomez 

et al., 2005).  Phloem protein cmPP16 shares sequence homology with viral 

MPs and has been detected to interact with several RNA molecules 

(including some viral RNAs and its own mRNA) and facilitate RNA movement 

into the phloem by increasing the SEL of PD (Xoconostle-Cázares et al., 

1999). 

The first observation of mRNA presence in SE is from the study that mRNA of 
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sucrose transporter 1 (SUT1) in Solanaceae localized in SEs and PD 

connecting SEs to CCs (Kühn et al., 1997). Phloem transport of CmNACP 

mRNA in pumpkin was demonstrated by grafting experiments between 

pumpkin and cucumber plants (Ruiz- Medrano et al., 1999).  Recent 

research has demonstrated mRNA transcripts as long- distance signals 

involved in the integration of whole- plant development. Potato tuber 

induction is controlled by stBEL1 like transcription factors. BEL1 like mRNA 

transcripts are localized to phloem cells, and grafting experiment revealed 

StBEL5 transcripts move across graft unions to stolon tips correlated with 

enhanced tuber production.  The untranslated regions of StBEL5 mRNA is 

involved in mediating long- distance transport (Banerjee et al., 2006; 2009). 

GIBBERELLIC ACID INSENSITIVE (GAI) is an important negative regulator 

of GA signaling. Grafting experiments in Arabidopsis and tomato plants 

demonstrated the traffic of ∆DELLA- gai transcripts (gain- of- function allele of 

GAI) across graft union and induced leaf-shape phenotypes in scion leaves. 

Detailed analysis of wild- type scion grafted to ∆DELLA- gai stocks revealed 

the presence of ∆DELLA- gai transcripts in young leaves but not in 

developing fruits. This indicated the translocation of GAI transcripts is a 

selective process rather than a result of mass flow (Haywood et al., 2005).  

RNA silencing signals can also spread systematically. This was first shown in 

the grafting experiment where silencing signals moved through grafted union 

and induced post- transcriptional gene silencing (PTGS) in non- silenced 
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scion tissues (Palauqui et al., 1997). Non- toxic concentration of cadmium 

treatment inhibited systemic silencing spread, indicating translocation of 

silencing signal might be a passive process from source to sinks (Ueki and 

Citovsky, 2001). The identity of the systemic signal still remains elusive. 

siRNA originating from a transgene or a virus infection is a possible candidate 

for this phloem mobile silencing signal. siRNA molecules  are possibly 

transported through phloem as single strands of 19-25nt and their traffic is 

regulated by a small RNA binding protein CmRSRP1 (Yoo et al., 2004). The 

other small RNA species found in the phloem are microRNAs (miRNAs) (Yoo 

et al., 2004). miRNAs are endogenous 21-24 nt long molecules that act as 

negative regulators of gene expression in different developmental processes 

(Rhoades et al., 2002). Several studies have demonstrated miRNAs as 

functional long- distance signals. miR395 has been implicated in being a 

shoot- derived, phloem- mobile signal involved in root sulfate assimilation by 

targeting ATP sulphorylases (APS1, APS3 and APS4) (Jones- Rhoades and 

Bartel, 2004). Another example is miR172, which promotes tuberization and 

flowering when overexpressed in potato plants. miR172 is present in vascular 

bundles and its effect on tuberization is graft transmissible. miR172 promotes 

tuberization probably via upregulation of BEL5 in leaves and stolons (Martin 

et al., 2009). 

32



 

 

Study on nakr1-1, a mutant accumulates Na+ and K+ and with multiple 

developmental defects 

Research presented in this thesis represents a study that connect phloem 

function with Na+ homeostasis in Arabidopsis plants based on systematic 

study of a Na+ and K+ accumulation mutant nakr1-1.  Elemental analyses 

had been performed on various parts of nakr1-1 including rosette leaves, 

roots and seeds. Contribution of various processes on Na+ accumulation in 

rosette leaves was studied using techniques including reciprocal grafting and 

xylem sap elemental analyses. Traditional linkage mapping together with 

DNA chip based mapping were used to identify nakr1-1 mutation. The 

expression of AtNaKR1 at the tissue level and its cellular localizations were 

studied using NaKR1-GUS and NaKR1-GFP constructs driven by AtNaKR1 

promoter. Based on the specific localization of NaKR1 protein in the phloem 

tissue and proximal root meristem, detailed studies of phloem function, 

phloem cell identities, root meristem defects were performed in nakr1-1 

mutant. The bolting times of nakr1-1 mutant under different floral induction 

conditions were also recorded. Together these results provide evidence that 

a heavy- metal binding protein AtNaKR1 is important for phloem function and 

that phloem recirculation plays an important role in maintaining low Na+ 

accumulation in rosette leaves of Arabidopsis plants.  
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2. Arabidopsis AtNaKR1 is a Phloem Mobile Metal-
binding Protein Necessary for Phloem Function and 
Root Meristem Maintenance 

 
 
 
 

ABSTRACT 

The SODIUM POTASSIUM ROOT DEFECTIVE 1 (NaKR1) encodes a soluble 

metal binding protein that is specifically expressed in companion cells of the 

phloem. The nakr1-1 mutant phenotype includes high Na+, K+, Rb+ and starch 

accumulation in leaves, short roots, late flowering and decreased long-distance 

transport of sucrose. Using traditional and DNA microarray-based deletion 

mapping, a 7 bp deletion was found in an exon of NaKR1 that caused a 

premature stop. The mutant phenotypes were complemented by the native gene 

and by GFP and GUS fusions driven by the native promoter. NAKR1-GFP was 

mobile in the phloem, it moved into sieve elements and into a novel symplasmic 

domain of the root meristem. Grafting experiments revealed that the high Na+ 

accumulation was mainly due to loss of NaKR1 function in the leaves. This 

supports a role for the phloem in recirculating Na+ to the roots to limit Na+ 

accumulation in leaves. The onset of root phenotypes coincided with NaKR1 

expression after germination. Short root length was primarily due to a decrease 

in cell division rate in the root meristem indicating a role for NaKR1 expression in 

the phloem in root meristem maintenance.  
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INTRODUCTION 
 
Plant vascular tissue consists of two parallel pathways for long distance 

transport: the xylem and phloem. The xylem transports water and mineral 

nutrients from roots to the shoot. The phloem transports sugars and other 

metabolites, proteins and RNA from photosynthetic tissues to sinks such as 

roots, developing leaves, flowers, seeds and storage tissues (reviewed by Lough 

and Lucas, 2006). In angiosperms, the main unit of the phloem is the companion 

cell/sieve element complex (CC/SE). Sieve elements that form the conduits for 

transport are highly differentiated cells that lack many of the normal intracellular 

organelles such as mitochondria and a nucleus. Companion cells are connected 

to sieve elements via plasmodesmata; they provide metabolic support and 

synthesize RNAs and proteins that are transported in sieve elements.  In addition 

to the basic function of the phloem in transporting reduced carbon to sink tissues, 

the phloem performs a variety of important roles in plants. Genes specifically 

expressed in the phloem have been identified (Brady et al., 2007; Zhang et al., 

2008), but the functions of relatively few phloem-expressed genes have been 

analyzed.  

 The classic theory that the phloem in leaves has a significant function in 

promoting Na+ tolerance (Greenway and Munns, 1980) does not have much 

support from molecular genetic studies. Based on the phenotype of sas2 

mutants, Na+ transporter AtHKT1 was proposed to function in the phloem 

(Berthomieu et al., 2003). However, the current consensus is that AtHKT1 mainly 

functions to remove Na+ from the xylem, thus limiting Na+ accumulation in leaves 
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(Mäser et al., 2002; Sunarpi et al., 2005; Rus et al., 2006). The extent and 

mechanism of Na+ translocation in the phloem remains unknown and has been 

identified as a current research topic that is important for understanding Na+ 

tolerance (Munns and Tester, 2008). More is known about the function of K+ in 

the phloem. K+, along with sugars, serves as one of the major osmotica in 

phloem sap. K+ efflux via AKT2/3 also serves to repolarize the membrane 

potential during sucrose uptake (Deeken et al., 2002).  

 One main function of the phloem is the transport of fixed carbon from 

photosynthetic tissues to sink tissues such as growing leaves, roots, flowers and 

seeds.  atsuc2 mutants are specifically defective in sucrose transport into the 

phloem and have a severe phenotype that includes dwarf stature, starch 

accumulation in leaves and anthocyanin accumulation (Gottwald et al., 2000). 

The severity of the atsuc2 phenotype indicates the importance of companion cell 

function but provides limited information about other roles of the phloem such as 

the control of flowering, K+ and Na+ translocation, and control of meristem 

functions. 

 Plasmodesmata (PD) are essential for phloem function. Companion cells and 

sieve elements are connected by specialized PD with high size exclusion limit 

(SEL) of at least 67 kDa (Stadler et al., 2005). Observing cell-to-cell movement of 

GFP fusion proteins has been instrumental in identifying symplasmic domains: 

groups of cells connected by PD. GFP fusions of 36-67 kDa expressed under the 

control of the companion cell specific AtSUC2 promoter were translocated in the 

phloem and entered the protophloem but did not move throughout the root tip, 
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although free GFP (27 kDA) was able to move throughout the root tip (Stadler et 

al., 2005). This sets a SEL of 27-36 kDa for PD connecting cells of the root tip 

with protophloem cells. Little is known concerning the specificity or sequence 

requirements for protein transit through PD (Lucas et al., 2009).  

 In this paper, the cloning of the NaKR1 gene, the analysis of the nakr1-1 

mutant phenotype, localization, phloem transport, and metal binding properties of 

the NaKR1 protein are presented. The results provide evidence for Na+ 

recirculation in the phloem, a function for the phloem in root meristem 

maintenance, and a novel symplasmic domain in the root tip.  

 

RESULTS 

nakr1-1 has high K+, Na+ and Rb+ in leaves 

 In previous work an Arabidopsis thaliana fast neutron-induced mutant 

(136:31) was identified based on differences in elemental composition in leaves 

as determined by ICP-MS analysis (Lahner et al., 2003). When isolated, the 

mutant showed a complex phenotype with high Li, Mg, K, As and low Mn 

compared with wild type (Col-0). After backcrossing twice to Col-0 a single 

recessive allele was resolved that resulted in high Na, K and Rb (a chemical 

analog of K) (Fig. 1) accumulation in leaf tissue. The mutant and Col-0 plants 

were grown under various soil conditions and the high Na+ and K+ phenotypes 

were consistent. Fig. 2A-C shows results from a typical experiment where plants 

were grown under conditions described by Lahner et al. (2003). The mutant 

accumulated around 3-fold higher Na+ and 2-fold higher K+ and Rb+ compared to 
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Figure 1. Leaves of nakr1-1 contain higher Na+, K+ and Rb+ than Col-0. Arabi-
dopsis nakr1-1 and Col-0 plants were grown in conditions as described in 
Lahner et al. (2003). Rosette leaves were sampled after 5-6 weeks of growth 
and elemental analysis was performed by ICP-MS. Di�erences in content of 
the mutant compared to Col-0 for each element analyzed are plotted as 
Z-values (standard deviations) for individual plants. The zero line indicates the 
average for Col-0 grown in the same tray. 

38



Figure 2. nakr1-1 Na, K and Rb accumu-
lation phenotypes and root growth 
defects were complemented by a 
NaKR1 whole-gene construct. (A to C) 
Concentrations of shoot Na+, K+ and Rb+ 
in Col-0, nakr1-1 and complemented 
lines 1 and 3 (T2 generation) were 
determined by ICP-MS. Plant growth 
and sample collection was according to 
Lahner et al. (2003). Values are the aver-
age elemental content of 12 individual 
plants of the same genotype. Error bars 
represent mean ± SD.  Student’s t-test 
was performed and the di�erent letters 
indicate signi�cant di�erence with p < 
0.05. (D) Eight day-old seedlings grown 
vertically on ATS media. From left to 
right are two complementation lines, 
nakr1-1 and Col-0. Note that nakr1-1 
had signi�cantly reduced primary root 
growth.
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Col-0. The mutant also showed defects in primary root growth (Fig. 2D). 

Therefore, we renamed the mutant nakr1-1 for high Na, high K, root defective 1.  

 

NaKR1 encodes a heavy metal coordinating protein 

 A mapping population was created after backcrossing nakr1-1 once to Col-0; 

the mutant was crossed with Landsberg erecta (Ler-0) and 300 F2 progeny with 

short primary roots were selected. The primary root growth defect in nakr1-1 is 

illustrated in Fig. 2D. Using PCR-based mapping, NaKR1 was localized within a 

region of 90kb (514.5-604.6kb) at the top of chromosome 5. To identify the 

mutation, DNA microarray-based deletion mapping was used. Genomic DNA was 

prepared from two populations (nakr1-1 mutants and Col-0) and hybridized to A. 

thaliana ATTILE 1.0R arrays.  A single deletion of 7 base pairs was identified 

within At5g02600 (Fig. 3), which caused a frame shift mutation (Fig. 4A and B) 

and premature truncation of the C-terminal 183 amino acids (Fig. 4C). 

Transformation of nakr1-1 with a 2817 bp genomic construct containing a 689 bp 

promoter and 5’UTR, all the exons and introns and 1005 nucleotide sequence 

after the stop codon (Fig. 4A) complemented the root growth defects (Fig. 2D) as 

well as the Na+ (Fig. 2A), K+ (Fig. 2B) and Rb+ (Fig. 2C) over-accumulation 

phenotypes.  This confirmed the identity of the NaKR1 gene. Four T-DNA 

insertion lines were examined with insertions in the NaKR1 promoter region 

(SALK_022426) or downstream of the coding region (SALK_033325, 

SALK_049519 and FLAG_633FO3), however none displayed a phenotype.  
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Figure 3.   Identification of a 7 bp deletion in At5g02600.  nakr1-1 and 
Col-0 WT genomic DNA was hybridized to Arabidopsis thaliana ATTILE 
1.0R  arrays. The vertical axis is the difference between the mean 
hybridization of nakr1-1 and Col-0. Horizontal axis is the base pair posi-
tion on chromosome 5. The data points represent hybridization to indi-
vidual 25- mer features on the A. thaliana ATTILE 1.0R chip. Microarray 
data have been submitted to the GEO database with accession: 
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Figure 4. NaKR1 gene and protein structure. 
(A) The gene structure of NaKR1 (used for complementation), with the 
positions of the initiation and stop codon highlighted.  From left to 
right are the promoter region and 5’ UTR (the black and gray box in 
front of ATG), 3 exons, 2 introns and 3’ UTR. The black arrowhead indi-
cates the position of nakr1-1 mutation. (B) A deletion of 7 base pairs in 
nakr1-1 in the �rst exon, indicated by the boxed sequence caused a 
frame shift and premature truncation of C-terminal amino acid 
sequences. (C) The protein structure of NaKR1, with a C-terminal heavy 
metal associated domain and an N-terminal region with little similarity 
with other functional domains. Amino acid position 137 indicates the 
�rst changed position in the mutant protein.
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 NaKR1 is predicted to encode a soluble protein of 319 amino acids, with a 

heavy metal associated domain (HMA domain, pfam 00403.6) of 59 amino acids 

at the C-terminal end (Fig. 4C). No homology was found between the N-terminal 

region of NaKR1 and proteins of known function. Two Arabidopsis thaliana genes 

of unknown function share high homology with NaKR1 in the C-terminal domain 

(At2g37390 is 79% identical and At3g53530 is 72% identical) and lower 

homology in the N-terminal domain (At2g37390 is 36% identical and At3g53530 

is 32% identical). The HMA domain has been found in all organisms, in proteins 

that transfer/bind heavy metals, including small metallochaperones, heavy metal 

transporters and enzymes that use heavy metals as cofactors. The conserved 

sequence L(M)XCXXC is believed to be a Cu binding site, in which the two 

cysteines coordinate metal directly; this motif was also observed in transport 

proteins that specifically transport Zn2+, Ni+ and Hg+ (Bull and Cox, 1994; 

Dykema et al., 1999; Suzuki et al., 2002). 

 The HMA domain of NaKR1 shares 47% and 45% identity with A. thaliana Cu 

chaperones AtATX1 and AtCCH, respectively. The homolog in yeast 

(Saccharomyces cerevisiae) ATX1 has been well characterized (Lin and Culotta, 

1995; Lin et al., 1997; Pufahl et al., 1997) and found to be involved in both Cu 

transport and defense against oxidative stress.  When overexpressed in a yeast 

strain lacking the superoxide dismutase gene SOD1, both AtATX1 and AtCCH 

can protect the mutant from active oxygen toxicity in a Cu dependent manner 

(Himelblau et al., 1998; Puig et al., 2007). In our experiments, overexpression of 

NaKR1 or the C terminal region alone (containing the HMA domain) failed to 
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Figure 5. AtNaKR1 and the C- terminal HMA domain failed to rescue the 
lysine auxotrophy phenotype of sod1∆ mutant. Lysine auxotrophy is an indi-
cation for reactive oxygen toxicity. Yeast sod1∆ cells transformed with 
p426GPD vector (vector) alone or Saccharomyces cerevisiae ATX1 
(ScATX1), Arabidopsis ATX1 (AtATX1),  AtNaKR1 and the C- terminal 
region (containing the HMA domain) were assayed for growth on SC-Ura 
and SC lacking lysine medium.
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complement the reactive oxygen toxicity phenotype of yeast sod1Δ mutant (Fig. 

5), indicating that the HMA domain of NaKR1 functions differently than 

AtATX1/AtCCH when expressed in yeast.  

 To test for possible metal binding, NaKR1 was expressed in Escherichia coli 

as a fusion to maltose binding protein (MBP). The purified MBP-NaKR1 fusion 

protein is shown in Fig. 6A. The identity of the purified MBP-NaKR1 fusion 

protein was confirmed by mass spectrometry analysis. Forty unique peptides 

were detected covering 48.5% of the fusion protein sequence (Fig. 7). Several 

heavy metals were detected in the purified protein sample using ICP-MS analysis 

(Fig 6B). Higher Zn, Cu, Fe, Ni and Co was associated with the MBP-NaKR1 

fusion protein compared to the MBP control. The molar ratio of protein to metals 

was around 3:1 (Fig. 6C) indicating that NaKR1 protein is a metal binding protein. 

A mutated version of the NaKR1 whole gene construct in which two conserved 

Cys residues in the HMA domain were changed to Gly failed to complement 

nakr1-1 phenotypes (data not shown). This indicates that metal binding is 

essential for NaKR1 function in the plant. 

 

NaKR1 is specifically expressed in the phloem  

 To study the expression pattern, a whole gene GUS fusion 

(NAKR1pro:NAKR1-GUS) was expressed in Col-0 and 10 independent 

transformants were analyzed. No GUS staining was found in embryos or imbibed 

(but not germinated) seeds (Fig. 8A). At 1 day after germination (dag), GUS 

staining was observed in 10% of the seedlings. GUS activity was found in the 
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Figure 6. Puri�ed MBP-NaKR1 fusion protein binds heavy metals. MBP-NaKR1 or 
MBP (control) were expressed in E. coli BL21-AI and puri�ed using amylose resin. 
(A) Coomassie-stained polyacrylamide gel (12%) showing 3 µg puri�ed MBP-
NaKR1 (lane 2) and 3 µg maltose binding protein (lane 3). Lane 1 contained low 
range SDS-PAGE standards (Bio-Rad). (B) Metal content of the puri�ed protein 
samples MBP-NaKR1 and MBP. Average metal concentration from two indepen-
dent experiments is presented. The metal concentrations were determined by 
ICP-MS analysis (C) Molar ratio of heavy metal to protein in puri�ed MBP-NaKR1 
samples. The metal concentrations were determined by ICP-MS analysis and 
protein concentrations by amino acid analysis. The values represent the average of 
results from two independent experiments. 
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Figure 7. The identity of the purified MBP-NaKR1 fusion protein was 
confirmed by mass spectrometry analysis. Expression of MBP-NaKR1 
in Escherichia coli strain BL21-AI was induced by adding IPTG to the 
liquid culture. Cell lysate was incubated with amylose resin and MBP- 
tagged proteins eluted with 10mM maltose and digested with trypsin. 
The underlined sequences were the unique peptides detected by LC-
MS/MS analysis.
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vasculature of the root-hypocotyl junction, and to a lesser extent in the hypocotyl 

(Fig. 8B). At 2 dag GUS activity was found in the vascular tissue throughout the 

seedling (Fig. 8C). In more mature plants, strong GUS staining was found in 

vascular tissue in rosette (Fig. 8D) and cauline leaves (Fig. 8E). In floral tissue, 

GUS staining was mainly localized to the sepals and the filaments of the flowers 

and the pedicel of the siliques (Fig 8F and 8G). Cross sections of roots (Fig. 8H) 

and leaf petioles (Fig. 8I) revealed expression in the phloem region of the 

vasculature, but not in the xylem.  

 NaKR1 (At5g02600) expression was previously reported to be companion cell 

specific. This is based on microarray results and cDNA library analysis of mRNA 

transcripts isolated from purified companion cell protoplasts, nuclei or isolated 

phloem tissue (Brady et al., 2007; Deeken et al., 2008; Zhang et al., 2008).  In 

the work by Zhang et al (2008), NaKR1 was among the top 12 transcripts most 

enriched in companion cell nuclei. Furthermore, the NaKR1pro:histoneB2-GFP 

(called NPCC6 in that study) was expressed in A. thaliana and shown to 

specifically label companion cells.  

 In our experiments, expression of histoneB2-GFP driven by the NaKR1 

promoter labeled nuclei within the phloem of roots (Fig. 9A), confirming results of 

Zhang et al. (2008). In the root tip, histoneB2-GFP fluorescence was only found 

within the phloem (Fig. 9B). Sieve plates stained with aniline blue were identified 

in SE adjacent to cells containing histoneB2-GFP fluorescence in nuclei (Fig. 

9C). This confirms that NaKR1 is expressed in companion cells. A whole gene 

GFP fusion (NaKR1pro:NaKR1-GFP) complemented the nakr1-1 mutant 
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Figure 8. Expression pattern of NaKR1pro:NaKR1-GUS speci�cally in the phloem 
region of the vasculature. (A) No GUS expression was detected in imbibed seeds prior 
to germination. Seed coat was removed to facilitate observation. (B) GUS staining 
was visible in the vasculature of a 1 dag seedling in the region of root- hypocotyl 
boundary (indicated by arrow). (C) 2 dag seedling. (D) Mature rosette leaf. (E) Cauline 
leaf. (F) Floral tissue. Note that the strongest staining is in the pedicel of developing 
siliques and in the sepals. (G) Sepals and stamen �laments in an opening �ower. (H) 
Cross section of a young root after GUS staining. The positions of the phloem and 
xylem region are indicated (by the arrowheads and arrows, respectively). Note that 
GUS expression was found in the phloem cells. (I) Cross section of a rosette leaf peti-
ole after GUS staining. The position of the phloem and the xylem regions of the main 
vasculature are indicated as in (H). Note that GUS expression was limited to the 
phloem tissue.
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phenotypes (Fig. 10), indicating that the NaKR1-GFP fusion protein is functional. 

Confocal microscopy was performed on the T2 generation seedlings. Within the 

root, GFP fluorescence was found in two parallel cell files on both side of the 

xylem within the vasculature, indicating phloem localization (Fig. 9D). At the root 

tip, NaKR1-GFP fluorescence was observed in cells proximal to the zone of cell 

division in both primary (Fig. 9E) and lateral (Fig. 9F) roots. Fluorescence was 

apparent in both the cytosol and nucleus (Fig. 9E inset). Since expression of the 

NaKR1 gene is specific to companion cells (Fig. 9B and Stadler et al., 2005; 

Zhang et al., 2008), our results indicate that the NaKR1-GFP fusion protein is 

mobile through plasmodesmata into sieve elements and unloaded into some 

cells of the root meristem. As a control, GFP fluorescence in seedlings of the 

same age transformed with pSUC2:GFP was analyzed.  AtSUC2 is specifically 

expressed in companion cells and GFP fluorescence was observed in the 

phloem and within 2 cell layers surrounding the phloem in the mature region of 

roots (Fig. 9G) as previously reported (Stadler et al., 2005). Free GFP diffused 

through the symplast into the whole root meristem (Fig. 9H) (Stadler et al., 2005; 

Benitez-Alfonso et al., 2009). Compared to free GFP (27 kDa), NaKR1-GFP (61 

kDa) was more restricted to the phloem in mature roots. This is similar to results 

for multiple soluble GFP fusions of 36-67 kDa analyzed by Stadler et al., (2005). 

NaKR1-GFP in the root tip showed significant cell-to-cell translocation but was 

more restricted than free GFP.  

To test whether NaKR1 protein mobility was essential for its function, 

NaKR1pro:NaKR1-GUS was used to transform nakr1-1. The larger size of 
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Figure 9. NaKR1 is expressed in companion cells and NaKR1-GFP is phloem mobile. Con-
focal images (except in C) of Arabidopsis tissue stained brie�y with propidium iodide. 
(A) NaKR1pro:histone2B-GFP localization in CC nuclei of Col-0 primary root. (B) 
NaKR1pro:histone2B-GFP localization in the proximal meristem region of the primary 
root meristem. (C) Epi�uorescence image of NaKR1pro:histone2B-GFP expression in 
Col-0 root. Aniline blue staining shows sieve plate (indicated by arrow) of the adjacent 
SE. (D) NaKR1pro:NaKR1-GFP expression in mature, complemented nakr1-1 root. (E) 
NaKR1pro:NaKR1-GFP �uorescence in the proximal meristem region of a primary root 
of complemented nakr1-1.  Inset is magni�ed meristem region. (F). NaKR1pro:NaKR1-
GFP expression in the lateral root of complemented nakr1-1. (G) Free GFP expressed 
using the AtSUC2 promoter showing �uorescence in the mature primary root of Col-0. 
(H) Expression of free GFP under AtSUC2 promoter in a primary root meristem of Col-0. 
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C

Figure 10. nakr1-1 developmental and Na+/K+/Rb+ accumulation defects were 
complemented with NaKR1pro::NaKR1-GFP. (A). From left to right, nakr1-1 
expressing NaKR1pro::NaKR1-GFP, nakr1-1 and Col-0. Plants were grown in 
the same tray under long day growth conditions. (B). Seedlings grown vertically 
on ATS media. From left to right: nakr1-1 transformed with NaKR1pro::NaKR1-
GFP, nakr1-1 and Col-0. (C). Differences in leaf elemental content between 
individual NaKR1-GFP complementation lines and the average of Col-0 plants 
were plotted as z-values (standard deviation). Wild type and complemented 
lines were grown in the same tray. 
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NaKR1-GUS (102 kDa) compared to NaKR1-GFP (61 kDa) was expected to limit 

NaKR1-GUS mobility through PD. Of 24 primary transformants, 20 showed full 

complementation of both root defects and the late flowering phenotype (Fig. 11). 

GUS staining patterns in the complemented lines were similar to the expression 

pattern described in Col-0 background plants (Fig. 8). This indicated that the 

post-phloem trafficking of NaKR1 protein within the root meristem was not 

essential for the function of NaKR1 in root growth.   

 Based on the result that NaKR1 expressed specifically within the phloem 

region, a detailed characterization of the vasculature of Col-0 and nakr1-1 mutant 

was performed. The general pattern of cell layers within the vasculature of nakr1-

1 mutant was normal. Based on the results of transmission electron microscopy, 

no difference in subcellular structure was detected for nakr1-1 compared with 

Col-0 in the mature phloem region (Fig. 12). The phloem specific gene APL 

(ALTERED PHLOEM DEVELOPMENT) is essential for maintaining phloem cell 

identity. The expression of APLpro:GFP:APL was used to study phloem cell 

identity as the fusion protein specifically labels companion cells and developing 

protophloem/metaphloem cells (Bonke et al., 2003). No difference was detected 

in the expression of GFP-APL in Col-0 and nakr1-1 plants, indicating the phloem 

differentiation process proceeded normally in the nakr1-1 mutant (Fig. 13).     

 

nakr1-1 is defective in phloem loading or translocation 

The accumulation of starch in leaves of the mutant was analyzed as a test for 

phloem function. Previous work has shown that reduced phloem loading leads to 
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Figure 11.nakr1-1 developmental and Na+/K+/Rb+ accumulation defects were 
complemented with NaKR1pro::NaKR1-GUS. (A). From the left to the right, 
nakr1-1 plant expressing NaKR1pro::NaKR1-GUS, nakr1-1 and Col-0 grown in 
the same tray under long day growth conditions. (B). Seedlings grown vertically 
on ATS plate. From the left to the right: nakr1-1 plants complemented with 
NaKR1pro::NaKR1-GUS, nakr1-1 mutants and Col-0. (C-E). GUS staining of 
root tip (C), mature root (D) and the proximal region of  root meristem (E).  (F).  
Differences in leaf elemental content between complementation lines and the 
mean of wild- type Col-0 plants were plotted as z-values (standard deviation).

F
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Figure 12. Cellular structures of SE/CC complex were not affected by the nakr1-1 
mutation as shown by transmission electron microscopy. (A) and (D), vascular 
region of Col-0 (A) and nakr1-1 (D) roots. Xylem cells and phloem companion 
cells were labeled with asterisks and arrows,  respectively.  (B) and (E), SE/CC 
complex of WT (B) and nakr1-1 mutant (E), with the arrowheads pointing to the 
companion cells and the arrows pointing the protophloem (top) and metaphloem 
cells (bottom) respectively. (C) and (F), the cellular structure of companion cells 

Figure 13. The differentiation of protophloem/ metaphloem cells and companion 
cells was not affected by the nakr1-1 mutation. The expression of APLpro::GFP-
APL in Col-0 and nakr1-1  was analyzed by confocal microscopy. (A) and (C), 
Expression of APLpro::GFP-APL in mature roots of Col-0 (A) and nakr1-1 mutant 
(C). The GFP fluorescence specifically labeled the companion cells. (B) and (D). 
Expression of APLpro::GFP-APL in root meristem of Col-0 (B) and nakr1-1 
mutant (D), with the GFP fluorescence specifically localized in developing 
metaphloem and protophloem cells. 
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starch accumulation in leaves (Riesmeier et al., 1994; Gottwald et al., 2000; Ma 

et al., 2009). Leaves of short-day grown plants were collected at the beginning 

and end of the day and stained with I2/KI solution. In the nakr1-1 mutant, a 

significant amount of starch was retained at the end of the night (Fig. 14A). 

Starch was quantified during the 8h/16h light/dark cycle (Fig. 15). nakr1-1 

accumulated around 4-fold more starch in leaves compared to wild type during 

the day. By the end of the following dark period, 30% of the starch remained in 

nakr1-1 compared to undetectable amounts of starch in Col-0. When the plants 

were kept in continuous darkness for 3 days, leaf starch in the wild type 

decreased completely while nakr1-1 retained leaf starch even after 88h of 

darkness (Fig. 15A). When plants were illuminated for 8h following 88h of 

continuous darkness, the starch accumulation rate was twice as high in the 

mutant compared to WT (Fig. 15B). This indicated that the starch over-

accumulation phenotype was caused by a higher accumulation rate during the 

day and a decreased ability to deplete leaf starch during the night.  

 Considering that NaKR1 is expressed in companion cells, it was likely that the 

starch excess phenotype of nakr1-1 was caused by a defect in phloem loading or 

translocation. To test this possibility, sucrose translocation from source to sink 

was analyzed in nakr1-1 and Col-0. Plants were grown in Turface to facilitate 

access to the root system. A 2 µl aliquot of 14C- sucrose was applied to wounded, 

fully expanded rosette leaves (Fig. 14B and D). Plants were then incubated for 

30 minutes to allow translocation. After dissection and drying, the plants were 

exposed to X-ray film for 5 days. As shown in the autoradiographs, in both nakr1-

56



Figure 14.  nakr1-1 mutants are defective in phloem function. (A) I2/KI staining of 
Col-0 and nakr1-1 leaves, sampled at the beginning and end of the day. Col-0 and 
nakr1-1 plants were grown in the same tray under short-day conditions for 12 
weeks. Mature healthy leaves were sampled for I2/KI staining and starch quanti�-
cation. (B-E) Autoradiography of Col-0 and nakr1-1 plants exposed to 14C-sucrose. 
Plants were grown in Turface. One fully expanded rosette leaf was labeled with 2 
µl of 14C-sucrose (indicated by arrows). After 30 min, the application site was 
rinsed, plants were dissected, dried overnight at 20°C and exposed to �lm for 5 
days. Arrowhead in C indicates appearance of radioactivity in the root of Col-0. 
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Figure 15. Quantification of starch in Col-0 and nakr1-1. (A)  Leaf 
starch of nakr1-1 and Col-0 at different time points during the night. 
The values at each time point are means from two independent 
experiments. (B) Starch quantification during the day after 3 days of 
continuous darkness. A higher starch accumulation rate was detected 
in nakr1-1 than in Col-0.
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1 and Col-0 radioactivity is present in the labeled leaf. In Col-0, radioactivity was 

translocated to the root system (Fig. 14C). However, no radioactivity was 

observed in the root system of the nakr1-1 mutant (Fig. 14E). The results indicate 

that the nakr1-1 mutant is defective in phloem loading or translocation.  

 

The K+ and Na+ over-accumulation phenotype is mainly caused by shoot 

defects 

To begin to analyze how the nakr1-1 defect in phloem translocation was related 

to the Na+ and K+ accumulation phenotypes, reciprocal grafts were made 

between nakr1-1 and wild type plants. The working hypothesis was that if a 

defect in phloem loading caused Na+ and K+ accumulation in leaves then plants 

with mutant shoots grafted to wild-type roots would show high Na+ and K+ 

accumulation similar to the mutant. Grafted and control plants were grown in 

Turface (Turface Athletics). Self-grafting did not affect the visible phenotype of 

the plants; nakr1-1 shoots grafted to nakr1-1 roots produced plants with small 

root and shoot structure (Fig. 16A), similar to non-grafted nakr1-1 mutants 

growing in the same conditions (data not shown). When Col-0 shoots were 

grafted to nakr1-1 roots, the plants produced larger shoot architecture with short 

roots (Fig. 16A), indicating that the defect in root growth was caused by loss of 

NaKR1 function in the roots. Leaf K+ and Na+ levels were tested for all the 

grafted combinations using ICP-MS analysis. The self-grafted nakr1-1 and Col-0 

plants displayed K+ and Na+ accumulation similar to the control nakr1-1 mutants 

and Col-0, respectively (Fig. 16B-C). This indicates the grafting per se had little 
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Figure 16. Grafting experiment followed by ICP-MS analysis indicated that the Na+/K+ 
overaccumulation phenotype of nakr1-1 was mainly caused by the loss of function of 
NaKR1 in the shoot tissue. (A) The di�erent grafting types. From left to right are Col-0 
shoot- Col-0 root, nakr1-1 shoot- nakr1-1 root, Col-0 shoot- nakr1-1 root, and nakr1-1 
shoot- Col-0 root. (B) Shoot Na+ content in di�erent grafting types and control plants. 
Data are presented as mean ± SE. (C) Shoot K+ content presented as presented as mean 
± SE, n =9-12 plants for grafting between Col-0 and nakr1-1 and n=5 for self-grafting 
types and control plants (Col-0 and nakr1-1 ). Student’s t-test was performed and di�er-
ent letters indicated p values <0.01.
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effect on K+ and Na+ accumulation. Mutant shoots grafted to wild type roots 

showed leaf Na+ levels similar to that of the mutant. Plants with wild type shoots 

grafted to mutant roots also showed Na+ content in leaves higher than wild type, 

although lower than in mutant plants (Fig. 16B). The results indicate that high 

Na+ in nakr1-1 is mainly caused by loss of NaKR1 function in the shoot and that 

loss of NaKR1 in the roots also contributes.  

 The K+ levels of mutant shoot/wild type root plants and wild type shoot/mutant 

root plants were intermediate between the self-grafted mutant and wild type 

plants. However mutant shoot/wild type root plants still had higher K+ in leaves 

than the wild type shoot/mutant root plants. These results suggest that the K+ 

accumulation phenotype was also caused by both root and shoot defects; 

however the effect of loss of NaKR1 in the shoot predominated (Fig. 16C). 

Similar results were obtained when the different grafted types and control plants 

were grown in soil (Fig. 17). 

 To test the effect of root K+/Na+ uptake on their accumulation in the shoot, 

xylem sap was collected from Col-0 and nakr1-1 mutant plants grown in the 

same soil conditions and K+ and Na+ concentration analyzed by ICP-MS 

analysis. Similar Na+ concentrations were detected in nakr1-1 and Col-0 xylem 

samples (Fig. 18A) and lower K+ concentration was detected in the xylem sap 

samples of nakr1-1 plants than those of Col-0 plants (Fig. 18B). These results 

indicated K+/Na+ over-accumulation in the shoot tissue of nakr1-1 mutant was not 

caused by increased Na+/K+ uptake from the mutant roots or increased K+/Na+ 

concentration within the xylem sap. 
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A

B

Figure 17. The effect of reciprocal grafting of Col-0 and nakr1-1 on leaf 
Na+ and K+ content. (A) Leaf Na+ content analyses of different grafting 
types (indicated in the figure)  and control plants grown in  LG

3
 soil.  (B) 

Leaf K+ content of the same plants in (A). Na+ and K+ were assayed by 
ICP-MS. Data are presented as mean ± SE, n= 9-12 plants for the 
reciprocal grafting types and n=5 for self-grafted plants and control 
plants. 
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Figure 18.  nakr1-1 plants displayed similar Na+ content and less K+ in 
xylem sap than Col-0 plants.  (A) Na+ content (ppb) in the xylem sap of 
nakr1-1 and Col-0 plants.  (B) K+ content (ppb) in the xylem sap of nakr1-1 
and Col-0 plants. Na+ and K+ concentrations were determined by ICP-MS 
analysis of xylem sap collected as in�orescence stem exudates from plants 
grown under the same conditions. Each value was represented as mean ± 
SE, n = 7-12 plants.  
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NaKR1 is necessary for root meristem maintenance after germination 

nakr1-1 showed a severe root growth phenotype shortly after germination that 

involved short primary roots and increased lateral root growth (Fig. 2D). When 

grown on normal ATS plates for one week, the primary root length of nakr1-1 

seedlings was 50% of the wild type roots (Fig. 2D). The size of the nakr1-1 root 

meristem region decreased dramatically during the first 7 dag as determined by 

analysis of propidium iodide-stained roots using confocal microscopy (Figs. 19A, 

19C).  In comparison, meristem size remained more stable in wild type seedlings 

(Figs. 19A, 19C), and a decrease in the number of meristematic cells did not 

occur in wild type A. thaliana until 3-4 weeks after germination (Baum et al., 

2002). The elongation zone of nakr1-1 seedlings at 7 dag was typically reduced 

to 3 cells in length (Fig. 19A). The length of fully elongated cortex cells was also 

measured (Fig. 19B).  nakr1-1 had a smaller cell length than the wild type.  Thus, 

the short roots of nakr1-1 were the result of both fewer cells in the root and a 

smaller cell size.  

 To determine whether the root meristem defects originated from an 

abnormality in embryo development, embryos of different stages were dissected 

from developing seeds of nakr1-1 and Col-0. No obvious differences between the 

wild type and nakr1-1 were found in early embryo stages (data not shown). This 

result was supported by the finding that nakr1-1 seeds can germinate normally 

on both plates and soil, as well as GUS staining results showing that NaKR1 

gene was expressed only after germination (Fig. 8A). The root meristem defect in 
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Figure 19.  Root phenotypes of nakr1-1 mutant. (A) Confocal images of Col-0 and 
nakr1-1 primary roots at 7 dag stained with propidium iodide. The smaller root 
meristematic zone of nakr1-1 compared to Col-0 is indicated. (B) Fully elongated 
cortex cell length measured in Col-0 and nakr1-1. (C) The size of the root mer-
istem in Col-0 and nakr1-1 seedlings at 2 and 7 dag was measured by counting 
the number of cells within the cortex cell �les from the quiescent center to the 
�rst elongated cortex cell. Compared to Col-0, the size of the root meristem in 
nakr1-1 was reduced signi�cantly at 7 dag. 
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seedlings was investigated using a quiescent center marker, starch accumulation 

in root columella cells and the expression of cyclin:GUS in the root apical 

meristem (RAM). At 7 dag, nakr1-1 seedlings showed much lower expression of 

quiescent center marker JYB1234 (Fig. 20A). At 3 dag, nakr1-1 seedlings 

showed similar cyclin:GUS expression pattern as the wild type (Fig. 20C), 

however, by 4 dag the number of cells expressing cyclin:GUS in the RAM 

decreased significantly in some nakr1-1 roots compared to wild type (Fig. 20C).  

Within the first 3 dag, no difference was detected in starch accumulation within 

root columella cells (Fig. 20B). From 4 dag, starch accumulation in the outermost 

columulla cell layer disappeared in nakr1-1 roots, as a result only 3 layers of 

columella cells exhibited starch accumulation compared to 4 layers in the wild 

type roots (Fig. 20B). At 7 dag 90% of nakr1-1 roots had only 2-3 layers of 

columella cells accumulating starch versus 4-5 layers in Col-0 primary roots (data 

not shown).  Abnormality of starch accumulation in nakr1-1 root columella cells is 

consistent with defects in quiescent center (QC) cells. However, no sign of 

differentiation in nakr1-1 columellar stem cells was detected as revealed by the 

absence of stainable starch granules within columellar stem cell layer in nakr1-1 

mutant (Fig. 20B). The growth of primary roots within Col-0 and nakr1-1 mutants 

was recorded for the first two weeks after germination (Fig. 20D). Clear 

differences between Col-0 and nakr1-1 root growth was not observed until 4 dag 

when primary roots grew at a slower but constant rate. These results suggest 

that defects in nakr1-1 root apical meristem occurred at 3-4 dag.  
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Figure 20.  Root defects in nakr1-1 appeared after germination. (A) Expression of quies-
cent center marker JYB1234 in Col-0 and nakr1-1 primary roots at 7 dag. (B) Starch accu-
mulation pattern in root columella cells of Col-0 and nakr1-1 seedlings at 1 and 4 dag.  
The position of columella cell layers and columella stem cells were labeled with arrow-
heads and arrows, respectively. Note, at 4 dag Col-0 roots showed starch staining in 4 
layers of columella cells while nakr1-1 roots showed starch in only 3 layers. (C) 
Cyclin:GUS expression in Col-0 and nakr1-1 roots at 3 dag and 4 dag. (D) Primary root 
growth of nakr1-1 and Col-0 within the �rst two weeks after germination. 20% of 
nakr1-1 primary roots stopped growing within the �rst week, and their primary roots 
were not measured in the second week. Col-0 and nakr1-1 seedlings were grown verti-
cally on ATS plates under long day conditions (16h day/ 8h night). Experiments were 
repeated 3 times under the same conditions. The Y- axis value at each time point repre-
sents mean ± SD.
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nakr1-1 is a late flowering mutant especially in long-day conditions 

In the early stage of vegetative growth, nakr1-1 rosette leaves appeared at the 

same rate as wild type. nakr1-1 leaves were slightly smaller and had shorter 

petioles than Col-0. After the wild type plants bolted, nakr1-1 mutants continued 

to form new rosette leaves, displaying a late flowering phenotype (Fig. 21A). In A. 

thaliana several different promotion pathways control floral induction. The 

autonomous pathway responds to endogenous signals at specific developmental 

stages. The photoperiod and vernalization pathways respond to environmental 

stimuli such as light and temperature. The gibberellic acid (GA) pathway plays a 

relatively independent role in floral transition under non-inductive photoperiods 

(Araki, 2001). Among these pathways, the photoperiod pathway is largely 

dependent on phloem activity, since the signals induced by photoperiod, 

CONSTANS (CO) and its downstream target FLOWERING LOCUS T (FT) are 

expressed in the vasculature and the mobile flowering signal FT needs to be 

transported through the phloem to the meristem (Corbesier et al., 2007; Mathieu 

et al., 2007). Floral transition time of nakr1-1 and Col-0 was measured under 

different floral promotion conditions. In long day conditions (16h day/ 8h night, 

55µE light intensity), wild type plants began to bolt at 31±2 dag, after forming 

13.5±0.5 rosette leaves; nakr1-1 mutants required 55.5±4.5 days to bolt, and by 

that time 42.5±4.5 rosette leaves had developed (Fig. 21C). nakr1-1 and Col-0  

bolted at similar times in short day conditions (8h day/16h night, 55µE light 

intensity; Fig 21C). Wild type plants took 99±2.5 days to bolt, whereas nakr1-1 

plants took 112±5 days to bolt.  The effects of vernalization and GA3 treatment 
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Figure 21. nakr1-1 displayed a strong late �owering phenotype, most 
signi�cantly in long-day growth conditions. (A) The late-�owering pheno-
type of nakr1-1 was complemented by NaKR1 whole gene construct. Col-0, 
nakr1-1 and complementation line 2 (T2 generation) were grown in long 
day conditions within the same tray. The image was taken 45 days after 
sowing. (B) A �owering nakr1-1 mutant after 90 days of growth in long day 
conditions. The white arrow indicates the position of the primary shoot 
meristem. Note that the mutant showed a loss of apical dominance and set 
seeds poorly. (C) Bolting time of nakr1-1 and Col-0 under di�erent growth 
conditions. Days after sowing and the number of rosette leaves were 
expressed as mean ± SD. 
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were also tested.  Both treatments accelerated flowering in nakr1-1, although in 

both conditions the mutant plants still required slightly longer time to bolt (Fig. 

21C). Therefore, nakr1-1 mutants were mainly affected in the photoperiod 

pathway. This is consistent with a phloem defect in the nakr1-1 mutant. 

 In addition to extended vegetative growth, nakr1-1 also showed elongated 

reproductive growth and significant late senescent phenotypes. Abundant flowers 

were made in this period, but the early flowers set seeds poorly.  The main stem 

displayed loss of apical dominance (Fig. 21B) in both short and long day 

conditions and the floral meristem in the primary shoot died before producing any 

flowers.  The same phenomenon also appeared in the floral meristems of lateral 

branches. During vegetative and reproductive growth, nakr1-1 plants over-

accumulated anthocyanins, which gave leaves and stems dark purple 

pigmentation (data not shown).  

 

DISCUSSION 

The nakr1-1 mutant phenotype included elevated Na+, K+, and Rb+ in leaves, 

short roots, elevated starch accumulation during the day, decreased long-

distance transport of sucrose, and late flowering under long-day conditions. The 

NaKR1 gene was identified (At5g02600) and encodes a soluble protein of 34.5 

kDa with a conserved HMA domain in the C-terminal half. NaKR1 expression 

was specific to companion cells as previously reported (Zhang et al., 2008). 

NaKR1-GFP was mobile in the phloem and was detected in the proximal root 

meristem region.  
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 The specificity of NaKR1 expression in companion cells and the observation 

that long-distance sucrose transport in the phloem is affected indicated that 

elevated Na+ and K+ in nakr1-1 leaves is likely to be due to a defect in phloem 

transport of these ions in the mutant. However the cause of this decrease in ion 

translocation is not clear. Transport of K+ and sucrose in the phloem are linked 

as evidenced by the phenotype of mutants of K+ channel AKT2/3 (Deeken et al., 

2002) that are affected in sucrose concentration in the phloem. In theory, any 

defect in companion cells that limits ATP production or plasma membrane H+-

ATPase activity would be expected to decrease both sucrose and K+ loading into 

the phloem.  

 The nakr1-1 phenotypes cannot be fully explained by a decrease in phloem 

loading in leaves as demonstrated in reciprocal grafting experiments. Reduced 

root growth, as well as elevated Na+ and K+ in leaves, was found when either the 

root or shoot lacked NaKR1. While NaKR1-GFP was found to be mobile in the 

phloem, a NaKR1-GUS fusion that complemented all nakr1-1 phenotypes did not 

translocate outside of the phloem. Therefore, all of the phenotypes observed for 

the nakr1-1 mutant are due to a lack of NAKR1 in the phloem. This does not rule 

out additional functions that require post phloem NaKR1 mobility; functions that 

may be redundant with other metal binding domain proteins.  

 These results contribute to our understanding of phloem function in long 

distance transport of K+, Na+ and sugars, flowering time, and maintenance of the 

root meristem. They raise questions regarding 1) cell-to-cell movement of 
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protein; 2) the significance of Na+ and K+ recirculation in the phloem from leaves 

to roots; and 3) the function of the phloem in controlling root growth.  

 

NaKR1 movement through plasmodesmata 

NaKR1 expression was reported to be specific to companion cells in microarray 

experiments performed with fluorescently labeled protoplasts (Brady et al., 2007). 

When companion cell nuclei were labeled with histoneB2-GFP, NaKR1 was 

identified as one of the 12 most companion cell-specific transcripts (Zhang et al., 

2008). HistoneB2-GFP targets GFP to nuclei in cells where translation occurs, 

and when driven by the NaKR1 promoter, was specific to companion cells 

(Zhang et al., 2008). We confirmed the companion cell localization of 

NaKR1pro:histoneB2-GFP (Fig 9A and B). This localization was also supported 

by NaKR1pro:NAKR1-GUS expression in Col-0 which was restricted to vascular 

tissue (Fig. 8). Interestingly, NaKR1-GFP driven by the native promoter produces 

a different localization consistent with transport through plasmodesmata. In 

mature parts of the root, NaKR1-GFP fluorescence was observed in files of cells 

consistent with sieve elements and appeared similar to other soluble GFP 

fusions that move from companion cells into sieve elements (Stadler et al., 

2005). NaKR1-GFP was more restricted to sieve elements in mature regions of 

roots compared to free GFP, which is able to move 1-2 cell layers laterally (Fig 

9G and Stadler et al., 2005). Free GFP, expressed in companion cells driven by 

the AtSUC2 promoter, can move out of the transport phloem in mature regions of 

the root, is unloaded from the protophloem and moves throughout the root tip, 
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indicating that these cells are connected by plasmodesmata (Fig 9H and Stadler 

et al., 2005). NaKR1-GFP movement was restricted to an area of the root tip 

below the transition zone of the root meristem. Since NaKR1-GFP was only 

translocated to a portion of the root tip, in contrast to free GFP, this identifies a 

new symplasmic domain in the root tip. In a previous study, the smallest GFP 

protein fusions (ubiquitin-GFP is 36 kDa) did not move from the protophloem into 

cells of the root tip (Stadler et al., 2005). Our results indicate that control of 

protein transport through plasmodesmata is not only restricted by size (SEL) and 

that NaKR1 contains a signal sequence required for transit through PD.  

 Maize KNOTTED1 (KN1) was the first protein identified to function non-cell-

autonomously (Lucas et al., 1995). Trafficking of KN1 through plasmodesmata 

requires an internal signal contained in the homeodomain (Kim et al., 2005) and 

the trafficking is essential for KN1 function in maintaining stem cell populations in 

plant shoots (Kim et al., 2003). NaKR1 shares no homology with the KN1 

homeobox domain and the presence of a signal sequence in NaKR1 remains to 

be tested.  

 

Phloem and Na+/K+ homeostasis 

The nakr1-1 mutant overaccumulates Na+ and K+ in leaves. In theory, the 

amount of K+ and Na+ in leaves is determined by several distinct processes: 

Na+/K+ uptake from the soil, long distance transport to the shoot via the xylem, 

and redistribution through the phloem. The function of xylem-localized HKT1 in 

limiting Na+ translocation to the shoot has been established (Mäser et al., 2002; 
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Sunarpi et al., 2005; Rus et al., 2006; Davenport et al., 2007). The possible 

function of the phloem in recirculating Na+ back to the roots has remained less 

clear (Horie et al., 2009). As shown here, the specificity of NAKR1 expression in 

companion cells combined with the nakr1-1 high K+ and Na+ phenotypes 

indicates a role for the phloem in determining leaf K+ and Na+ accumulation.  

 NaKR1 is expressed in the phloem throughout the plant. We hypothesized 

that K+ and Na+ are loaded into the phloem in leaves and that NaKR1 is required. 

To test this, reciprocal grafting experiments were done with nakr1-1 and Col-0. 

The results (Fig. 16) showed that lack of NaKR1 in the shoot resulted in a Na+ 

concentration in leaves as high as in nakr1-1. However, a lack of NaKR1 in roots 

also resulted in leaf Na+ that was higher than in Col-0. The results indicate that 

companion cell function in both the root and shoot contributes to the limitation of 

Na+ accumulation in shoots.  

 The effect of the nakr1-1 mutation on K+ accumulation was similar. In grafting 

experiments, the lack of NaKR1 in either the root or shoot led to K+ accumulation 

in leaves. Differences in K+ concentration between source and sink tissues has 

been detected and are thought to contribute to the turgor gradient (Vreugdenhil 

et al., 1985; Fischer, 1987; Fromm and Eschrich, 1989; Hayashi and Chino, 

1990) that drives phloem sap movement (Mengel and Haeder, 1977; Lang, 

1983). The K+ channel AKT2/3 is specifically expressed in the phloem and 

functions in controlling the membrane potential (Marten et al., 1999; Deeken et 

al., 2000; Lacombe et al., 2000). The akt2/3-1 mutant exhibited reduced sucrose 

concentration in the phloem sap but K+ concentration was not significantly 
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affected (Deeken et al., 2002). Transporters functioning in loading K+ into the 

phloem remain to be identified. The grafting experiments indicated that NaKR1 is 

required in both the shoot and the root for K+ recycling in the phloem. The 

requirement in the shoot may be related to phloem loading of K+. In the root, 

NaKR1 may be required for phloem unloading. Lower K+ concentration observed 

in the xylem sap in nakr1-1 is consistent with this hypothesis.  

 

nakr1-1 affects phloem translocation, starch accumulation and flowering  

nakr1-1 accumulated more starch in leaves during the day. This is consistent 

with a decrease in phloem loading of sucrose as exemplified by the effects of 

antisense inhibition of StSUT1 in potato (Riesmeier et al., 1994), AtSUC2 

insertional mutants in A. thaliana (Gottwald et al., 2000), and tdy1 mutants of 

maize (Ma et al., 2009). The ability of nakr1-1 to translocate 14C sucrose was 

tested in intact plants. When 14C-sucrose was applied to Col-0 leaves, 

radioactivity was detected in roots within 30 minutes. With nakr1-1, no 

radioactivity was detected in roots indicating that phloem loading or translocation 

is defective in the mutant.  

 Consistent with a defect in phloem function, the nakr1-1 mutant displayed a 

large delay in flowering under long-day conditions. This is consistent because the 

phloem functions in producing and translocating FT protein (Corbesier et al., 

2007) a mobile signal that induces flowering. In contrast, nakr1-1 responded 

normally to other conditions that promote flowering such as GA3 treatment or 

vernalization and to conditions that delay flowering such as short days.  
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NaKR1 expression and root phenotypes 

Considering the short root phenotype of nakr1-1, it was important to compare the 

timing of NaKR1 expression and onset of the phenotype to determine if NaKR1 is 

important for root development. Using a NaKR1-GUS fusion driven by the 

NaKR1 promoter, the earliest expression was identified at 1 dag in the vascular 

tissue at the root-hypocotyl junction. No expression was detected in developing 

embryos or in seeds before germination. Therefore, NaKR1 is not expressed in 

the earliest protophloem cells that differentiate in mature embryos (Bauby et al., 

2007). By 2 dag NaKR1 expression was observed in vascular tissue throughout 

the seedlings. The earliest expression of NaKR1 coincides well with the onset of 

phenotypes in the root. By 3 dag, root growth was measurably slower and the 

cell division rate in the meristematic region was less. By 4 dag, differences were 

observed in starch accumulation in the root distal region. Overall, the results 

indicate that NaKR1 is important for root meristem maintenance rather than root 

development. 

 The NaKR1pro:NaKR1-GUS construct complemented the nakr1-1 mutant 

phenotypes. This construct only produced GUS staining in the phloem. This 

indicates that NaKR1 functions at a distance from areas of the root displaying a 

phenotype, for example in the quiescent center and in the zone of cell division. 

The root phenotypes in nakr1-1 could be due to a defect in supply of 

photosynthate to the roots. Interestingly, results from reciprocal grafting 

experiments (Fig. 16), indicated that a lack of NaKR1 in the roots was 
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responsible for the short root phenotype. This indicates a specific function for 

companion cells in the root in maintenance of the root meristem. 

 

NaKR1 function as a metal binding protein 

A NaKR1 fusion protein was expressed in E. coli, purified and shown to bind Zn, 

Cu, Fe, Ni and Co. A mutated version of NaKR1 in which the two metal-

coordinating cysteines were changed to glycine failed to complement nakr1-1 

phenotypes. This indicates that metal binding is important for NaKR1 function. 

HMA domain proteins have been identified in the phloem sap of Brassica napus 

and Cucurbita maxima (Giavalisco et al., 2006; Lin et al., 2009). In A. thaliana, 

HMA domain protein AtCCH is found in the phloem and is thought to transport 

Cu out of senescing tissues (Himelblau et al., 1998; Mira et al., 2001). nakr1-1 

growth was not affected by varying heavy metal (Fe2+, Cu2+ and Zn2+) 

concentrations in the growth medium (data not shown). Overall, the results 

suggest that metal binding is important for NaKR1 function in companion cells. 

We cannot rule out additional NaKR1 functions that require NaKR1 mobility in the 

phloem that are redundant with other related HMA domain-containing proteins 

also known to be present in the phloem such as AtCCH1.   

 

Conclusions 

The NaKR1 gene encodes a soluble, cytoplasmic heavy metal binding protein 

that is specifically expressed in companion cells of the phloem in A. thaliana. The 

nakr1-1 mutant displayed a number of phenotypes that are consistent with 
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defects in phloem function: higher starch accumulation in the mesophyll, 

defective long-distance transport of 14C-sucrose, accumulation of K+ and Na+ in 

leaves, and late flowering under long day conditions. The nakr1-1 mutation also 

caused a short root phenotype, primarily due to a lower rate of cell division. 

NaKR1-GFP was found to move cell-to-cell through plasmodesmata, which may 

indicate that it functions non-cell autonomously. 

 

METHODS 

Plant material 

A. thaliana ecotypes Columbia (Col-0) and Landsberg erecta (Ler-0) seeds were 

obtained from the ABRC. The mutant line 136:31 (Lahner et al., 2003) was 

backcrossed twice to Col-0 and renamed nakr1-1. Cyclin1pro:GUS (in Col-0) was 

obtained from Dr. William Gray (University of Minnesota). The SUC2pro:GFP 

marker line (in Col-0) was obtained from Dr. David Jackson (Cold Spring Harbor 

Laboratory). APLpro:APL:GFP (in Ler-0) was obtained from Dr. Ykä Helariutta 

(University of Helsinki, Finland). These marker lines were crossed with nakr1-1 

mutants and the F2 progeny with short roots and containing these constructs 

(selected by the expression of GUS or GFP) were selected. 

NaKR1pro:HTB2:GFP (NPCC6) was provided by Dr. David W. Galbraith 

(University of Arizona).  

 

Plant Growth on Vertical Plates 
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Seeds were surface sterilized, stratified for 2 days in the dark at 4°C and placed 

on square petri dishes containing ATS medium (Lincoln et al., 1990) 

supplemented with 0.05% MES (w/v), 0.5% (w/v) sucrose and 0.8% (w/v) 

Phytoagar (Caisson Laboratory Inc.), pH 5.7. The petri dishes were placed 

vertically in a growth room under controlled conditions (16h/8h day/ night cycle, 

22°C, 60 µmol·m-2·S-1).  

 

Plant Growth in Soil 

Plants were grown in plastic trays with sterilized LG3 (Sun Gro Horticulture, 

Canada) or BM2 (Berger, Canada). A. thaliana seeds were sowed on the top of 

the soil. To facilitate seeds germination, the trays were kept for 4 days at 4°C 

before transferred to the growth room. Plants were grown at long day (16h/8h 

day/ night cycle, 22°C, 55- 70 µmol·m-2·S-1) or short day (8h/ 16h day/ night 

cycle, 22°C, 55- 70 µmol·m-2·S-1) conditions. Trays were regularly rotated and 

watered twice a week from the bottom of the tray with DI H2O, and fertilized once 

with All Purpose Plant Food (Vigoro). For vernalization experiments, seeds were 

plated on ATS medium and incubated at 4°C for 6 weeks before being 

transferred to soil and grown under long day conditions until flowering. To test 

GA3 effects, plants were grown under short day conditions for one month before 

they were sprayed with 100µM GA3 once per week until flowering.   

 

Identification of the nakr1-1 mutation  
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For map-based cloning, nakr1-1 mutants were crossed with Ler-0 and F2 

progeny with short primary roots were selected after 3 weeks of growth on ATS 

plates. PCR primers were designed for mapping based on the polymorphism 

information provided by Monsanto SNP and Ler Collections from the TAIR 

website (http://www.arabidopsis.org). A genomic DNA pool from 30 mutants was 

created for bulk segregant analysis and the mutation was revealed to be at the 

top of chromosome 5. Three hundred mutant plants were used for fine mapping.  

Progeny were collected from those F2 mutants with recombination sites close to 

the mutation region, and grown on ATS plates to confirm they were homozygous 

mutants. 

 DNA microarray-based deletion mapping was performed to identify the 

mutation. Three genomic DNA pools were created from the Col-0 plants, and 

three from a nakr1-1 mutant population using DNeasy Plant Mini Kit (Qiagen). 

For each pool the genomic DNA was from 10-15 plants. Genomic DNA was 

labeled, and hybridized to Affymetrix ATTILE 1.0R arrays. Probes with no 

sequence differences should show no difference in hybridization between nakr1-

1 and Col-0. Deletions linked to NaKR1, were identified by decreased 

hybridization signals that were consistent in all three nakr1-1 hybridized samples. 

Microarray data have been submitted to the GEO database with accession: 

GSE24385.  

 The nakr1-1 mutation was confirmed by sequencing PCR products amplified 

from nakr1-1 genomic DNA using primer pairs F: (5'- CAC TCC TCC ACC TTC 

CCC AAA CCT TAA T- 3') and R: (5'- GTC TCC CGT CAC GGT AAC CTT CTT 
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TGC T-3'). A dCAPs marker (Neff et al., 1998) was designed to discriminate 

nakr1-1 and wild type Col-0 genotype using PCR primer pairs F: (5'- CGG TTA 

GCG AAG AGG AAG AGC AAG AAA GG-3') and R: (5'- TTA AAT CAT CAG 

CTT TGG TTA TCT CCG GTC CAT-3'). The amplified Col-0 genomic DNA could 

be specifically digested by the enzyme BccI; the amplified nakr1-1 genomic DNA 

was not recognized by BccI. Co-segregation of the mutation sequence with 

mutant phenotypes was further confirmed by genotype analysis of a segregating 

population containing 108 plants using the dCAPs marker. 

 

Plasmid Construction and Plant Transformation  

NaKR1 whole gene sequence (including promoter, exons, introns and 3'UTR) 

were amplified from wild type Col-0 genomic DNA by using primer pairs F( 5'-

GCC TTT GTG AAA TCG ATT TGA GTT AGA A-3'), R (5'-GGT CAT CTG TAA 

AGG TAA GTC TAT ATG G-3'). The resulting 2424-bp PCR product (NaKR1;1) 

was cloned into the Gateway entry vector pCR8/GW/TOPO (Invitrogen). A LR 

gateway recombination reaction (Invitrogen) between the vectors pCR8/NaKR1;1 

with pMDC123 (Curtis and Grossniklaus, 2003) was performed to sub-clone 

NaKR1;1 into the binary vector. To make the constructs NaKR1pro:NaKR1:GUS 

and NaKR1pro:NaKR1:GFP , NaKR1 gene sequence (including the promoter, 

coding and non-coding region, without TAA stop codon) was PCR amplified 

using primer pairs F( 5'- GCC TTT GTG AAA TCG ATT TGA GTT AGA A-3') and 

R (5'- CTT CTG AAT AAT CTC AGG CCA AAA CTG A-3').  The 1809-bp PCR 

product (NaKR1;2) was cloned into pCR8/GW/TOPO and by LR recombination 
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reaction into the binary vectors pMDC164 and pMDC107 (Curtis and 

Grossniklaus, 2003).  

 Agrobacterium tumefaciens was transformed by electroporation 

(MicropulserTM, BIO-RAD). Col-0 and nakr1-1 plants were transformed using the 

floral dip method (Weigel and Glazebrook, 2002). Transformants containing the 

construct pMDC123/NaKR1;1 were selected based on Basta resistance. 

Transformants expressing NaKR1pro:NaKR1:GUS and NaKR1pro:NaKR1:GFP 

were hygromycin resistant and were selected by growing seeds on 0.5 

Murashige and Skoog medium (CAISSON Laboratories, Inc.) supplemented with 

1% phytoagar, 0.05% MES, 2% sucrose and hygromycin (30mg/L for seeds of 

Col-0 background and 10mg/L for seeds of nakr1-1 background), pH 5.7. 

 NaKR1 cDNA clone in the Gateway entry vector (pENTR223.1) was obtained 

from the Salk Institute Genomic Analysis Laboratory. For expression in E.coli 

cells, the cDNA fragment was recombined with the expression vector 

pRARE_MAL_DEST by LR reaction (Invitrogen), and pRARE MAL DEST/ 

NaKR1 was introduced into E. coli strain BL21-AI by electroporation. A control 

plasmid was made by LR recombination between an empty pCR8/GW/TOPO 

vector and pRARE_MAL_DEST to remove the CcdB gene and Kanamycin 

resistance marker between the AttR1/AttR2 sites.  

 

GUS staining 

GUS staining was performed according to the method described by (Quaedvlieg 

et al., 1998). Plant tissues were vacuum infiltrated in X-Gluc solution (Research 
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Products International) twice for 5 minutes each, followed by incubation at 37°C 

for 16h and cleared with 70% ethanol at 65°C for 1h before whole- mount 

samples in 70% ethanol for microscopy.  For cross-sections the stained samples 

(without clearing) were embedded in 4% agarose and 50µm sections were made 

using a Vibratome 1000 Plus Sectioning System.  

 

Microscopy  

Confocal laser microscopy was performed using C1 Spectral Imaging Confocal 

Microscope (Nikon) and EZ-C1 acquisition and analysis software. For propidium 

iodide staining of cell walls, seedlings were removed from the growth medium, 

stained briefly in 10µg/mL propidium iodide and the whole plants were mounted 

in water. The excitation wavelength for propidium iodide was 561nm and 

emission wavelength collected at 570-610 nm. For GFP fluorescence, the 

excitation wavelength was 488nm and the emission wavelength collected at 505-

545 nm. A z-series of scans was collected to obtain a transverse section view.  

 GUS expression images were collected using the MZFLIII dissection 

microscope (Leica) and Hoffman Modulation contrast microscope (Nikon), and 

Qcapture acquisition software. DIC images of root meristems and starch 

accumulation in root columellar cells and epifluorescence images of GFP and 

aniline blue staining were captured using DM5000B microscope (Leica) and 

Leica Applicaion Suite Software (version 2.4.0 R1).  

 For starch staining of columellar cells, whole seedlings were fixed overnight in 

FAA solution (50% ethanol, 5% formaldehyde, and 10% acetic acid), rinsed 
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briefly in 50% ethanol twice and stained in a mixture of glycerol: chloral hydrate: 

I2/KI (containing 30% glycerol (v/v), 8% chloral hydrate (w/v), 0.04% I2 (w/v) and 

0.2% KI (w/v)) for 1h and mounted in 50% glycerol for DIC imaging. For aniline 

blue staining, seedlings were incubated in 2.5% aniline blue (Fischer Scientific) 

dissolved in 0.5M K3PO4 solution (pH 9.5) for 5 minutes before mounted in 0.5M 

K3PO4 for observation using a fluorescence microscope with UV filter.  

 

NaKR1 cDNA expression in E. coli and protein purification for ICP-MS 

analysis 

E. coli strain BL21-AI containing the construct pRARE_MAL_DEST/ NaKR1 or 

pRARE_MAL_DEST (with CcdB gene and KAN resistance gene removed) was 

inoculated into small LB liquid culture containing 100mg/L ampicillin and 

incubated overnight at 37°C at 200 rpm. Overnight cultures (10ml) were 

inoculated into 1L of LB medium for further amplification. When the culture 

reached OD600 of 0.5- 0.7, IPTG was added (to a final concentration of 0.5mM) 

and the culture was allowed to grow for another 3-4 hours before harvest. Protein 

purification was according to the pMALTM protein purification protocol (New 

England BioLabs Inc.) with minor modifications.  The cell culture was disrupted 

by sonication and the MBP-NaKR1 fusion protein and MBP protein were purified 

by mixing cell supernatant with amylose resin (NEB Inc.) at the ratio of 20:1 (v:v), 

incubated at 4°C for 0.5h. The resin was washed with PBS (0.8% NaCl, 0.02% 

KCl, 0.144% Na2HPO4 and 0.024% KH2PO4, pH7.4) and eluted 10mM of maltose 
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in PBS. The protein products collected from 3 independent experiments were 

combined for one ICP-MS analysis.  

 The purified protein sample was digested with trypsin (50:1 ratio in 25-100mM 

ammonium bicarbonate at 37°C overnight) followed by reduction with 10mM DTT 

and alkylated with iodoacetamide. The sample was analyzed by LC-MS/MS on a 

ThermoFinnigan. (ABI, Inc., Foster City, CA) LTQ ion trap mass spectrometer 

(MS). LC was preformed on a Michrom BioResources Paradigm AS1 with an 

inline C18 12 cm column, packed in-house (Michrom BioResources, Auburn, CA). 

All MS/MS samples were analyzed using Sequest (ThermoFinnigan, San Jose, 

CA) and X! Tandem (www.thegpm.org).  The search used a FASTA file for 

Arabadopsis containing more than 174668 entries including known contaminants 

as well as the sequence of the MBP-NAKR1 fusion protein.  Scaffold (version 

Scaffold-01_05_14, Proteome Software Inc., Portland, OR) was used to validate 

MS/MS-based peptide and protein identifications. Peptides were manually 

confirmed to NaKR1 to insure that all peaks were assigned.  

 

Xylem sap collection 

Col-0 and nakr1-1 plants were grown in soil under long day conditions until 

bolting and the inflorescence stems reached 7- 10 cm in length. Rosette leaves 

were removed with scissors and inflorescence stems cut with a razor blade. The 

plants were covered to maintain humidity. The first two drops of xylem sap were 

discarded and subsequent drops of xylem sap were collected from each plant 

with micropipettes (Drummond) (Shi et al., 2002; Sunarpi et al., 2005). Samples 
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were dried overnight at 95°C and dissolved in 5% of HNO3 solution. Sodium and 

potassium content was measured by ICP-MS.  

 
Grafting analysis 

Reciprocal grafting between the shoot and root from different A. thaliana 

seedlings was performed. Medium and grafting method were according to Rus et 

al. (2006). Seeds were germinated and grown vertically on plates containing 0.5x 

MS macro- and micro- nutrients, vitamins (Caisson Laboratories, Inc.), fungicide 

benomyl, IAA, BA and 1.2% phytoagar in controlled conditions (16h/8h light/ dark 

cycle, 22°C, 55 µmol·m-2·S-1). Four- to five-day old seedlings were grafted on the 

plate under a dissection microscope. The grafted plants were grown vertically on 

the same plate for one week and successful graft unions were transferred to LG3 

soil or Turface (Turface Athletics) and grown under short day conditions (8h/16h 

light/ dark cycle, 22°C, 70 µmol·m-2·S-1) for another five weeks. Two to three fully 

expanded rosette leaves of similar age were sampled from each plant, rinsed 

three times in DI H2O, and dried in the oven (90°C) overnight and dry weight of 

each sample was recorded. Plants grown in Turface were watered twice per 

week with 0.25x Hoagland solution (Sigma) and iron supplement (4.15mg/L (4.5 

µM) sodium ferric EDDHA) from the bottom. Grafted unions were checked two 

weeks after transfer to the soil/Turface, as well as after harvesting the rosette 

leaves. The individuals with adventitious roots formed above the grafted union 

were discarded.  

 

14C sucrose loading 
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Phloem loading of sucrose was analyzed essentially as described (Srivastava et 

al., 2008). Before the start of the experiment [U-14C] sucrose stock (21.8 

GBq/mmol, MP Biomedicals) was dried to remove the ethanol and then 

resuspended at a final solution of 0.5 mM [U-14C] sucrose in 10 mM MES, pH 

5.5, 1 mM CaCl2. 11- week- old Col-0 and nakr1-1 plants grown in Turface under 

short day conditions were used. On each plant the tip of a fully expanded rosette 

leaf was crimped with forceps and 2 µl of the [U-14C] sucrose applied. Plants 

were maintained at 20 °C under high moisture conditions for the duration of the 

experiment. After 30 min the remaining sucrose drop was removed and the 

application site rinsed with buffer (10 mM MES, pH 5.5, 1 mM CaCl2). The 

labeled plants were dissected immediately and rosette leaves, stem and roots 

from each plant were pressed flat between Whatman 3M filter paper until dry. 

The dried plant parts were attached to card stock using double-sided tape and 

then exposed to KODAK BioMax MR Film for 5 days. 

 

Leaf Starch analysis 

Arabidopsis plants were grown for 3 months in short day conditions and fully 

expanded rosette leaves were sampled. For starch staining, leaves were cleared 

in 70% ethanol at 70°C and stained in I2/KI solution for 15 min at room 

temperature.  Starch quantification was according to the method of Smith and 

Zeeman (2006) with minor modifications. 0.2g of fresh leaves were sampled from 

each plant, boiled in 80% ethanol (5 times × 3 min) to remove soluble sugar. The 

remained pellet was ground in water and adjusted to a final volume of 1.5-2 mL. 
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From each sample, 0.1 mL (×4) of homogenate was collected and boiled in water 

bath for 20 minutes and the gelatinized samples were digested with 6 units of α-

amyloglucosidase (dissolved in 200 mM Na acetate, pH 5.5) and 1.2 units of α-

amylase (dissolved in 3.2 M ammonium sulfate, pH 7.0) at 37°C for 4h. The 

glucose content of each tube was measured by glucose Trinder assay (Sigma 

Diagnotics). The glucose concentration of each sample was determined based 

on the absorbance monitored at 495nm using Microplate Scanning 

Spectrophotometer (Power Wave 340, BIO-TER) and the standard curve 

produced using a series of glucose standards (0.011mg/mL, 0.051mg/mL, 

0.11mg/mL, 0.51mg/mL, 1mg/mL).  
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3. CONCLUSIONS 

This dissertation work was done to identify important genes involved in Na+/K+ 

homeostasis of Arabidopsis plants. Using ICP- MS analyses of leaf tissue 

combined with traditional and DNA- chip based mapping, a gene encoding a 

heavy- metal- associated domain containing protein has been identified, which 

we named AtNaKR1. Loss of function of AtNaKR1 mutation caused Na+/K+ 

accumulation phenotypes and multiple developmental defects including short 

primary roots, late flowering and loss of apical dominance. AtNaKR1 is 

specifically expressed in phloem companion cells.  nakr1-1 mutation affects 

phloem function of carbohydrates partitioning between source and sinks and 

sucrose loading. K+ and Na+ accumulation phenotypes are also attributed to 

phloem function defects, based on grafting followed by ICP-MS analyses of 

rosette leaves and elemental analyses of xylem sap samples. Interestingly, 

although phloem translocation is responsible for the long- distance transport of 

multiple mineral elements, nakr1-1 mutation specifically affects K+ and Na+ 

redistribution. This is supported by the result of elemental analyses of nakr1-1 

seeds, in which K+ is one of the few elements the contents of which significantly 

reduced than the control seeds, and most other elements remain relatively 

unchanged or increased compared to wild- type seeds. K+ is the major cation 

within the phloem sap and is involved in maintaining the osmotic gradient 

between the source and sinks. K+ and sucrose loading/unloading processes are 

functionally interrelated. Whether these can partially explain the specific effect 

of nakr1-1 mutation on K+/Na+ homeostasis still requires further research. 
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Phloem translocation stream forms a long- distance signaling system 

connecting distant organs with meristimatic regions. The result nakr1-1 is a late 

flowering mutant and the late flowering phenotype most dramatic in long day 

growth conditions suggest nakr1-1 mutation also affect the transport of florigen, 

a phloem mobile signal.  Analyzing the root meristem region of nakr1-1 

seedlings revealed root defects occurred at 3DAG. The earliest expression of 

NaKR1 was detected at 1DAG, thus the root defect might be an indirect result 

of NaKR1 mutation. Whether the root defects is simply the result of nutritional 

deficiency or involve signaling processes (requiring normal phloem function) still 

requires further research. Comparing the expression pattern of 

NaKR1pro::histone:GFP with that of NaKR1pro::NaKR1:GFP revealed that 

NaKR1 protein is phloem mobile and it is further unloaded into part of the root 

meristem region. However this mobility seems nonessential for any of the 

phenotypes recorded for nakr1-1 mutant, because nakr1-1 was fully 

complemented by the construct NaKR1pro::NaKR1-GUS, and NaKR1-GUS 

was not mobile within the meristem region. However, the possibility cannot be 

excluded that the protein mobility might exert some unknown functions, or its 

function is redundant with similar proteins expressed in the root meristem 

region.  

Elemental analysis of MBP-NaKR1 protein purified from Escherichia coli 

revealed it’s a heavy metal binding protein. Point mutation analysis confirmed 

the heavy- metal binding domain is essential for its function. Heavy metal 

binding proteins that coordinate Fe3+, Cu+ have been identified from phloem sap 
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in previous studies. Their functions varied from maintaining the reduced state of 

heavy metals in phloem sap to sequestration of heavy metals from old, 

senescent tissues. None of them however when mutated caused severe 

phenotype as nakr1-1, suggesting AtNaKR1 might have peculiar functions. The 

next step might be to characterize the exact type of heavy metals it coordinates 

and proteins AtNaKR1 interact with.  
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5. APPENDICES 
 
Appendix 1: Effect of nakr1-1 mutation on carbohydrate and mineral 
nutrients accumulation in the major sinks- roots and seeds 

 

Phloem is involved in the long- distance transport of carbohydrates and 

mineral elements from the source and sinks along  the osmotic pressure 

gradient. A gene expressed specifically in the phloem tissue, nakr1-1 

mutation led to the accumulation of starch and K+/Na+ in the source leaves 

and a significant small root phenotype.  Qualitative starch accumulation in the 

inflorescence and developing siliques together with mineral element 

concentration in roots and seeds were studied to investigate the impact of 

nakr1-1 mutation in the development of the major sinks: the roots and seeds.  

 

RESULTS 
A survey of starch accumulation in various tissues of Arabidopsis plants has 

revealed the difference in starch metabolism between photosynthetic and 

nonphotosynthetic tissues, however similar starch degradation mechanism is 

used in both photosynthetic and nonphotosynthetic tissues (Caspar et al., 

1991).  Study of the nakr1-1 mutant revealed starch overaccumulates in the 

source leaves, and nakr1-1 leaves are less efficient in degrading all the leaf 

starch, even after 88h of continuous darkness. It was of interest to study the 

effect of the nakr1-1 mutation on starch metabolism in the tissues other than 

leaves. Qualitative starch accumulation in the floral tissue and developing 

siliques were performed in Col-0 wild type and nakr1-1 mutant. In Col-0 wild 

type plants, the starch accumulation is most abundant in the developing 

seeds, and staining was largely reduced in the inflorescence and the maternal 

tissue of siliques (Fig. Ap.1A-B). Different starch accumulation patterns were 

detected in nakr1-1 mutant, with strong iodine staining in the maternal tissues 

including the inflorescence stem, the sepal and the silique epidermis (Fig. 1C-
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D). Starch accumulation in immature seeds however was greatly reduced 

when compared to Col-0 seeds at similar developmental stages (Fig. Ap. 1D).  

 

To study the effect of nakr1-1 mutation on mineral nutrients allocation from the 

source to sinks, elemental analysis was performed in seeds and root samples 

from Col-0 and the nakr1-1 mutant. For seed elemental analyses Col-0 and 

nakr1-1 plants were grown the same short day conditions. The smallest 

difference in bolting time has been found under this growth conditions between 

Col-0 and nakr1-1 plants. Significant difference has been detected between 

Col-0 and nakr1-1 seeds in the accumulation of multiple elements (Fig. Ap. 2A). 

Compared with Col-0 seeds, nakr1-1 seeds exhibit reduced levels of K, Mg, Mn 

and B, and increased accumulation of Fe, Zn, S, Rb, Mo, etc.. The 

concentrations of K, Mg and Ca in Col-0 and nakr1-1 seeds were indicated in 

Fig. Ap. 2B-D.  

 

Plants were grown in hydroponic culture to facilitate the sampling of root 

tissues. Col-0 and nakr1-1 plants and two individual complementation lines NO. 

8 and NO.13 were grown under short day conditions for two months and leaf 

and root tissues were collected for ICP-MS analysis. As shown in Ap. Fig. 3, 

nakr1-1 mutant leaves accumulate higher K+, Rb+ than Col-0 in the leaf tissues. 

This phenotype was recovered in the two complementation lines (Fig. Ap. 3B-

C).   Similar results were obtained for plants grown in both soil and the Turface, 

where higher Na+/K+/Rb+ accumulation in nakr1-1 leaves had been detected.  

 

Figure Ap.4 shows K+ (Fig. Ap. 4A) and Rb+ (Fig. Ap.4B) concentrations of root 

samples from Col-0, nakr1-1, and complementation lines 8 and 13. Similar to 

the increased K+/Rb+ accumulation detected in nakr1-1 leaf tissue, higher 

K+/Rb+ levels was detected in nakr1-1 roots by ICP-MS analysis. These high 

K+/Rb+ phenotypes were also complemented by the NaKR1 whole gene 

construct.  
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METHODS 
Starch accumulation in inflorescence and developing siliques were tested using 

I2/KI staining. For seed ionome analysis, plants were grown under short day 

conditions (8h/16h; 50-75 µmol m-2 s-1) in BM-2 soil, plants were watered once 

every week from the bottom of the tray using DI- H2O, and fertilizered (All 

Purpose Plant Food, Vigoro) twice during their growth period.  Clean seeds 

were collected for ICP-MS analysis. The results of  seeds elemental analysis 

are from 5 Col-0 and 5 nakr1-1 plants. Leaf and root elemental analysis was 

performed from plants grown under hydroponic growth conditions. Hydroponic 

culture was set up using the method described by Norén et al., (2004) except 

the nutrient solution was prepared using 0.1x Hoagland supplemented with 

4.15mg/L (4.5 µM) sodium ferric EDDHA. Plants were grown in hydroponic 

culture for 2 months before leaves and roots were harvested for ICP-MS 

analysis. Nutrient solution was replenished every two weeks. 50mM of NaCl 

were applied to the nutrient solution within the last two weeks of plant growth.  

Root and leaf samples were collected by rinsing in ice cold DI H2O containing 

0.1% Triton X-100 followed by 3 times of rinse in ice cold DI H2O. The samples 

were put in 13ml plastic tubes (SARSTEDT) and dried at 120°C overnight 

before subjected to ICP-MS analysis. 

 
DISCUSSION  
As the major transitory storage form of carbon, starch has been detected in 

photosynthetic tissue including leaves, stem and immature seeds.  In Brassica 

napus, it is found that starch initially accumulates in developing seeds and 

degraded at seeds maturation when lipids and proteins are synthesized (Norton 

and Harris, 1975). Mutation affecting starch degradation led to increased starch 

accumulation in leaves, roots, flowers and seeds, and the dynamic changes of 

starch content during photoperiod could not be detected ((Caspar et al., 1991).  

nakr1-1 mutant still exhibits diurnal changes of starch content in rosette leaves. 

The reduced starch accumulation in developing seeds of nakr1-1 mutant 

combined with increased starch accumulation in nakr1-1 leaves, stems and the 
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sepals suggest the compromised ability of nakr1-1 mutant in carbohydrate 

allocation from the source to the sinks, rather than the decreased ability of the 

mutant in starch degradation.  The reduced carbon accumulation in the major 

sinks might be the result of reduced sucrose loading from the source leaves or 

the uncontrolled sucrose leakage along the transport phloem. Reduced sucrose 

loading/long- distance transport in nakr1-1 mutant is supported by the result of 
14C- sucrose loading experiment. Both sucrose loading and recruitment along 

the transport phloem are mediated by phloem specific sucrose/ H+ symporter 

(AtSUC2). Previous research on phloem specific K+ channel AKT2/3 revealed 

AKT2/3 mediated K+ transport along the SE plasma membrane is responsible 

for stabilize the negative membrane potential of the SE cells and thus helps to 

maintain the activity of sucrose transporter (Deeken et al., 2002). Whether the 

affect of NaKR1 mutation on long- distance sucrose transport is through directly 

or indirectly affecting the plasma membrane potential still requires further 

research.  

 

Another possible explanation for reduced carbon accumulation in the major sink 

tissue is the deficiency of nakr1-1 in sucrose unloading.  This is supported by 

reciprocal grafting experiment between Col-0 and nakr1-1 plants. Col-0 roots 

grafted to nakr1-1 shoot still grow normally however nakr1-1 roots grafted to 

Col-0 shoot exhibit root growth defects.  These results indicate unloading 

process plays important roles in root development. The exact mechanism of 

unloading process remains unknown. It’s currently believed except for few 

species and development stages, the unloading is symplastic thus energy free 

process (Oparka, 1990). The post- phloem transport process however is 

against sucrose gradient and an energy dependent process. The fact that 

nakr1-1 embryos exhibit normal cell pattern, and nakr1-1 seeds germinate 

normally and grow normally at early seedling stages however suggests the 

seed development process and post-phloem transport of nutrients into 

developing seeds are largely unaffected by nakr1-1 mutation.  
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Previous research on the long- distance movement of mineral elements within 

plants revealed the different mobility of K+, Mg2+ and Ca2+ between organs 

(Karley and White, 2009).  K+ and Mg2+ are mobile through both the xylem sap 

and the phloem translocation stream. There is however very little movement of 

Ca2+ from leaves to the phloem- fed tissues. This provides explanation for the 

accumulation patterns of K+, Mg2+ and Ca2+ ions in nakr1-1 seeds.  The 

reduced accumulation of K+ and Mg2+ in nakr1-1 seeds when compared with 

Col-0 seeds is possibly due to the compromised phloem translocation activity of 

nakr1-1 mutants. Ca2+ accumulation remains unchanged in nakr1-1 seeds, 

possibly due to the very limited Ca2+ transport via the phloem translocation 

stream. Compared with the long- distance transport of K+ and Mg2+, 

recirculation of heavy metals involves more complicated mechanisms. The ions 

of Fe, Mn and Zn are highly active species and their redox changes favor the 

generation of highly reactive oxygen species. Their transport within the phloem 

involves bound to organic ligands or proteins to mask their electric charges 

(Krüger et al., 2002). Nicotianamine (NA) is one of the Fe chelators in plants 

(Bashir et al., 2006). The metal- NA complexes are transported by yellow stripe 

1- like (YSL) family transport proteins.  OsYSL2 in rice is specifically 

responsible for the long- distance transport of Fe(II)- NA and Mn(II)- NA 

complex through the phloem into the grain. The RNAi lines of OsYSL2 exhibit 

decreased Fe and Mn concentrations in both the shoot and the seeds. 

Interestingly the constitutive OsYSL2 overexpression lines exhibited reduced 

Fe accumulation in both the shoot and seeds, however increased Mn 

accumulation in seeds (Ishimaru et al., 2010).  The elemental analysis of nakr1-

1 seeds revealed reduced Mn accumulation however increased Cu, Fe Zn and 

Rb in the seeds compared to that of the Col-0 seeds. Whether the increased 

accumulation of heavy metals (Cu, Fe and Zn) reflects the result of phloem-

independent transport processes that are upregulated due to the phloem 

transport defect remains to be elucidated. 
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As a highly mobile element, K accumulation in the root is the result of several 

distinct processes. Although variation has been detected among species, when 

grown under K+-sufficient conditions around 120% of K+ taken up from the 

external environment is transported through the xylem to the shoot and about 

half of K+ transported in the xylem is recycled in the phloem. Accordingly about 

40% K+ taken up from the outside environment is incorporated into the roots 

(Peuke, 2010; Karley and White, 2009).  In K+ deficient plants less K+ is 

returned to the root, and the compensatory K+ uptake from external 

environment is increased, possibly due to the upregulation of high affinity K+ 

transporters (White, 1997). A hypothesis that has existed for many years is the 

K+ transport systems in root is regulated by the demand of shoot, possibly 

through the amount of K+ recycling in the phloem that serves as a negative 

feedback signal (Drew and Saker, 1984). In nakr1-1 mutant the increased K+ 

accumulation in the source leaves and reduced K+ accumulation in seeds 

suggests reduced K+ transport through the phloem. This is also supported by 

the reduced long- distance sucrose transport, since both sucrose and K+ 

translocation through the phloem are driven by the same osmotic pressure 

gradient. The reduced phloem- mediated K+ recirculation further activates K+ 

transport into nakr1-1 roots. The increased accumulation of K+/Rb+ in nakr1-1 

roots therefore might be the result of the enhanced K+/Rb+ uptake that 

combined with the reduced xylem transport of K+/Rb+ from root to shoot 

outcompete the decreased K+/Rb+ unloading at the root stele because of 

phloem function defect. 
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Ap. Fig. 1.  nakr1-1 mutation led to starch accumulation in the maternal 
tissues. (A). I

2
/KI staining  of Col-0 floral tissues. (B). I

2
/KI staining of Col-0 

siliques. Starch was mainly accumulated in the developing seeds. (C). I
2
/KI 

staining of the floral tissues of nakr1-1 mutant. Strong starch staining was 
detected in the sepal and inflorescence stem. (D). I

2
/KI staining of nakr1-1 

siliques. Starch was accumulated in the maternal tissues more than the 
developing seeds.
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A

B C

D

Ap. Fig. 2. nakr1-1 mutation led to alteration in the accumulation of multiple min-
eral elements in arabidopsis seeds. A. Difference in the accumulation of mineral 
elements in nakr1-1 seeds vs. Col-0 seeds is expressed as z- values (times of 
standard deviation), with each single line represent  a single mutant plant, and the 
zero line represents the average for Col-0 seeds population. B. K+ concentrations 
(ppm) of nakr1-1 and Col-0 seeds. Error bars represent mean ± SE. C. Mg2+ 
concentrations (ppm) in nakr1-1 and Col-0 seeds. Error bars represent mean ± 
SD. D. Ca2+ concentrations in nakr1-1 and Col-0 seeds. Error bars represent 
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A

B C

Ap. Fig. 3. Under hydroponic growth conditions nakr1-1 plants accumulate higher 
K+ and Rb+ than Col-0 plants in the leaf tissue. This phenotype was comple-
mented by introducing NaKR1 whole gene construct into the mutant background. 
A. Difference between nakr1-1 and Col-0 leaves in elemental contents was 
expressed as z- values (times of standard deviation). The zero line represents the 
average of Col-0 population. B. Leaf K+ concentrations (ppm) in Col-0, nakr1-1, 
complementation line 8 and complementation line 13 plants. The error bars 
represent mean ± SD. C. Leaf Rb+ concentrations (ppm) in Col-0, nakr1-1, 
complementation line 8 and complementation line 13 plants. The error bars 
represent mean ± SD. n= 7 for nakr1-1, n=6 for Col-0 and complementation line 
13, and n=4 for complementation line 8. 
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A

B

Ap. Fig. 4. nakr1-1 plants accumulate higher K+/Rb+ in the root than 
Col-0 plants and complementation lines NO. 8 and NO. 13. A. Root K+ 
concentrations (ppm) in Col-0, nakr1-1, and complementation line 8 
and 13. The error bars represent mean ± SE. B. Root Rb+ concentra-
tions (ppm) in Col-0, nakr1-1, and complementation line 8 and 13. The 
error bars represent mean ± SE . n=6 for Col-0, nakr1-1 and comple-
mentation line 13; n=4 for complementation line 8.
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Appendix 2.  Identifying a Na+ accumulation mutant 103:06 by map based 
cloning. 

 

103:06 is a fast neutron induced mutant originally isolated by Lahner et al., 

(2003) by using elemental profiling to screen the leaf tissue of an Arabidopsis 

population. Compared with Col-0 control plants, 103:06 exhibited the specific 

phenotype of elevated Na+ accumulation in the shoot. 103:06 has been crossed 

to both Col-0 and Ler-0 and shoot Na+ concentrations were measured in the F1 

hybrid plants. In both cases the Na+ concentrations in F1 plants were higher 

than the wild type control plants, suggesting the mutation that causes higher 

Na+ accumulation is dominant. Interestingly, a continuous Na accumulation 

pattern was detected within the F2 population, with 75% of the plants showing 

increased Na+ accumulation in the shoot (Ap. Fig. 5). Therefore it’s concluded 

103:06 is a semidominant mutant caused by a single gene mutation.  

 

For 103:06 mutation mapping, a 103:06 x Ler F2 populaiton of around 900 

plants was grown in the soil and elemental profiling was performed in rosette 

leaves of each plant. The elemental profiling data for the population can be 

obtained at the open access Purdue Ionomics Information Management 

System (PiiMs) at http://www.purdue.edu/dp/ionomics (tray NO. 1197- 1206). 

Result from the tray 1198 is shown in Figure Ap. Fig. 6. Two groups of plants 

were selected to create the mapping population. Plants with shoot Na+ levels 

similar to Col-0 WT plants grown in the same tray were selected as the putative 

wild type segregation lines. The plants with the highest Na+ levels in the F2 

population were also selected as the putative homozygous mutant.  With this 

method a mapping population of around 200 plants was created. Map based 

cloning revealed that the 103:06 mutant locus is within the region of 220kb- 

550kb at the top of chromosome 1. There are 128 genes within this region. 

Genetic markers that were used for 103:06 mutation mapping are shown  in Ap. 

Table 1.  
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Several high Na+ lines were selected to further test their genotype and shoot 

Na+ accumulation. Seeds were collected from these lines and leaf elemental 

profiling performed on their selfed progeny. Results for the line 1198-15 are 

shown in Ap. Fig. 7. The homogenous high Na+ accumulation pattern of the 

progeny indicated  that 1198-15 is a homozygous mutant. Detailed genotyping 

of this line revealed the homozygous Col-0 genotype at the top of chromosome 

1 (0- 3,600 kb).  

 

Under normal growth conditions, 103:06 mutants grow similarly as wild type 

Col-0 plants. To test if elevated shoot Na accumulation render the plants more 

sensitive to NaCl stress, Col-0 and 103:06 homozygous line were germinated 

and grown in ATS medium with 50mM NaCl. The growth of control plants was 

relatively unaffected by this level of NaCl stress, however the 103:06 plants 

show significant growth phenotypes including shorter petiole, smaller and 

curled leaves and anthocyanin accumulation (Ap. Fig. 8). The F2 population of 

both 103:06 backcross and outcross to Col-0 exhibited a 1:3 segregation ratio 

the occurrence of the growth phenotypes, indicating 103:06 mutation is 

recessive in regarding to the mutant sensitivity to NaCl.  

 

To test the possibility of using the NaCl sensitive phenotype for the 103:06 

mutation mapping, line 1198-15 was crossed to Ler-0 and the F2 seeds were 

germinated on the medium containing 50 mM NaCl. A mapping population of 

400 plants was created based on the NaCl sensitivity phenotypes.  Map based 

cloning defined the mutation to the same region as have been described above 

by using the population created based on Na+ levels in shoot.  

 

My work on 103:06 mutant mapping led to two results. 103:06 is a 

semidominant mutant in causing accumulating Na+ in the shoot tissue, with the 

heterozygous plants accumulating shoot Na+ in between of the homozygous 

and the wild type plants. Previous work on selecting 103:06 mutant had hard 

time identifying homozygous 103:06 mutant, for the selected mutants were 
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always segregating in shoot Na+ levels. By selecting plants with highest Na+ 

accumulation in the shoot from the F2 population and by testing the shoot Na+ 

accumulation pattern in their progeny the homozygous 103:06 mutants were 

isolated. The 103:06 homozygous mutant is sensitive to elevated NaCl as a 

result of Na+ overaccumulation in the shoot. Interestingly, although 

heterozygous 103:06 plants also accumulate more Na+ than the wild type 

control plants in the shoot they were not hypersensitive to NaCl stress. The 

result suggests 103:06 might be a recessive, loss of function mutation, and the 

wild type allele acts quantitatively to control Na accumulation in the shoot.  

 

By using ICP-MS analysis to analyze rosette leaves of 106:06 x Ler-0 F2 

population, a mapping population of 200 plants was created and the mutation 

mapped to a region of 230kb at the top of chromosome 1. To further identify the 

mutation a larger mapping population is required.  The growth phenotypes of 

103:06 mutant at elevated NaCl provides an efficient way of selecting 

homozygous mutants from the F2 population. When grown at 50mM NaCl the 

homozygous mutant could be easily discriminated from the heterozygous and 

wild type segregation lines. Moreover selecting mutants from the agar medium 

is inexpensive and less time- consuming than ICP-MS based elemental 

profiling of the F2 population; therefore creating a large mapping population 

becomes possible.  In spite of the fact that 103:06 mutants are hypersensitive 

to NaCl stress, when transplanted to soil most plants recovered growth and set 

seeds normally. Therefore F3 progeny is available to confirm the genotype and 

growth phenotypes of the individual F2 plants.  
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Ap. Fig.5. 103:06 is a semidominant mutant that overaccumulates Na+ in the shoot 
tissue. Plants were grown under conditions described by Lahner et al., (2003). 
Difference between the 10306 heterozygous progeny (12 individual plants) and 
Col-0 plants in shoot Na+ contents was plotted as z- values (standard deviations). 
The 103:06 segregating populaton exhibited a continuous pattern of Na+ accumula-
tion in leaves. 
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Ap. Fig. 6.  Leaf Na+ accumulation patterns of the F
2
 population (line NO. 1-91) of 103:06 

crossed to Ler-0, and Col-0  wild type plants (line NO. 92-103) grown on the same tray (tray 
NO. 1198. The original data is available on Piims website). Line 1-25 and 74-91 were 
selected from this segregation population for 103:06 mapping. 
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Marker name F Primer Sequence: R Primer Sequence: Position Marker type
§HT/T25K16 F1/R1 tcgttcccggaaataatcaa tgtggctgagattgcttctg 0 kb Indel

HT/F22L4 F4/R4 tggtttacatgttcccgatg ccgtcagttgctgctgattc 214 kb For Sequencing 

HT/T1N6 F2/R2 ccggaaacgaagaatccata caagctcttcatcggtaggg 268 kb For Sequencing

HT/Kea F2/R2 tctgaactgaccgaggtgtg ctcgcttctggaacatgaca 290 kb CAPs, AseI

HT/F22M8 F1/R1 ggcaattcaaagacccgata cctacgtaatggagccaaatgtgtc 314 kb dCAPs, EcoRV

HT/T7I23 F3/R3 gggagatttggaggagcttacc agaggagtaaaagtgaaaatatt 450 kb dCAPs, XmnI

HT/T6A9 F1/R1 gaggagtccctgacaatgga atgcgtagggttgacacaca 483 kb For Sequencing

HT/F22D16 F1/R1 tgcagcgaatcttctctttg cataagagttatgttaagagaccatca 685 kb Indel
§HT/F10O3 F1/R1 tttaatgaaaccaacccaaga caggtgcgaagaaccactaa 705 kb Indel

HT/F21B7 F1/R1 tgactacatggagattatggcc cacgatatgatcaagctttaacg 850 kb Indel

HT/F21M11 F1/R1 tcagtccctcttcgacgttt aaagaatcagggacgggttc 972 kb Indel

HT/F20D22 F1/R1 aacaaaatgagtttctctgcatg cccaagtgacgtctggtttc 1,100 kb Indel

HT/T1G11 F1/R1 gaagacaaagctctgcagtaatgt ttgcataaggcacttgaaagtta 1,323 kb Indel

HT/T7A14 F1/R1 gaccatgaagatctggtctcg gcctttgcttccacacaaat 1,450 kb Indel

HT/YUP8H12 F1/R1 ttgagacttacgaggatgaaacaa catgggctttaggccattta 1,500 kb Indel

HT/T25N20 F1/R1 ctgcagcacctctccctact ttcgcgagtaccttcaggat 1,600 kb Indel

HT/F3F20 F1/R1 tttgactgcgtcttccttgg tggtggtgggagagagagag 1,600 kb Indel

HT/F12K11 F1/R1 ccatatcttggagttggcaga aatgtcttcaggaacacaacca 2,000 kb Indel

HT/T23G18 F1/R1 tgagtggccaagtgttacga tggaattatcggaaatgacga 2,573 kb Indel

HT/F7G19 F1/R1 tttgtgtttcatcaattggtaagttt tggatccccattgtacagtta 2,900 kb Indel

HT/T28P6 F1/R1 tgaaaactccttttgtctctcca ggaaaagcatatgggctacg 3,700 kb Indel

  chromosome 1 on both sides of the mutation region.

                                in chromosome 1 and marker types were indicated. 
Appendix Table 1. Genetic markers used for 103:06 mutation mapping. Their primer sequences,  relative positons

§ markers that were used to screen the F2 populaiton for recombinations that occurred at the top of
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Ap. Fig. 7. Differences in leaf Na+content between the 103:06 homozygous 
line 1198:15 plants and the average of Col-0 WT population were plotted as 
the z- values.  Results from 12 individual plants were included and the zero 
line represents the average of the wild type population. 1198:15 was originally 
isolated based on the super high Na+ accumulation in its leaf tissue from the 
F2 population of 10306 x Ler-0. 
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Ap. Fig. 8. 103:06 homozygous plants are hypersensitive to elevated NaCl. 
Col-0 (the left) and one 103:06 homozygous line 1197:95 (the right) were 
germinated on ATS medium supplemented with 50mM NaCl and grown under 
the long day growth conditions (16h/8h, 55umol m-2 s-1) for one month. 

Col-0 10306 homozygous line
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Appendix 3. Elemental analyses of seeds from Arabidopsis ecotypes, FN 

induced and T-DNA insertion mutants 

 

Plant seeds are a major dietary source for humans of the essential mineral 

elements. Their accumulation in seeds is the result of selective transport 

processes mediating the short- and long- distance movement within plant. 

Identifying mutants and natural accessions with altered elemental accumulation 

in seeds therefore is important for our understanding of the molecular 

mechanisms regulating these processes, and with potential applications in 

improving seed quality, nutrition and plant based bioremediation. In previous 

research a high throughput ion-profiling strategy had been performed to analyze 

shoot tissue of Arabidopsis plant population using inductively coupled plasma 

spectroscopy (ICP-MS). From 6,000 fast neutron mutagenized M2 arabidopsis 

plants, 51 mutants with altered shoot elemental profiles were identified (Lahner et 

al., 2003). DNA microarray based genotyping of natural genetic variants in 

arabidopsis led to the identification of gene involved in controlling shoot Na 

accumulation (Rus et al., 2006). In this study a list of Arabidopsis accessions, FN 

induced mutants and T-DNA insertion lines were grown on both control and 

acidified soil. Seeds were harvested, dried, and the accumulation of 13 elements 

was assayed using inductively coupled plasma- atomic emission spectroscopy 

(ICP-AES). The shoot ionomes of these ecotypes, FN- induced and T-DNA 

insertion mutants have been tested previously using ICP-MS. An interesting 

hypothesis to be tested is whether these natural variation gene loci and 
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mutations that caused changes in shoot ion accumulation have similar effects on 

seed elemental accumulations. The results from these seed elemental analyses 

were summarized in Ap. Table 2. Significant changes in the seed elemental 

profile of ecotypes and mutants compared to Col-0 wild type were recorded as z- 

values (standard deviations).  

 

Plants were grown as follows: The soil LB2 mixed basic (SUNGROW) was 

used to as control soil and the acidified soil. The original soil pH was around 

6.3. To make acidified soil, the soil was mixed thoroughly with sulfuric acid 

(approximately 430ml of 1M H2SO4 was mixed with 1500g soil) and the soil pH 

was tested twice every week, continuously for one month. The final pH was 

stabilized to 5.0-5.2. Seeds of various ecotypes, FN and T- DNA mutants and 

Col-0 controls were sowed directly onto the soil.  Two weeks after germination 

extra seedlings were removed from each tray, and for each genotype 6 

individual plants were retained for growing and harvesting seeds. The trays 

were watered from the bottom every 3 days with 0.8L of 0.1x Hoagland (Sigma, 

H2395) and 5µM chelated iron supplement (Diethylenetriamine pentaacetate, 

Sprint 330). To maintain and mimic the acidified condition, 10µM AlCl3 and 

5mM NaH2PO4 were also added to the nutrient solution to water the acidified 

soil trays.  All the trays  were placed under long day conditions ( 16h/8h, 50-75 

µmol. S-1. m-2).  
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ig # Ecotype/mutant Growth conditions Al Ca Fe K Li Mg Mn Na P S Si Zn
1 Ler-0 Acidified Soil -4 3 3 -2 2.5
1 Ler-0 Control Soil -3 2.5
5 cvi-0 Acidified Soil -7 3 -6
5 cvi-0 Control Soil -5 -3
3 ts-1 Acidified Soil -3 2 10 -8
3 ts-1 Control Soil >2.7
4 sha Acidified Soil -6 1.5 4 -6
4 sha Control Soil -5 5 -4
7 WS Acidified Soil -2.5 -2.5 2 8 -3
7 WS Control Soil -2 4 -2 -2
8 tsu-1 Acidified Soil -4 5 16 -3
8 tsu-1 Control Soil 0-10
9 nd-1 Acidified Soil -3.5 4.5 1.5 2 -2
9 nd-1 Control Soil -3 -2

10 mrk-0 Acidified Soil -4 5 2 -2 -3
10 mrk-0 Control Soil 1.5 -2
2 Kas1-1 Acidified Soil -20 2 5 2.6 -10
2 Kas1-1 Control Soil -5 2 2 -3 -2 2

12 134-19 Acidified Soil >5 >5 >6
12 134-19 Control Soil 0-10 -5 5 0.99-16
13 131-61§ Acidified Soil 5 -3 4
15 116-49 Acidified Soil 5 >10 -3
15 116-49 Control Soil 3 2.5 -3
17 124-05 Acidified Soil 4
17 124-05 Control Soil -2 5 -2
18 82-70 Acidified Soil 2
18 82-70 Control Soil 2 3
19 145-01 Acidified Soil -5 >7 8
19 145-01 Control Soil 4
20 126-45§ Acidified Soil -2 -2
21 cor 78-2 (At5g52310)§ Acidified Soil -2 -2
22 cor 78-3 (At5g52310)§ Acidified Soil -2 4 4

Ap. Table 2 Statistically significant changes in the elemental profile of ecotypes/ mutants compared to Col-0

§ data not available for control soil
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