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Even though iron is essential for physiological processes such as photosynthesis and 

respiration in plants, excess iron in cells is harmful. Iron in cells produces hazardous oxygen 

radicals so that plants have developed a mechanism to keep iron concentration constant in cells. 

In strategy I plants (higher plants except graminaceous plants), iron (III) in the rhizosphere is 

reduced to iron (II) by the ferric chelate reductase (FRO) and transported into cytoplasm by the 

iron-regulated transporter (IRT) (Schmidt 2003). Connolly et al. (2002, 2003) showed the 

expressions of AtIRT1 and AtFRO2 were controlled post-transcriptionally by using transgenic 

Arabidopsis, which overly expressed AtIRT1 and AtFRO2 under iron-sufficient conditions. 

Furthermore, it was suggested that FIT, a transcription factor of AtFRO2, controlled the gene 

expressions (Colangelo and Guerinot 2004). The mechanism of iron uptake regulation in strategy 

I plants seems to be suitable for preventing cells from the inflow of excess iron. 

The questions which we must consider next are that where the signals of short of iron are 

generated and how the signal is transmitted to roots. Grusak and Pezeshgi (1996) suggested the 

signal was transmitted from shoots to roots and regulated the expression of FRO in pea (Pisum 

sativum L.). Pea mutants, dgl and brz, which accumulate excess iron, grafted with wild-type 

plants reciprocally demonstrated that the signal generated in shoots regulated the Fe (III) 

reductase activity in roots. In the case of the tomato (Lycopersicon esculentum) chloronerva 

mutant, which is defective in synthesis of nicotianamine required for iron translocation (Pich et al. 

2001), the activity of FRO constitutively increased in roots and severe chlorosis appeared in 

leaves (Herbik et al. 1996; Ling et al.1999). Arabidopsis frd3 mutant, which is defective in iron 

translocation by efflux of citrate, also constitutively enhanced the activity of FRO (Durrett et al. 

2007). These findings suggest that a sensor for iron concentration and the origin of the signals 

exists in leaves. Enomoto et al. (2007) showed the signals of iron deficiency were produced in the 

roots themselves as well as shoots by hairy root experiments.  

Do the long-distance signals regulate iron uptake genes in roots positively or negatively? 

In tobacco plants, it was revealed that the long-distance signals acted positively, because the 

expressions of NtIRT1 and NtFRO1 were decreased by leaf excision (Enomoto et al. 2007). 

Under iron deficient conditions, the long-distance signals of a negative control may induce the 

expression of iron uptake genes via some signal sensors and pathways in roots. However, an 

important point is that iron uptake genes are up-regulated by the long-distance signals under 

iron-deficient conditions. In arabidopsis, the expression of AtFRO2 was also decreased by 

leaf-excision, suggesting the existence of promotive signals sent from whole plant to roots under 

iron deficient conditions (Fig. 1). On the other hand, the expression of AtbHLH38 is likely 

regulated by only local signals in roots, because the expression is not influenced by leaf-excision 

(Fig. 1). It is showed that AtbHLH38 interacting with AtFIT induces the expression of AtFRO2 

(Yuan et al. 2008). Therefore, there must be at least two types of regulation of the gene 



 

expressions under iron deficient condition, namely, by the long-distance signals and by the local 

signals. 

Figure 1 

Influence of leaf-excision on the expressions of AtFRO2 and AtbHLH38 in Arabidopsis roots. 

Two-week-old seedlings grown in an iron-sufficient (50 µM Fe-EDTA) medium were transferred 

to iron-sufficient (+Fe) or -deficient (-Fe) media. After two days, leaves were excised by scissors. 

Roots were harvested 24 hours after cutting. The expressions in roots of intact seedlings and 

leaf-excised seedlings were quantified by real-time PCR. Means ± SD of the relative values 

against AtACT1 are shown (n = 3). 

 

Are there the long-distance signals in graminaceous plants (strategy II plants) as well as 

strategy I plants? The strategy II plants release mugineic acid family, which is high affinity iron 

chelator, to absorb ferric iron and mugineic acid complex by specific transporters such as YS and 

YSL (Schmidt 2003). It is known that the genes for production of mugineic acid family, 

nicotianamine synthase (NAS), nicotianamine aminotransferase (NAAT) and iron deficiency 

specific gene (IDS), are induced by iron deficiency (Mori, 1999). In addition, ferrous iron in 

submerged soil is absorbed by OsIRT1 and OsIRT2 as a similar manner to IRT in non 

graminaceous plants (Ishimaru et al. 2006). GUS gene under the control of a promoter of HvIDS2, 

an iron-deficiency responsible gene of barley, is induced by iron deficiency in tobacco (Yoshihara 

et al. 2003). When all leaves were excised under the iron-deficient condition, the GUS expression 

in roots decreased similarly to endogenous genes such as NtFRO1 though the mechanism of iron 

uptake of strategy II plants is different from that of strategy I plants nevertheless (Fig. 2). These 

results suggest that there are common mechanisms, at least partly, of signaling for iron uptake 
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between graminaceous plants and the other plants (Enomoto and Goto 2008). Interestingly, no 

expression of AtFRO2 was observed in transgenic rice roots under iron deficient condition by 

Vasconcelos et al. (2004).  

Figure 2 

Influence of leaf-excision on the expressions of NtFRO1 and HvIDS2pro::GUS in tobacco roots. 

Four-week-old seedlings grown in an iron-sufficient (50 µM Fe-EDTA) medium were transferred 

to iron-sufficient (+Fe) or -deficient (-Fe) media. After two weeks, leaves grown in the iron 

deficient medium were excised by scissors (Ex). Roots were harvested 24 hours after the cutting. 

The expressions were quantified by real-time PCR. Means ± SD of the relative values against 

NtACT1 are shown (n = 5). 

 

We hypothesized that rice plants also have two types of a gene regulation in response to 

iron deficient condition similar to Arabidopsis. Three-week-old seedlings of rice plants (Oryza 

sativa ‘Nipponbare’) were grown on an iron-sufficient or -deficient MS medium for three days 

and all leaves were removed or not. The expressions of OsNAS1 and OsIRO2 were analyzed by 

the real-time RT-PCR. OsIRO2 is known as a transcription factor, which regulates downstream 

genes for iron uptake and OsNAS1 has a direct role for iron uptake through synthesis of 

nicotianamine (Ogo et al., 2007). The expression of OsNAS1 was decreased by leaf-excision. On 

the contrary, the expression of OsIRO2 was induced by iron deficiency even if all leaves were 

excised (Fig. 3). These expression patterns are like that of AtbHLH38 and AtFRO2 in Arabidopsis, 

in other words, the results suggest that the expressions of the genes which code enzymes 

functioning iron uptake are more susceptible to iron deficiency than that code transcription 

factors. 
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Figure 3 

Influence of leaf-excision on the expressions of OsNAS1 and OsIRO2 in rice roots. 

Three-week-old seedlings grown in an iron-sufficient (50 µM Fe-EDTA) medium were 

transferred to iron-sufficient (+Fe) or -deficient (-Fe) media. After two days, leaves were excised 

by scissors. Roots were harvested 24 hours after the cutting. The expressions were quantified by 

real-time PCR. Means ± SD of the relative values against OtACT1 are shown (n = 5). 

 

In conclusion, some genes related in iron uptake are categorized according to the 

expression pattern influenced by the long-distance signals under iron deficient condition, and the 

signaling mechanisms for the gene expressions in graminaceous plants (strategy II) were similar 

to that in non-graminaceous plants (strategy I) at a point of the influence by the long-distance 

signals. 
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