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Abstract  Reactive oxygen/nitrogen species (ROS/RNS) are potentially cytotoxic molecules 

because they can generate oxidative/nitrosative stress. However, ROS and RNS, at 

concentrations tightly regulated by antioxidants, serve also useful purposes in processes such 

as organ development, abiotic and biotic stress response and redox signaling. Antioxidant 

enzymes and metabolites are abundant in plants and particularly in legume nodules. Most of 

the enzymes involved in antioxidant defense are encoded by multigene families and occur as 

multiple isoforms in various cellular compartments, forming a dynamic network that is 

spatio-temporally regulated. Genomic, transcriptomic and proteomic analyses of model 

legumes, such as Lotus japonicus and Medicago truncatula, are unveiling a complex 

regulation of antioxidant pathways in different tissues and especially during the symbiotic 

interaction with rhizobia. This regulation includes alternatively spliced forms of the genes 

and post-translational modifications of the proteins, which with no doubt will be the subject 

of intense research over the next years. 
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1 Reactive Oxygen and Nitrogen Species in Legumes 
 

Plants, like other aerobic organisms, produce reactive oxygen species (ROS), mainly 

superoxide radicals (O2
-) and hydrogen peroxide (H2O2), during mitochondrial respiration 

(Halliwell and Gutteridge 2007). Other major sources of ROS in plant cells are the 

chloroplasts and peroxisomes. In legume nodules, ROS are generated in mitochondria, 

plastids, peroxisomes and bacteroids (Becana et al. 2010). Although O2
- and H2O2 have 

moderate reactivity, they can interact giving rise to ROS with highly oxidizing potential. This 

is the case of metal-catalyzed Fenton reactions, in which H2O2 is reduced by trace amounts of 

ferrous iron to hydroxyl radicals, which are then able to oxidize virtually all molecules at 

nearly diffusion rates (Halliwell and Gutteridge 2007). Also, alkoxyl and peroxyl radicals can 

be formed in procceses such as the peroxidation of membrane lipids. The peroxisomal, 

symbiosomal and plasma membranes contain short electron transfer chains that generate 

ROS. In the plasma membrane, NADPH oxidases generate O2
- and H2O2 and perform 

important functions both in plant immunity and in the symbiotic interaction (Marino et al. 

2012). Production of O2
- has been detected in root hairs during infection by compatible 

rhizobia (Santos et al. 2001; Cárdenas et al. 2008) and accumulation of H2O2 and formation of 

hydroxyl radicals have been observed in senescent nodules (Becana and Klucas 1992; Rubio 

et al. 2004). 

 Similar to ROS, reactive nitrogen species (RNS) are generated in many subcellular 

compartments, including the mitochondria, peroxisomes, plastids and bacteroids. Two RNS 

of major relevance in vivo are nitric oxide (NO), which acts as a signal in multiple 

developmental and stress responses, and S-nitrosoglutathione (GSNO), which is implicated in 

trans-nitrosylation reactions with cysteine thiol groups. NO has been detected in intact 

nodules and found to be produced by bacteroid and plant nitrate reductases (Meakin et al. 

2007; Horchani et al. 2011) and by a plant NO synthase-like activity (Cueto et al. 1996). 

Other RNS with highly oxidizing and nitrating potential can be formed by interaction of ROS 

with NO or heme groups. Peroxynitrite (ONOO-) is produced by reaction between O2
- and 

NO, or between H2O2 and nitrite. Also, nitrogen dioxide (NO2) can be produced by reaction 
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of NO with the ferryl form of hemoglobin (Hb), a non-functional state of Hb generated by 

oxidation of the heme with H2O2. Formation of both ONOO- and NO2 have been detected in 

plant tissues and a RNS species that is capable of nitrating leghemoglobin (Lb) heme is 

produced in soybean nodules, especially during senescence (Navascués et al. 2012). 

 Many ROS and RNS perform useful functions in vivo and their concentrations need to 

be kept under strict control to avoid cytotoxicity. This task is carried out by a highly complex 

and dynamic network of antioxidant enzymes and metabolites. In fact, ROS and RNS may, on 

their own or by interacting between them, act as molecular signals that trigger activation of 

genes involved in antioxidative protection and other defense processes. The subtle frontier 

between the useful roles of ROS and RNS, such as in signaling, organogenesis and stress 

responses, and the oxidative and nitrosative stress that they trigger when antioxidants fail to 

cope with them, is illustrated in Figure 1.  

 

2 Antioxidant Enzymes in Legumes 
 

Plants are endowed with an impressive variety of antioxidant metabolites and enzymes. In 

particular, nodules are very rich in antioxidants, probably as a result of the diverse reactions 

that generate ROS and RNS in nodule host cells and bacteroids (Puppo et al. 2005; Becana et 

al. 2010). Here, we will briefly describe the antioxidant genes and proteins that are expressed 

in legumes and especially in nodules. A list of these genes has been compiled for the model 

legume Lotus japonicus, which is the subject of this collective book. Readers are referred to 

Table 1 and to the bibliography given in the text for a more complete description of 

antioxidants, which have been grouped, for clarity, according to their biochemical activities. 

 

2.1 Superoxide dismutases 
 

The superoxide dismutase (SOD) family of enzymes catalyzes the dismutation of O2
- to H2O2 

and O2 and is considered a primary line of defense against ROS. However, the resulting H2O2 

also needs to be kept under control by other antioxidant enzymes (see below). There are three 
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types of SODs depending on their metal cofactor: Cu and Zn, Fe or Mn. All of them have 

been found in nodules, roots and leaves of L. japonicus. The genome of this legume encodes 

five SODs (Rubio et al. 2007; Table 1). The two CuZnSOD isoforms and the two FeSOD 

isoforms are each localized to the cytosol and plastids, whereas the MnSOD isoform is 

localized to the mitochondria. In addition, nodule bacteroids contain a MnSOD with 

significant homology to the plant isoform. Immunolocalization studies showed that 

CuZnSOD and FeSOD are also present in the nuclei, where they may perform useful roles by 

preventing oxidative damage of DNA and/or by modulating ROS levels and signaling. In L. 

japonicus, cytosolic CuZnSOD is localized in infection threads of incipient nodules and in the 

infected cells of young nodules, but FeSODs are localized in the cortex, vascular bundles and 

infected zone at all stages of nodule development. Cytosolic CuZnSOD and mitochondrial 

MnSOD are transcriptionally downregulated during nodule development, whereas cytosolic 

FeSOD is upregulated. Based on these results, we have proposed that cytosolic CuZnSOD 

and FeSOD may functionally compensate each other at the late stages of nodule development 

(Rubio et al. 2007).   

 

2.2 Catalases 
 

These tetrameric heme proteins catalyze the decomposition of H2O2 to water and O2 

(Scandalios et al. 1997). However, the affinity of catalases for H2O2 is low compared with 

that of ascorbate peroxidase (Apx) and they may be efficient only at high H2O2 levels such as 

those produced in the peroxisomes, where the enzymes are primarily located. A single 

catalase gene has so far been identified in the L. japonicus genome (Table 1), although other 

plants such as Arabidopsis thaliana and maize express three catalase genes that are 

differentially regulated during development and in response to light and other environmental 

factors (Scandalios et al. 1997). An alternative splice form of L. japonicus catalase could be 

detected by careful analysis of expressed sequence tags (ESTs). The predicted protein 

contains a modified C-terminus, but the physiological role of this isoform is unknown. 
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2.3 Ascorbate-(homo)glutathione biosynthetic enzymes 
 

The most abundant water-soluble antioxidants in plants and nodules are ascorbate (vitamin 

C), glutathione (GSH; Glu-Cys-Gly) and homoglutathione (hGSH; Glu-Cys-Ala). They 

can act as antioxidants on their own, by intercepting and destroying ROS and RNS, but also 

as substrates of enzymes with ROS scavenging activities. Ascorbate is synthesized mainly via 

the D-mannose/L-galactose (Smirnoff-Wheeler) pathway, involving multiple and complex 

sequential enzymatic reactions, the last of which is catalyzed by mitochondrial -galactono-

1,4-lactone dehydrogenase (Wheeler et al. 1998). Apparently, a single gene encoding this 

enzyme is present in the genome of L. japonicus (Table 1), as may be the case of other plants. 

Thiol tripeptides are sythesized via two sequential steps catalyzed by -glutamylcysteine 

synthetase (ECS), localized in the plastids, and by either glutathione synthetase (GSHS) or 

homoglutathione synthetase (hGSHS), both localized in the cytosol and plastids. However, 

hGSH and hGSHS are only present in some legumes such a L. japonicus, soybean and 

common bean, where they may functionally replace GSH and GSHS. Some other legumes, 

such as M. truncatula, only express hGSHS in certain tissues (Frendo et al. 1999). In L. 

japonicus, two ECS genes and one gene each for GSHS and hGSHS appear to be present. 

The major ECS gene and the GSHS and hGSHS genes have been characterized (Matamoros 

et al. 2003). 

 Ascorbate and (homo)glutathione are also substrates for some enzymes of the ascorbate-

(homo)glutathione (Foyer-Halliwell-Asada) pathway. The key enzyme of this pathway is 

Apx, which uses ascorbate to reduce H2O2 to water, has a high affinity for its substrate (~70 

M to achieve half maximum velocity) and accounts for 0.9% of the total protein in soybean 

nodules (Dalton et al. 1987). Multiple isofoms of Apx exist in all plant tissues, which are 

localized to the chloroplasts (with both thylakoidal and stromal isoforms), mitochondria, 

peroxisomes and cytosol. In L. japonicus, the five genes encoding the expected Apx isoforms 
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have been identified (Table 1) but in nodules most Apx activity corresponds to the cytosolic 

isoform. As a result of Apx activity, ascorbate is oxidized to monodehydroascorbate free 

radical and dehydroascorbate. These compounds are reduced back to ascorbate by 

monodehydroascorbate reductase (MR) and dehydroascorbate reductase (DR) using, 

respectively, NADH and GSH as reductants (Table 1). Plants contain MR isoforms in the 

plastids, mitochondria and peroxisomes. Immunolocalization studies with an antibody raised 

against soybean MR showed that the enzyme in L. japonicus nodules is mainly associated to 

the cell walls, where MR may recycle the monodehydroascorbate produced as a result of 

ascorbate oxidation during lignification. By contrast, the two DR isoforms are located to the 

plastids/mitochondria (dual targeting) and cytosol. The disulfide forms of glutathione (GSSG) 

and homoglutathione (hGSSG), generated as a result of DR activity, are reduced back to GSH 

and hGSH by (homo)glutathione reductases (GR) at the expense of NADPH. As occurs for 

DR, the two GR isoforms of L. japonicus and other plants are located in the 

plastids/mitochondria (dual targeting) and cytosol (Table 1). Therefore, the ascorbate-

(homo)glutathione pathway comprises four enzymes with multiple isoforms and subcellular 

locations in order to keep H2O2 under control using NADH or NADPH as electron donors. 

 

2.4 Nitrosoglutathione reductase 
 

The ezyme S-nitrosoglutathione reductase (GSNOR), previously known as glutathione-

dependent formaldehyde dehydrogenase or class III alcohol dehydrogenase, is amply 

distributed from bacteria to humans. GSNOR activity does not release NO but produces 

GSSG and ammonia, and regulates the levels of GSNO and S-nitrosylated proteins (Espunya 

et al. 2012). The enzyme is encoded by a single gene (ADH2) in A. thaliana. We have 

obtained the full sequence of the orthologous gene in L. japonicus (Table 1) and produced the 

recombinant enzyme, but it has not been characterized yet.  
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2.5 Peroxiredoxins, glutathione peroxidases and thioredoxins  
 

Peroxiredoxins (Prxs) and glutathione peroxidases (Gpxs) are non-heme thiol peroxidases 

widespread in all organisms (Rouhier and Jacquot 2005). They show closely related 

biochemical properties and are present as multiple isoforms located in different cellular 

compartments. Prxs catalyze the reduction of H2O2 and organic peroxides and, in some cases, 

peroxynitrite. Gpxs also catalyze the reduction of H2O2 but are much more active with lipid 

peroxides as substrates and thus protect membranes from lipid peroxidation. Gpxs are 

considered a fifth class of Prxs and all of them use preferentially thioredoxins (Trxs) as 

reductants. 

 In L. japonicus, we have identified most if not all Prx genes (Tovar-Méndez et al. 2011;  

Table 1). They belong to four classes and encode the following isoforms: one 1C-Prx (nuclei), 

two 2C-Prxs (A and B, in plastids), PrxQ (plastids) and three PrxII (B in cytosol, E in 

plastids, F in mitochondria). The 1C-Prx and PrxIIB genes are highly expressed in the embryo 

and pollen, respectively, whereas 2C-PrxA and PrxQ are more expressed in leaves than in 

roots and nodules, and PrxIIB and PrxIIF are similarly expressed in leaves, roots and nodules. 

In L. japonicus there are at least six Gpx genes, which have been mapped and functionally 

characterized (Ramos et al. 2009). The mRNA levels of Gpx1 (plastids/mitochondria) and 

Gpx6 (plastids) are especially abundant in leaves, and those of Gpx3 (cytosol/secretory 

pathway) and Gpx6 in nodules. The expression of Gpx6 was increased 30–fold after exposure 

to NO donors, which suggests a role of at least this isoform in stress and metabolic signaling. 

 Plants such as A. thaliana and rice have more than twenty thioredoxin (Trx) genes that are 

classified in seven groups. The Trxf, Trxm, Trxx, Trxy and Trxz are localized in the chloroplasts, 

the Trxh isoforms in the cytosol and Trxo in the mitochondria (Meyer et al. 2009). Oxidized Trxs 

produced as a result of reactions with Prxs and other substrates are reduced back to the functional 

state by NADPH-thioredoxin reductases (NTRA and NTRB) in the cytosol and mitochondria or 

by ferredoxin-thioredoxin reductase (FTR) in the chloroplasts (Jacquot et al. 2009). Another 

NADPH-thioredoxin reductase (NTRC) has been recently found in green tissues; this peculiar 
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enzyme contains both NTR and Trx domains in the same polypeptide and may act as a complete 

NTR-Trx system (Spínola et al. 2008). A search of L. japonicus EST and genomic databases 

allowed us to identify fourteen Trx genes (six Trxh, three Trxm and one  each of Trxf, Trxx, 

Trxy, Trxz and Trxo), three NTR genes and one FTRB gene (Tovar-Méndez et al. 2011; Table 

1). The NTRA, NTRB and NTRC genes are expressed in leaves, roots and nodules, but mRNA 

levels of NTRA are higher than those of NTRB and NTRC in all three organs. Based on gene 

expression and proteomic analyses, we have proposed that three NTR-Trx-Prx systems, localized 

to the cytosol,  mitochondria and plastids, may be operative in nodules (Tovar-Méndez et al. 

2011).  

 

2.6 Ferritins and phytochelatins 
 

Plants have evolved multiple strategies to maintain physiological concentrations of essential 

metals and to cope with heavy metal toxicity. One of them involves chelation of metal ions 

by ferritins and phytochelatins. Ferritins are large proteins of 24 subunits capable of 

concentrating up to 4500 atoms of iron in a safe form. They are transcriptionally regulated, 

play an essential role in iron homeostasis and protect plant cells against oxidative stress by 

preventing the participation of ferrous iron in damaging Fenton reactions (Briat et al. 2010). 

There are four active ferritin genes in cowpea and A. thaliana that display tissue-specific 

expression and differential regulation during development and in response to environmental 

cues. The proteins of legumes and other plants have been mainly localized to the plastids 

(Lucas et al. 1998), although a mitochondrial isoform has been recently detected (Briat et al. 

2010). The ferritin genes of L. japonicus have been identified but not characterized yet  

(Table 1).  

 Phytochelatins are polypeptides of general structure (Glu-Cys)2-11-Gly that are 

synthesized by dipeptidyl-transferases called phytochelatin synthases (PCS). The reaction 

entails the net transfer of a Glu-Cys unit from GSH to another GSH molecule or to an 

elongating PC polypeptide (Clemens 2006). In L. japonicus and some other hGSH-producing 

legumes, homophytochelatins of general structure (Glu-Cys)2-11-Ala can be synthesized 
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also by PCS using GSH plus hGSH or hGSH alone as substrates (Loscos et al. 2006). The 

PCS reactions are strictly dependent on the presence of metal ions. We have identified three 

functional PCS genes in L. japonicus and found that they were differentially expressed in 

response to Cd (Ramos et al. 2007; 2008; Table 1). The PCS1 gene encodes a protein with 

high homology to soybean PCS1 (84% amino acid identity). The PCS2 and PCS3 genes 

encode proteins that are closely related to each other (90% identity) but are distant in 

evolutionary terms (53-56% identity) from PCS1. The PCS2 and PCS3 genes each show two 

alternatively spliced forms. Interestingly, the nodule form of PCS2 (PCS2N) conferred 

tolerance to cadmium when expressed in yeast, whereas the root form (PCS2R)) did not, 

indicating a complex regulation of PCS expression in organisms in response to heavy metals 

(Ramos et al. 2007; 2008). 

 

2.7 Hemoglobins 
 

Plants can express up to three classes of Hbs: nonsymbiotic, symbiotic and truncated (see 

reviews by Garrocho-Villegas et al. 2007; Hoy and Hargrove 2008; Gupta et al. 2011). 

Nonsymbiotic Hbs occur at concentrations of ~100 nM in many tissues and are futher 

categorized into class 1 and 2 based on phylogenic relationships, gene expression profiles and 

O2-binding properties. Class 1 Hbs display high O2 affinities and modulate NO concentration 

in stressful conditions (Igamberdiev and Hill 2004; Gupta et al. 2011). Class 2 Hbs have O2 

affinities ressembling those of symbiotic Hbs (Hunt et al. 2001) and their functions are 

largely unknown. Symbiotic Hbs include the Lbs found at concentrations of 1-5 mM in 

legume nodules, where they facilitate a steady low O2 supply to the bacteroids, thus avoiding 

nitrogenase inactivation. Class 3 or ‘truncated’ Hbs have a 2-on-2 -helical sandwich 

secondary structure instead of the canonical 3-on-3 structure of other Hbs. Although virtually 

nothing is known about their function in plants, some of their bacterial counterparts have 

been implicated in tolerance to nitrosative stress (Garrocho-Villegas et al. 2007; Hoy and 

Hargrove 2008).  
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 In addition to three genes of symbiotic Lbs, the genome of L. japonicus contains genes 

encoding nonsymbiotic and truncated Hbs, which are expressed in nodules and other plant 

organs (Nagata et al. 2008; Bustos-Sanmamed et al. 2011; Table 1). These genes encode two 

class 1 Hbs (Glb1-1 and Glb1-2), one class 2 Hb (Glb2) and two class 3 Hbs (Glb3-1 and 

Glb3-2). This gene profile may be extensive to other legumes because two class 3 Hbs are 

expressed in M. truncatula (Vieweg et al. 2005) but is in contrast with A. thaliana, which 

only contains one globin of each class (Hunt et al. 2001). In particular, the Glb1-1, Glb2 and 

Glb3-2 mRNAs are abundant in nodules and mainly localized to the vascular bundles, cortex 

and infected tissue (Bustos-Sanmamed et al. 2011). Expression of Hb genes is greatly 

affected by hormonal treatment of plants and these effects are organ dependent. Cytokinins 

suppress expression of Glb2 and Glb3-1 in nodules but induce Glb1-1 in roots, whereas 

polyamines and jasmonic acid induce Glb1-1 only in roots (Bustos-Sanmamed et al. 2011). 

These observations suggest that Hbs act downstream of hormones in signaling or regulatory 

pathways and that their functions are rather specific for the corresponding hormones and 

target tissues.  

 The very high O2 affinities of class 1 Hbs unable them to act as O2 carriers and a 

number of alternative functions have been proposed, including modulation of NO levels,  

maintenance of cellular energetics under hypoxic conditions, and O2 scavenging 

(Igamberdiev and Hill 2004; Gupta et al. 2011). We have produced L. japonicus Hbs in 

recombinant form and have characterized them by measuring O2 affinities and other 

biochemical properties. Glb1-1 displays the highest O2 affinity (KO2 ~50 pM) known for a 

plant or animal Hb. Glb1-2 (KO2 ~0.9 nM) has still too high affinity for O2 transport, whereas 

Glb2 (KO2 ~11 nM) has an O2 affinity similar to soybean Lba (KO2 ~43 nM) and thus is 

suitable for O2 transport and delivery in plant cells. Most Hbs of L. japonicus were expressed 

in yeast and found to confer tolerance to oxidative stress, probably as a result of ROS 

scavenging by the hemes. By contrast, only Glb1-2 and Glb2 afford protection against 

nitrosative stress induced by GSNO, suggesting that cysteine residues are implicated in NO 

detoxification. These results, along with those of others (Igamberdiev and Hill 2004; Gupta et 
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al. 2011), indicate that Hbs can act as antioxidants by regulating ROS and RNS 

concentrations in vivo. 

 

Acknowledgments 

We thank our friend and colleague Shusei Sato for invaluable help in identifying CDS for Table 1. 

Research of our laboratory was funded by the Ministry of Economy and Competitivity (grants 

AGL2008-01298 and AGL2011-24524) and cofunded by Fondo Europeo de Desarrollo Regional 

(FEDER). 

 

References 

 
Becana M, Klucas RV (1992) Transition metals in legume root nodules. Iron dependent free radical 

production increases during nodule senescence. Proc Natl Acad Sci USA 89:8958-8962 

Becana M, Matamoros MA, Udvardi M, Dalton DA (2010) Recent insights into antioxidant defenses of 

legume root nodules. New Phytol 188:960-976 

Briat JF, Ravet K, Arnaud N, Duc C, Boucherez J, Touraine B, Cellier F, Gaymard F (2010) New insights 

into ferritin synthesis and function highlight a link between iron homeostasis and oxidative stress in 

plants. Ann Bot 105:811-822  

Bustos-Sanmamed P, Tovar-Méndez A, Crespi M, Sato S, Tabata S, Becana M (2011) Regulation of 

nonsymbiotic and truncated hemoglobin genes of Lotus japonicus in plant organs and in response to 

nitric oxide and hormones. New Phytol 189:765-776 

Cárdenas L, Martínez A, Sánchez F, Quinto C (2008) Fast, transient and specific intracellular ROS 

changes in living root hair cells responding to Nod factors (NFs). Plant J 56:802-813 

Clemens S (2006) Evolution and function of phytochelatin synthases. J Plant Physiol 163:319-332 

Cueto M, Hernández-Perera O, Martín R, Bentura ML, Rodrigo J, Lamas S, Golvano MP (1996) 

Presence of nitric oxide synthase activity in roots and nodules of Lupinus albus. FEBS Lett 398:159-

164 

Dalton DA, Hanus FJ, Russell SA, Evans HJ (1987) Purification, properties, and distribution of ascorbate 

peroxidase in legume roots nodules. Plant Physiol 83:789-794 

Espunya MC, De Michele R, Gómez-Cadenas A, Martinez MC (2012) S-nitrosoglutathione is a 

component of wound- and salicylic acid-induced systemic responses in Arabidopsis thaliana. J Exp 

Bot 63:3219-3227 



  
   

 12

Frendo P, Gallesi D, Turnbull R, Van de Sype G, Hérouart D, Puppo A (1999) Localisation of glutathione 

and homoglutathione in Medicago truncatula is correlated to a differential expression of genes 

involved in their synthesis. Plant J 17:215-219  

Garrocho-Villegas V, Gopalasubramaniam SK, Arredondo-Peter R (2007) Plant hemoglobins: what we 

know six decades after their discovery? Gene 398:78-85 

Gupta KJ, Hebelstrup KH, Mur LAJ, Igamberdiev AU (2011) Plant hemoglobins: important players at the 

crossroads between oxygen and nitric oxide. FEBS Lett 585:3843-3849 

Halliwell B, Gutteridge JMC (2007) Free radicals in biology and medicine. 4th ed. Oxford University 

Press, Oxford 

Horchani F, Prévot M, Boscari A, Evangelisti E, Meilhoc E, Bruand C, Raymond P, Boncompagni E, 

Aschi-Smiti S, Puppo A, Brouquisse R (2011) Both plant and bacterial nitrate reductases contribute 

to nitric oxide production in Medicago truncatula nitrogen-fixing nodules. Plant Physiol 155:1023-

1036 

Hoy JA, Hargrove MS (2008) The structure and function of plant hemoglobins. Plant Physiol Biochem 

46:371-379 

Hunt PW, Watts RA, Trevaskis B, Llewelyn DJ, Burnell J, Dennis ES, Peacock WJ (2001) Expression 

and evolution of functionally distinct haemoglobin genes in plants. Plant Mol Biol 47:677-692 

Igamberdiev AU, Hill RD (2004) Nitrate, NO and haemoglobin in plant adaptation to hypoxia: an 

alternative to classic fermentation pathways. J Exp Bot 55: 2473-2482 

Jacquot JP, Eklund H, Rouhier N, Schürmann P (2009) Structural and evolutionary aspects of thioredoxin 

reductases in photosynthetic organisms. Trends Plant Sci 14:336-343 

Loscos J, Naya L, Ramos J, Clemente MR, Matamoros MA, Becana M (2006) A reassessment of 

substrate specificity and activation of phytochelatin synthases from model plants by physiologically 

relevant metals. Plant Physiol 140:1213-1221 

Lucas MM, Van de Sype G, Hérouart D, Hernández MJ, Puppo A, de Felipe MR (1998) 

Immunolocalization of ferritin in determinate and indeterminate legume root nodules. Protoplasma 

204:61–70 

Marino D, Dunand C, Puppo A, Pauly N (2012) A burst of plant NADPH oxidases. Trends Plant Sci 

17:9-15. 

Matamoros MA, Clemente MR, Sato S, Asamizu E, Tabata S, Ramos J, Moran JF, Stiller J, Gresshoff 

PM, Becana M (2003) Molecular analysis of the pathway for the synthesis of thiol tripeptides in the 

model legume Lotus japonicus. Mol Plant-Microbe Interact 16:1039-1046 

Meakin GE, Bueno E, Jepson B, Bedmar EJ, Richardson DJ, Delgado MJ (2007) The contribution of 

bacteroidal nitrate and nitrite reduction to the formation of nitrosylleghaemoglobin complexes in 

soybean root nodules. Microbiology 153:411-419  



  
   

 13

Meyer Y, Buchanan BB, Vignols F, Reichheld JP (2009) Thioredoxins and glutaredoxins: unifying 

elements in redox biology. Annu Rev Genet 43:335–367 

Nagata M, Murakami E, Shimoda Y, Shimoda-Sasakura F, Kucho K, Suzuki A, Abe M, Higashi S, 

Uchiumi T (2008) Expression of a class 1 hemoglobin gene and production of nitric oxide in response 

to symbiotic and pathogenic bacteria in Lotus japonicus. Mol Plant-Microbe Interact 21:1175-1183 

Navascués J, Pérez-Rontomé C, Gay M, Marcos M, Yang F, Walker FA, Desbois A, Abián J, Becana M 

(2012) Leghemoglobin green derivatives with nitrated hemes evidence production of highly reactive 

nitrogen species during aging of legume nodules. Proc Natl Acad Sci USA 109:2660-2665 

Puppo A, Groten K, Bastian F, Carzaniga R, Soussi M, Lucas MM, de Felipe MR, Harrison J, Vanacker 

H, Foyer CH (2005) Legume nodule senescence: roles for redox and hormone signalling in the 

orchestration of the natural aging process. New Phytol 165:683-701 

Ramos J, Clemente MR, Naya L, Loscos J, Pérez-Rontomé C, Sato S, Tabata S, Becana M (2007) 

Phytochelatin synthases of the model legume Lotus japonicus. A small multigene family with 

differential response to cadmium and alternatively spliced variants. Plant Physiol 143:1110–1118 

Ramos J, Naya L, Gay M, Abián J, Becana M (2008) Functional characterization of an unusual 

phytochelatin synthase, LjPCS3, of Lotus japonicus. Plant Physiol 148:536-545 

Ramos J, Matamoros MA, Naya L, James EK, Rouhier N, Sato S, Tabata S, Becana M (2009) The 

glutathione peroxidase gene family of Lotus japonicus: characterization of genomic clones, 

expression analyses and immunolocalization in legumes. New Phytol 181:103-114 

Rouhier N, Jacquot JP (2005) The plant multigenic family of thiol peroxidases. Free Radic Biol Med 38: 

1413-1421 

Rubio MC, James EK, Clemente MR, Bucciarelli B, Fedorova M, Vance CP, Becana M (2004) 

Localization of superoxide dismutase and hydrogen peroxide in legume root nodules.  Mol Plant-

Microbe Interact 17:1294-1305 

Rubio MC, Becana M, Sato S, James EK, Tabata S, Spaink HP (2007) Characterization of genomic 

clones and expression analysis of the three types of superoxide dismutases during nodule 

development in Lotus japonicus. Mol Plant-Microbe Interact 20:262-275  

Santos R, Hérouart D, Sigaud S, Touati D, Puppo A (2001) Oxidative burst in alfalfa-Sinorhizobium 

meliloti symbiotic interaction. Mol Plant-Microbe Interact 14: 86-89  

Scandalios  JG, Guan L, Polidoros AN (1997) Catalases in plants: gene structure, properties, regulation, 

and expression. In: Scandalios JG (ed) Oxidative stress and the molecular biology of antioxidant 

defenses. Cold Spring Harbor Laboratory Press, Plain View, New York, p 343-406 

Spínola MC, Pérez-Ruiz JM, Pulido P, Kirchsteiger K, Guinea M, González M, Cejudo FJ (2008) NTRC 

new ways of using NADPH in the chloroplast. Physiol Plant 133:516-524 



  
   

 14

Tovar-Méndez A, Matamoros MA, Bustos-Sanmamed P, Dietz KJ, Cejudo FJ, Rouhier N, Sato S, Tabata 

S, Becana M (2011) Peroxiredoxins and NADPH-dependent thioredoxin systems in the model 

legume Lotus japonicus. Plant Physiol 156:1535-1547 

Vieweg MF, Hohnjec N, Küster H (2005) Two genes encoding different truncated hemoglobins are 

regulated during root nodule and arbuscular mycorrhiza symbioses of Medicago truncatula. Planta 

220:757-766 

Wheeler GL, Jones MA, Smirnoff N (1998) The biosynthetic pathway of vitamin C in higher plants. 

Nature 393:365-369 

 

 

 

 

 

Fig. 1 Generalized scheme showing processes for generation and removal of ROS and RNS in legume 

root nodules. Additional abbreviations: ASC, ascorbate; CAT, catalase; DHA, dehydroascorbate; 

Grx, glutaredoxin; LOOH, lipid peroxide; MDHA, monodehydroascorbate; TF, transcription 

factor(s). Reproduced with permission from Becana et al. (2010). 

 

 

  



Table 1. Antioxidant proteins of Lotus japonicus 
 
 CDSa TCb ESTb Localizationc UniRef100d 
Superoxide dismutases 
CuZnSODc chr1.CM0544.890.r2.m 76148 27 cyt Q56VR6 
CuZnSODp chr3.CM0396.620.r2.m 65636 17 pl O65198 
FeSODc chr5.CM0909.300.r2.m 57161 17 cyt Q53D71 
FeSODp chr6.CM0472.130.r2.m 57158 12 pl Q53D73 
MnSOD chr1.CM0125.150.r2.a 69295 70 mit Q56VR0 
Catalase 
CAT chr1.CM0178.260.r2.m 64128 53 px A0PG71 
Ascorbate-glutathione pathway 
Apx1 chr3.CM0616.30.r2.d 72396 118 cyt Q43758 
Apx3 chr3.LjT15F17.80.r2.d 69072 32 px, mit? Q5QIA9 
Apx4 LjSGA_054875.1 57581 35 pl (stroma) Q5QHW6 
Apx5 - 73169 4 pl (thylakoid) Q5QHW7 
MR1 chr4.CM0004.930.r2.d 68255, 63143 11 pl, mit Q94IB7, P92947 
MR2 LjSGA_039892.1 65440 16 px Q66PF9 
MR3 LjSGA_065200.1 

LjSGA_039604.1 
LjSGA_011141.3 

57632 14 sec, cyt Q9LK94 

DR1 LjSGA_026118.1 58049 19 pl Q4U3Z3 
DR2 chr5.CM0180.360.r2.d 57836 24 cyt Q84UH4 
GR1 chr5.CM1574.730.r2.m 61990, 59115, 

67131 
20 pl, mit P48640, P27456 

GR2 LjSGA_027688.1, 
LjSGA_018577.1, 
LjSGA_073463.2 

61392, 66284, 
61118 

13 cyt Q43621, A7XTY1, 
Q072J9 

Ascorbate and thiol biosynthesis 
L-GalLDH chr5.CM1813.90.r2.m 

chr5.CM1813.120.r2.m 
57542 22 mit Q0ZHB8 

γECS chr4.CM0004.360.r2.m 60483 13 pl Q6XXZ2 
GSHS chr1.CM0544.610.r2.m 57139 13 pl, cyt Q93XE5 
hGSHS chr1.CM0544.600.r2.m 57141 13 pl, cyt Q6XPU3 
Peroxiredoxins 
1CPrx chr4.LjT20M01.140.r2.a 57452 4 nu, cyt Q6E2Z6 
2CPrxA chr1.CM0029.120.r2.m 75376 80 pl F1C3E5 
2CPrxB chr5.CM1005.20.r2.m 76501 54 pl F1C3E5 
PrxQ1 chr4.CM0006.430.r2.m 

chr4.CM0006.420.r2.m 
62358 26 pl G7JS60 

PrxIIB chr2.CM0660.240.r2.m 64422 22 cyt B3GV28 
PrxIIE chr1.CM0378.390.r2.d 76090 20 pl G1JT87 
PrxIIF chr6.CM0139.310.r2.m 60826 16 mit Q6KBB1 
Glutathione peroxidases 
Gpx1 chr4.CM0004.300.r2.m 58368 44 pl, mit Q56VU1 
Gpx2 chr4.CM0004.310.r2.m 59133 8 cyt A3FNZ8 
Gpx3 chr4.CM0042.1400.r2.m 60457, 63299 26 sec Q56VS3 
Gpx4 chr4.CM0042.1400.r2.m 76738 2 cyt? A7PU76 
Gpx5 chr1.LjT23J20.90.r2.m 62813 5 cyt? A7PU76 
Gpx6 chr5.CM0345.30.r2.m 57520, 80230 18 pl O24296 
Thioredoxins 
Trxh1 chr5.CM0077.790.r2.d 65928 34 cyt Q45NL7 
Trxh3 chr2.CM0249.770.r2.m 68183 12 cyt I3S0R6 
Trxh4 chr1.CM0051.240.r2.m 65406 6 cyt I3S917 
Trxh6 chr2.CM0608.1340.r2.m 65208 2 cyt I3S341 
Trxh8 LjSGA_031277.0.1 58009 16 cyt I3S3D9 
Trxh9 LjSGA_132520.1 63066 33 cyt I3S146 
Trxf LjSGA_082631.1 59402 23 pl G7KRK1 



Trxm1 chr5.CM1439.450.r2.d 60229 8 pl Q2PXN7 
Trxm2 LjSGA_126827.0.1 71331 15 pl Q95AH9 
Trxm4 LjSGA_126077.1 

LjSGA_061545.0.1 
67299 20 pl Q95AH9 

Trxx chr5.CM1439.450.r2.d 61897 9 pl G7IE85 
Trxy chr5.CM0052.830.r2.m 61826 6 pl A9PGA7 
Trxz LjSGA_025025.0.1 62611 9 pl Q9M7X9 
Trxo chr4.CM0007.270.r2.d 

chr4.CM0007.280.r2.d 
61209 19 mit Q257C6 

NTRA - 63269, 73407 49 mit, cyt K7LNQ6 
NTRB LjT16K13.10.r2.a 73044, 80146 6 mit, cyt K7LNQ6 
NTRC LjSGA_039049.1 

LjSGA_051261.0.1 
LjSGA_046269.1 

57567, 68679 9 pl I1L9Y6 

Nitrosoglutathione reductase 
GSNOR chr1.CM0295.1290.r2.m 70357 10 ? Q96533 
Ferritins 
Fer1 chr3.CM0116.300.r2.m 68510 237 pl, mit? A5HKJ9 
Fer2 LjSGA_064891.1 

LjSGA_063587.1 
64989 39 pl, mit? Q41709 

Fer3 LjSGA_077559.1 57335 25 pl, mit? Q948P6 
Phytochelatin synthases 
PCS1 chr1.CM0295.820.r2.m 57148 2 ? Q2TSC7 
PCS2 chr1.CM0295.830.r2.m 57154 2 ? Q2TE74 
PCS3 chr1.CM0295.840.r2.m 57153 4 ? Q2QKL5 
Hemoglobins 
Lb1 chr5.CM0089.1180.r2.m 74540 153 cyt Q3C1F7 
Lb2 chr5.CM0089.1200.r2.m 67341 321 cyt Q3C1F6 
Lb3 chr5.CM0034.610.r2.m 68542 195 cyt Q9FEP8 
Glb1-1 chr3.CM0091.620.r2.m 61058 36 nu, pl Q3C1F4 
Glb1-2 chr3.CM0091.630.r2.m 60275 8 nu, pl Q3C1F3 
Glb2 chr5.CM0909.850.r2.a 64839 11 nu, pl P14848 
Glb3-1 - 65804 3 nu, pl A2TDC3 
Glb3-2 chr1.CM2121.130.r2.a 59615 4 nu, pl A2TDC3 
 
aGene coding sequence (CDS) in release 2.5 of the L. japonicus genome. Detailed information on these 
CDS can be accessed through the web database (http://www.kazusa.or.jp/lotus/). bTentative consensus 
(TC) sequences and number of expressed sequence tags (ESTs) according to the DFCI Lj Gene Index v6.0 
(http://compbio.dfci.harvard.edu/tgi/plant.html). cPredicted or observed subcellular localization: cyt, cytosol; mit, 
mitochondrion; pl, plastid; px, peroxisome; sec, secretory pathway; nu, nucleus. dBest hit for the protein in the 
UniRef100 database. 
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