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A b s t r a c t  
 

Nitrogen-fixing nodules are formed on the roots of leguminous plants as a result of their 
interaction with soil bacteria, called rhizobia. Nodule development is based on the exchange of sig-
naling molecules that leads to coordinated gene expression in both partners. This process is accom-
panied by differentiation of both plant and bacterial cells leading to formation of infected plant cells, 
filled with nitrogen-fixing forms of rhizobia, called bacteroids. The bacteroid is separated from the 
plant cell cytoplasm by the peribacteroid membrane and forms an organelle-like structure called the 
symbiosome (A.V. Tsyganova et al., 2017). The main function of the symbiotic nodule is to maintain 
the microaerophilic conditions required for working of the rhizobial nitrogen fixation enzyme — 
nitrogenase, which is extremely sensitive to oxygen. Nitrogen-fixing nodules produce an abundance 
of reactive oxygen species (ROS) and reactive nitrogen species (RNS). These are formed due to au-
to-oxidation of leghemoglobin in the cytoplasm, oxidation of nitrogenase and ferredoxin in symbio-
somes, and functioning of electron transport chains in mitochondria, symbiosomes, and peroxisomes 
(C. Chang et al., 2009). ROS and RNS molecules are involved in different signal transduction path-
ways; therefore, the nodule antioxidant system cannot simply eliminate ROS and RNS, but must 
maintain their concentration in the cell at the certain level (C.W. Ribeiro et al., 2015). Most antiox-
idants presented in plant organs are also found in the nodule, however, at a higher concentration, 
which is probably due to the high intensity of the processes associated with biological nitrogen fixa-
tion. These are enzymes superoxide dismutase, ascorbate peroxidase, glutathione peroxidase, and 
peroxiredoxins, as well as millimolar concentrations of non-enzymatic elements (primarily ascorbic 
acid and glutathione) (M. Becana et al., 2010). It has been discovered that Legumes harbor a unique 
homologue of glutathione, homoglutathione, both of which exhibit similar functions and specificity. 
However, it is still not clear why some Legumes evolved the ability to synthesize two different thiol 
compounds and require a double regulatory mechanism of the cell cycle including activation by glu-
tathione and inhibition of cytokinesis by homoglutathione (T. Pasternak et al., 2014). It has now 
been shown that an increase in the level of glutathione leads to an increase in the efficiency of nitro-
gen fixation, while there is no similar data for homoglutathione. Considering that for the functioning 
of the nodule a balance in the ratio of glutathione and homoglutathione is necessary, it is evident 
that increasing the level of nitrogen fixation by modifying the levels of these thiols is a non-trivial 
task. Moreover, it is necessary to account for the influence of other components of the antioxidant 
system. It should be noted that the rhizobial antioxidants play an important role in the functioning of 
the nitrogen fixing nodule (C.W. Ribeiro et al., 2015). In this review, we will consider the main 
components of the plant antioxidant system in the nodule. A deeper understanding of its functioning 
is necessary to develop conditions for increasing the efficiency of biological nitrogen fixation. 
 

Keywords: symbiotic nodule, antioxidants, redox potential, glutathione, homoglutathione, 
ascorbate, ascorbate-glutathione cycle, thiol peroxidases, redoxins, superoxide dismutase 

 

Formation of a nitrogen-fixing nodule requires implementation of two 
specific developmental programs, one of which is responsible for its morphogen-
esis, and the other for formation of infection threads (tubular structures via 
which the rhizobia penetrate the root) [1, 2]. In response to flavonoids secreted 
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by legume plants, the rhizobia produce Nod factors (lipochitooligosaccharides 
from the N-acetylglucosamine residues and fatty acid with different length and 
degree of unsaturation), which are recognized by plant LysM-receptor-like kinases 
[3]. Nod factors trigger both development programs; however, for their successful 
realization additional components are required [4]. 

Simultaneously with the development of infection threads, the nodule 
primordium is formed that is associated with mitotic reactivation, dedifferentia-
tion and proliferation of cells [5]. In indeterminate nodules characterized by the 
presence of a stable apical meristem, the divisions occur in the inner cortex, root 
endodermis and pericycle [5]. The prolonged functioning of the meristem 
providing growth and constant renovation of nitrogen-fixing tissue leads to zone 
formation. Meristem, infection, nitrogen fixation and senescence zones can be 
distinguished in indeterminate nodule [6]. Only a limited number of evolutional-
ly advanced legume plants from the sub-family of Papilionoideae, the tribes Tri-
folieae (clover, alfalfa) and Vicieae (pea, vetch) form indeterminate nodules. At 
the same time, in many papilionaceous plants, such as soybean, beans 
(Phaseoleae tribe) and deervetch (Loteae tribe), determinate nodules are formed 
from the cells of outer cortex with a meristem functioning for the limited period 
of time [6]. After its disappearance, the growth and renovation of nitrogen-fixing 
tissues cease, and zones are not identified in the central part of the nodule. The 
plant cells infected with rhizobia in indeterminate and determinate nodules pass 
through several endoreduplication cycles, which is accompanied by a significant 
increase in their sizes and resulted in cell susceptibility to filling with multiple 
bacteroids [7]. The differentiation of bacteroids in indeterminate nodules is a 
sequential process [8]; it is accompanied by the amplification of the entire ge-
nome and an increase in their sizes. Bacteria lose the ability to reproduce, i.e. 
their differentiation is irreversible. The bacteroids in the determinate nodules are 
comparable with free-living bacteria in the amount of genomic DNA, cell size 
and ability to reproduction [9]. 

Thus, nitrogen-fixing nodules are formed as a result of multistep differen-
tiation of both symbiotic partners. At each of these steps, the redox cell balance 
plays a crucial role. Reactive oxygen species (ROS), reactive nitrogen species 
(RNS) and also the components of plant and bacterial antioxidant defense system 
are involved in maintaining of that balance in the nodule. 

The principal value of the antioxidant defense system is determined, on 
the one hand, by the sensitivity of the nitrogenase, the main enzyme of atmos-
pheric nitrogen fixation, to oxygen; and on the other hand, by multiple processes 
facilitating the formation of ROS and RNS in nitrogen-fixing systems. The syn-
thesis of superoxide radical (O2

) and hydrogen peroxide (H2O2) is associated 
with high respiratory activity required for maintaining effective nitrogen fixation, 
autooxidation of oxygen-containing forms of leghemoglobin and oxidation of some 
proteins with high reductive potential (nitrogenase, ferredoxin, hydrogenase). Ni-
trogen monoxide (NO) is produced in infected cells of functioning nodules [10] by 
nitrate reductases of bacterial and plant origin [11, 12], and also due to plant NO-
synthase activity [13]. Peroxynitrite (ONOO) can be formed via reaction of O2

 
and NO. The antioxidants prevent development of oxidative and nitrosative stress-
es in the nodule, modulating the ROS and RNS concentrations and thus allowing 
them perform various functions in metabolism, including signal interactions during 
nodule formation [14-16].  

Prevention of oxidative stress in plant cells is provided by a complex 
mechanism. Multiple enzymes such as ascorbate peroxidase, glutathione peroxi-
dase (Gpx), catalase, peroxiredoxin (Prx), and superoxide dismutase (SOD) pro-
tect from prooxidants. The redox control of protein activity is carried out by thi-
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oredoxin (Trx) and glutaredoxin (Grx) [17, 18]. The non-enzymatic molecules, 
capable of acting as direct antioxidants, control the redox potential of the cell, 
thus affecting signal cascades, the cell cycle and the synthesis of various metabo-
lites. Contrary to animal cells where the main non-enzymatic antioxidant is gluta-
thione (GSH), in plants ascorbate (ASC) executes the function of reducing hy-
drogen peroxide. However, GSH performs a number of unique functions in 
plant cells, which do not allow replacing it with another thiol or antioxidant [19-
21]. 

During formation of symbiosis the microsymbionts should also cope with 
the constantly oscillating contents of ROS and RNS. Rhizobia use different strate-
gies in order to modulate the amount of these molecules, including inhibition of 
their synthesis and detoxication, and also controlling the activity of enzymes. Dur-
ing colonization and bacterial differentiation, a well-coordinated work of antioxi-
dant systems of both partners is required to trigger the signal cascade activated by 
ROS and RNS. Not only successful development but also further functioning of 
the nodule depends on this balance. It has been shown that ROS also participate 
in the senescence of the micro- and macrosymbionts. 

The aim of the present review was to generalize the modern views on the 
plant antioxidant system at different steps of rhizobium-legume symbiosis devel-
opment and to highlight new components of this system. Special attention was 
paid to differences in the functions of glutathione and homoglutathione identified 
till now.  

Non-enzymat ic  ant iox idant s. The positive correlation between the 
contents of GSH and ASC, the activity of enzymes participating in the ascor-
bate-glutathione cycle and the efficiency of nitrogen fixation in nodules suggests 
the importance of these antioxidants for nitrogen-fixing symbiosis [14, 23, 26-
29].  

(Homo)glutathione. The thiol tripeptide GSH is a water soluble antioxi-
dant and redox buffer of plants involved in cell cycle and processes of develop-
ment, in sulfur transport and accumulation, in response to stress and detoxica-
tion of heavy metals [30]. GSH exists in cells in two main stable forms, as re-
duced and oxidized, the latter is glutathione disulfide (GSSG). Under optimal 
conditions, the ratio GSH:GSSG in most cellular compartments of the plant is 
fairly high. The sub-optimal external conditions lead to a shift of this ratio due to 
accumulation of GSSG which can cause alterations in acceptance and transduc-
tion of stress signals. In contrast to many other redox pairs (e.g. 
NADP+/NADPH), in case of GSH and GSSG the redox potential of GSH de-
pends not only on ratio of these forms, but also on absolute GSH concentration. 
Thus, even if the value of GSH:GSSG remains unchanged, a reduction in the 
concentration of GSH form leads to an increase in the redox potential [31]. 

The GSH synthesis comprises two ATP-dependent steps. The first limit-
ing step of γ-Glu-Cys formation from glutamate and cysteine is catalyzed by γ-
glutamylcysteine synthase (γ-ECS), which is encoded by the GSH1 gene. The sec-
ond step of GSH synthesis from γ-Glu-Cys and glycine is catalyzed by glutathione 
synthetase GSHS (GSHS gene). Homoglutathione (hGSH), GSH homologue 
wherein glycine is replaced with β-alanine, was found in the members of the Fa-
baceae family [27, 32, 33]. The synthesis of hGSH is carried out by homogluta-
thione synthetase (hGSHS) encoded by the hGSHS gene. The Arabidopsis GSH1 
knockout mutant is lethal at the embryo stage [34], whereas knockout of the 
GSHS gene leads to seedling-lethal phenotype [35]. The subcellular fractionation 
and immunolocalization have shown that in nodules γ-ECS is present in plas-
tids, whereas GSHS and hGSHS predominate in cytosol [36, 37]. However, no 
mutants knocked out only in one of the genes – hGSHS or GSHS among leg-
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ume plants have been obtained so far. This would allow determining the degree 
of interchangeability of these thiols and possible differences in their functions. 

The substantial role of GSH and (or) hGSH in nodule formation was 
demonstrated for alfalfa (Medicago truncatula) using antisense constructs of 
GSHS and hGSHS, and also via transcriptomic analysis of plants with a re-
duced content of (h)GSH as a result of treatment with L-buthionine-[S-R]-
sulfoximine, a specific inhibitor of (h)GSH biosynthesis. At the early stages of 
nodule formation in the plants with reduced synthesis of both thiols, there was 
an increase in the expression of genes controlled by salicylic acid [38]. The acti-
vation of these genes is, apparently, determined by redox-sensitive NPR1 protein 
that suppresses deformation of root hairs and expression of nodulins. The inac-
tive NPR1, located in cytoplasm, is an oligomeric form resulted from reaction 
with S-nitrosoglutathione. The monomerization of NPR1, catalyzed by Trx, 
unmasks the signal motive of nuclear localization allowing for this protein to be 
transported in the nucleus wherein it interacts with redox-sensitive transcription 
factors [39]. Therefore, at the early stages of interaction, presence of a certain 
pool of (h)GSH in plant cells is the required for inhibiting the salicylate-
induced defense mechanisms and colonization of plant host by rhizobia [40]. 
The reduction of the (h)GSH synthesis significantly decreased the number of 
nodules and suppressed the expression of the early nodulin genes (MtENOD12 
and MtENOD40), which are gene markers of nodule formation. At the same 
time, both in control plants and in plants with reduced thiol level, no altera-
tions were observed in the number of infection sites in the roots, which was 
confirmed by the similar expression of the Rip1 gene, marker of infection pro-
cess.  

The inhibition of nodule formation was accompanied by a reduction in 
the number of the lateral roots [41]. It was shown that GSH is necessary for 
cell division in the root apex [42], and its amount controls the transition of 
cells from G1 to S phase of the cell cycle. The relocation of GSH to the nu-
cleus at the G1 phase strongly affects the redox state of the cytoplasm and ex-
pression of redox-sensitive genes. A further increase in the total cellular pool of 
GSH above the level observed in G1 is required for transition of cell to the S 
phase of the cycle [43, 44]. Apparently, exactly GSH stimulates the meristematic 
activity in nodules as well that correlates with maximum of GSH concentration 
in the meristem and in the infection zone of the nodule [45]. It is possible that 
the fluctuations of GSH pool in cytoplasm and in the nucleus may control the 
repetitive rounds of endoreduplication of infected cells and also the irreversible 
differentiation of bacteroids. 

Using promoter of a gene, encoding cysteine-rich peptide (NCR001) 
specific for nitrogen fixation zone of the nodule, the role of the (h)GSH in ma-
ture nodules of M. truncatula was studied [46]. It was shown that the overexpres-
sion of the GSH1 in the nitrogen fixation zone led to an increase in the GSH 
but not the hGSH content that correlated with increase in the efficiency of ni-
trogen fixation. A decrease in the GSH1 gene expression by RNA interference 
reduce nitrogen fixation efficiency, (h)GSH content, nodule size, and expression 
of TrxS1 and LEG genes encoding Trx and leghemoglobin, respectively. In such 
nodules, the amount of the GSHS transcripts drastically increased compared to 
the control, whereas the expression of the hGSHS gene did not change. Recently 
it was shown that TrxS1 controls differentiation of bacteroids via the redox state 
of cysteine-rich peptide NCR335 [47]. Analysis of the spatial localization of 
transcripts revealed the expression of the GSH1 gene in the meristem, the infec-
tion zone and in the beginning of the nitrogen fixation zone, while expression of 
hGSHS observed in the cortex and vascular bundles, and that of GSHS was in 
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the cortex and in the nitrogen fixation zone. This further confirms the important 
role of GSH for functioning of meristematic and nitrogen fixing cells and differ-
entiation of cells in the infection zone. Also it is likely that in the cortical cells 
both thiols play an important role in maintaining the oxygen barrier of the nod-
ule [46]. 

In 73 species of 3 subfamilies, the distribution of (h)GSH in the Fabace-
ae family was studied [48]. It was shown that hGSH was absent in the members 
of Caesalpinioideae subfamily, but it was found in two species of Mimosoideae 
and in species of the Old World clade in Papilionoideae subfamily. Distribution 
of (h)GSH was tissue-specific. The hGSH content was often higher in leaves 
and roots, the GSH in seeds, which can reflect a difference in the functions of 
both thiols. At the same time, in the species forming and not forming nitrogen-
fixing nodules, the distribution of hGSH did not change; therefore, the accumu-
lation of hGSH in the roots probably is not related to nodule formation [48].  

Previously in M. sativa it was shown that GSH is associated with meri-
stematic cells, activation of the cell cycle and induction of somatic embryogene-
sis, whereas hGSH is associated with differentiated cells and embryo prolifera-
tion. Thus, the ratio of hGSH:GSH was the lowest in the root meristem and the 
highest in the fully differentiated organs (mature leaves and root elongation 
zone). It supposed that alterations in hGSH/GSH occur during dedifferentiation 
and (or) activation of the cell cycle that leads to transition from differentiated to 
dividing cells [49]. As already noted, these processes take place during formation 
of the nodule primordium. In M. sativa, in the formed nodules, as compared to 
leaves and roots, GSH becomes the main thiol compound. Alterations in the 
thiol ratio are reversible: in the cell culture after development of somatic embry-
os and cell differentiation, the ratio of hGSH:GSH increased again, and in the 
nodules the hGSH content grew as the tissues differentiated [45]. Probably, local 
alterations in amounts of phytohormones, associated with developmental pro-
grams and (or) environmental influence, could regulate (h)GSHS expression or 
(h)GSHS activity and therefore lead to the observed patterns of hGSH and 
GSH distribution. 

Indeed, the expression of the GSHS and hGSHS genes not only strongly 
varies depending on the species and tissue of legume plant, but is also regulated 
differently in response to signal molecules or stress conditions. E.g. in M. trun-
catula the hGSHS expression can be detected in roots and nodules, and that 
of GSHS is found in all plant tissues [50]. Moreover, in the roots of M. trun-
catula the expression of the GSH1 and GSHS, but not hGSHS is induced by ni-
trogen oxide [51]. In deervetch (Lotus japonicus) GSHS is found in nodules on-
ly, and hGSHS is present in leaves and roots as well [33]. In the roots of L. ja-
ponicus GSHS is activated by auxins, cytokinins and polyamines, whereas the 
expression of hGSHS remains unchanged [14]. The addition of exogenous hydro-
gen peroxide induced increase the expression of the GSH1 and hGSHS genes in 
beans nodules, whereas CdCl2, NaCl or jasmonic acid did not cause such an effect 
[52]. Long-term treatment with cadmium chloride of pea (Pisum sativum) mutant 
SGECdt [53] resistant to cadmium a slight decrease in the expression of GSH1 
and GSHS genes was observed, whereas the expression of hGSHS increased in 
the roots of the mutant and wild type plants [54]. The analysis of the obtained 
data suggests the presence of specific cis-regulatory elements in the promoter 
region of GSHS and hGSHS genes and (or) different regulatory mechanisms for 
GSHS and hGSHS [14]. 

The synergism of phytohormones and oxidative stress plays an important 
role in the control of plant growth and development [55], and GSH and hGSG 
may mediate such control in legume plants. Nodule formation is an energy con-
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suming process. Integration of oxidative stress metabolism and cell cycle allows 
avoiding unwanted energy expenses by separating defense mechanisms from the 
processes of cell division and differentiation. 

Thus, an important role of (h)GSH in development and functioning of 
symbiotic nodules has been identified. Nevertheless, the specificity of action of 
GSH and hGSH in nodule tissues and at the different stages of its development 
remains insufficiently studied. A lot of data has been obtained by analysis of only 
one plant species. In addition, a significant difference is observed between species 
forming indeterminate (Table 1) and determinate (Table 2) nodules. 

1. Synthesis and distribution of glutathione GSH and homoglutathione (h)GSH in 
organs and tissues of the nodule in legume plants forming indeterminate nodules
[36, 45-46, 48, 50, 89] 

Thiol, gene, 
enzyme 

Seeds  Leaves Roots 

Nodules 

WN 
zones  

C CB 
M (I) I (II) I + II NF S 

T h i o l  d i s t r i b u t i o n  
GSH + + + + ? ? +а +а +а ? ? 
hGSH 1 1 +2 +2 ? ? +а +а +а ? ? 

T h i o l  s y n t h e s i s  g e n e  e x p r e s s i o n  a n d  l o c a l i z a t i o n  o f  t r a n s c r i p t s   
GSH1 ? + + + +а +а ? +а ? * +а 
GSHS ? + + + +а +а ? +а ? +а +а 
hGSHS ? + + + +а * ? +а ? +а +а 

A c t i v i t y  o f  t h i o l  s y n t h e s i s  e n z y m e s  
γ-ECS ? + + + ? ? +а +а +а ? ? 
GSHS ? + + + ? ? +а +а +а ? ? 
hGSHS ?  + +2 ? ? +а +а +а ? ? 
N o t e . WN — whole nodule, M — meristem, I — infection zone, NF — nitrogen fixation zone, S — senescence 
zone, C — cortex, VB — vascular bundles; "+" — detected, "" — not detected, "?" — no data, 1 — can be present 
in trace amounts or may be the main thiol in the species of Trifolieae tribe, 2 — not found in Vicia faba and Lupi-
nus albus, a — data has been obtained for plants of one species. See description of genes and enzymes in the text 
of the paper. 

 

2. Synthesis and distribution of glutathione GSH and homoglutathione (h)GSH in 
organs and tissues of nodules in legume plants forming determinate nodules [27, 
36, 45, 48, 89, 91] 

Thiol, gene, 
enzyme 

Seeds  Leaves Roots 
Nodules  

WN NFT C VB CS P M B 
T h i o l  d i s t r i b u t i o n  

GSH +/ 2 +/2 +1, 2 +а +а ? +а ? +а +а 
hGSH + +2 + + +а +а ? +а ? +а +2, а 

T h i o l  s y n t h e s i s  g e n e  e x p r e s s i o n  a n d  l o c a l i z a t i o n  o f  t r a n s c r i p t s  
GSH1 ? +а +а +а ? ? ? ? ? ? ? 
GSHS ? +а +а +а ? ? ? ? ? ? ? 
hGSHS ? +а +а +а ? ? ? ? ? ? ? 

A c t i v i t y  o f  t h i o l  s y n t h e s i s  e n z y m e s   
γ-ECS ? ? ? + + + ? +/ + 2 + 
GSHS ? 2 + +3 + + ? 2 +4 2 + 
hGSHS ? +2 + +2 + + ? +2    
N o t e . WN — whole nodule, NFT — nitrogen-fixing tissue, C — cortex, VB — vascular bundles, CS — cytosol, 
P — plastids, M — mitochondria, B — bacteroids; "+" — detected, "" — not detected, "+/" — trace amounts, 
"?" — no data.  
1 — GSH of bacterial origin, 2 — except for Vigna unguiculata, 3 — except for Vigna radiata, 4 — contamination from 
bacteroids,  
a — data has been obtained for plants of one species. See description of genes and enzymes in the text of the paper. 

 

There are differences and between the species forming the same type of 
nodules (see Tables 2, 3). Nevertheless, some patterns can be observed. Thus, 
indeterminate nodules mostly contain GSH as the main soluble tripeptide 
whereas hGSH is the most widespread tripeptide in determinate nodules [45]. 

Ascorbic acid. This is a powerful soluble antioxidant acting directly and as 
a part of the ascorbate-glutathione cycle. Ascorbic acid is present at a concentra-
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tion of 1 to 2 mM in nodules [56], 5 to 25 mM in leaves, and 25 to 50 mM in 
chloroplasts [57] that is consistent with its multiple important functions. The 

redox state of ASC (ASC + de-
hydroascorbic acid) controls the 
cell cycle [58] and plays a crucial 
role in perception of stress signals 
in the apoplast and their trans-
duction into cytoplasm. ASC is 
also a cosubstrate for several di-
oxygenases participating in hy-
droxylation of proline and bio-
synthesis of flavonoids and hor-
mones, i.e. ethylene, gibberellic, 
and abscisic acids [59]. The im-
portance of ASC for plants is 
confirmed by the absence of 

known mutants that are completely defective in ASC synthesis [60]. ASC is 
mainly synthesized via the D-mannose/D-galactose (Smirnoff-Wheeler) pathway 
comprising multiple and complex enzymatic reactions, and final reactions is cat-
alyzed by mitochondrial L-galactono-1,4-lactone dehydrogenase [61]. 

Investigation of P. sativum showed that ASC content decreases in nod-
ules with age, that correlating with a decrease in the GSH content and nitrogen-
ase activity [23]. It was supposed that ASC is not synthesized de novo in nodules 
but is imported from shoots or roots through the vascular system [23]. However, 
later it was shown that ASC biosynthesis genes, including GalLDH gene encod-
ing L-galactono-1,4-lactone dehydrogenase, are expressed in the nodules of L. 
japonicus. The active enzyme is localized in the mitochondria of beans 
(Phaseolus vulgaris). Investigation of nodules of four legume species: alfalfa (M. 
sativa), pea (P. sativum), beans (P. vulgaris) and deervetch (L. japonicus), showed 
an increased activity of L-galactono-1,4-lactone dehydrogenase and cytosol ascor-
bate peroxidase, but also the decreased ASC level in nodules compared to other 
plant parts [62]. Using FISH, it was shown that mRNA of GalLDH is predomi-
nantly located in cells of nitrogen fixation zone in the nodules of M. sativa and in 
nitrogen-fixing cells of the central part of the nodule in L. japonicus. Also, the max-
imum content of L-galactono-1,4-lactone dehydrogenase and ASC was found in 
these cells. At the same time, the enzyme activity was the same in the apex (me-
ristem and infection zone) and in the nitrogen fixation zone, whereas amounts 
of mRNA were different, that indicates the post-translation regulation [62]. The 
presence of post-transcription regulation is evidenced by the fact that under the 
stress condition (treatment with cadmium salts, NaCl, hydrogen peroxide and 
jasmonic acid), the ASC content changed but the activity of L-galactono-1,4-
lactone dehydrogenase remained unchanged in bean nodules [52]. The ageing of 
symbiotic nodules is possibly accompanied by switching off the ASC biosynthesis 
that is confirmed by a reduction in the L-galactono-1,4-lactone dehydrogenase 
activity and ASC content. 

The ASC concentration in cells is regulated by a degree of its oxidation 
and degradation. ASC oxidizes to monodehydroascorbic acid or dehydroascorbic 
acid during hydrogen peroxide detoxication via ascorbate-glutathione cycle in 
cytosol, chloroplasts and other organelles. In the apoplast, ASC is oxidized to 
monodehydroascorbic acid by ascorbate oxidase [63]. The treatment of the bean 
plants with jasmonic acid, a well-known stress-associated compound, led to 
translational activation of ascorbate oxidase and post-translational inhibition of 
dehydroascorbate reductase in nodules that possibly enhances oxidations in apo-

3. Synthesis and distribution of glutathione GSH 
and homoglutathione (h)GSH in organs and 
mitochondria of Vigna unguiculata, forming 
determinate nodules [36, 45] 

Thiol, 
enzyme 

Leaves Roots  Nodules Mitochondria 

T h i o l  d i s t r i b u t i o n  
GSH + + + ? 
hGSH  + +/ ? 

A c t i v i t y  o f  t h i o l  s y n t h e s i s  e n z y m e s  
γ-ECS ? ? + + 
GSHS + + + + 
hGSHS  +   
N o t e . "+" — detected, "" — not detected, "+/" — trace 
amounts, "?" — no data. See description of enzymes in the text of 
the paper. 
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plast and initiates a signal via which nodules may perceive stress and respond to 
it [52]. 

Enzyma t i c  an t io x id an t s . Ascorbate-glutathione cycle. Ascorbate pe-
roxidase, monodehydroascorbate reductase, dehydroascorbate reductase and glu-
tathione reductase participate in this cycle. The regulation of subcellular isoforms 
each of these enzymes, which have been found in cytosol, plastids, mitochon-
dria, and peroxisomes, is carried out based on the level of ASC and GSH syn-
thesis in these organelles under normal and stress conditions. Each isoform can 
differently respond to signals associated with stress or developmental process. 
The regulation of all isoforms of enzymes participated in the ascorbate-
glutathione cycle is quite important for maintaining the redox balance in the 
plant cells under abiotic and biotic stresses [64]. 

In the nodules, the ascorbate-glutathione pathway was found 30 years 
ago [56]. Later, the comparison of activity was carried out for enzymes involved 
in this pathway in the nodules of soybean (Glycine max), formed on three geno-
types by effective and ineffective strains. The same analysis was carried out for 
nodules of wild type and ineffective mutant genotypes of M. sativa [26]. High 
activity in effective nodules was demonstrated for all four enzymes (ascorbate 
peroxidase, monodehydroascorbate reductase, dehydroascorbate reductase, and 
glutathione reductase) in both studied species. Also, in effective nodules GSH 
and hGSH content was higher compared with ineffective ones. At the same 
time, no such correlation was observed for ASC. Transcriptomic analysis re-
vealed increased expression of genes encoding the enzymes of the ascorbate-
glutathione pathway in nodules [65]. Therefore, the ascorbate-glutathione path-
way is one of the main mechanisms of their antioxidant defense [26]. 

In the ascorbate-glutathione pathway, GSSG is formed from GSH that 
leads to the change in the GSH:GSSG ratio. Some other metabolic pathways 
can also link the availability of oxidants and alterations in the GSH:GSSG ratio, 
thus, affecting the signaling transduction via regulation of thiol-disulfide status of 
the proteins. The key participants of these reactions are Prx, Gpx, Trx and Grx. 
Some glutathione S-transferases (GST) can also use GSH for reduction of or-
ganic hydroperoxides, and others can generate GSSG, possibly, catalyzing the 
deglutathionylation cysteine residues of proteins [66]. The role of these processes 
in the formation and functioning of nitrogen-fixing nodule is still insufficiently 
studied. 

Thiol peroxidases and redoxins. Thiol peroxidases (Gpx and Prx) are 
small proteins without gem, catalyzing reduction of the H2O2 or alkyl hydroper-
oxides (ROOH) to water or corresponding alcohols (ROH) using mostly Trx as 
electron donors. Trx contains a conservative interaction site (Try-Cys-Gly-Pro-
Cys) which reduce disulfide bridges of the target proteins [67]. Grx, with func-
tions similar to Trx, can also act as electron donor; GSH is used for its reduc-
tion [21]. Gpx, Prx and Trx are encoded by multigene families, and the corre-
sponding isoforms have different subcellular localization (cytosol, plastids and 
mitochondria) [14]. 

In L. japonicus, six genes were identified to encode Gpx. Two of these, 
LjGpx1 and LjGpx3, encoding Trx-dependent hydroperoxidases, are actively ex-
pressed in nodules. Immunolocalization showed the presence of Gpx around the 
starch granules in amyloplasts in infected and non-infected cells of L. japonicus 
nodules, and in infected cell of M. sativa nodules that may indicate formation of 
hydrogen peroxide in amyloplasts as well [68]. Later, using in situ hybridization, a 
high content of mRNA was shown in infection zone for LjGpx1 and LjGpx3 and 
in nodule cortical cells for the LjGpx3 as well. Immunolocalization detected 
LjGpx1 in amyloplasts and in nuclei of infected cells, in cortical cells and in vas-
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cular bundles. LjGpx3 was predominantly located in endoplasmic reticulum (ER), 
cytosol and nuclei [69[. Conclusion, that LjGpx1 and LjGpx3 protect cells from 
oxidative and salt stresses and membrane damage, was made basing on comple-
mentation experiments with yeasts. 

PrxIIA (the cytosol isoform of Prx), the amount of which is reduced 
with nodule age, and mitochondrial isoform PrxIIF, the amount of which does 
not change were identified in the nodules of P. sativum. After exogenous treat-
ment with ASC, the PrxIIA level decreased in young nodules and increased in 
old ones, the amount of PrxIIF was unchanged in both cases [70]. In M. 
truncatula, L. japonicus and P. vulgaris, the proteomic analysis of nodules identi-
fied PrxIIB, PrxIIE and PrxIIF isoforms (B in cytosol, Е in plastids, and F in 
mitochondria), a cytosol isoform Trxh1, and also GrxC2 and GrxC4, which 
possibly can serve as electron donors for Prx. Moreover, NADPH-thioredoxin 
reductases (NTRA/B/C) were found in nodules of these legumes. Most of these 
Prx isoforms are effectively reduced by Trx and non-plastid Trx is recovered by 
NTRA and NTRB. The obtained data confirm the presence of this redox regula-
tor network in cytosol, plastids and mitochondria of nodule cells (cytosol forms 
of PrxIIB, Trxh1 and NTRA are most active). 

In M. truncatula, two new isoforms of Trx (Trxs), functioning during sym-
biotic interactions, were found [71]. These ER-addressed Trx are similar to classic 
ones, but have atypical catalytic sites. In silico, using the atlas of M. truncatula 
gene expression in different organs and under various growth conditions, it was 
shown that Trxs1 is mostly expressed during nodule formation, whereas Trxs2 ex-
pression is apparently less specific [65, 72]. The analysis of the spatial localiza-
tion of Trxs1 and expression of Trxs2, using 
https://iant.toulouse.inra.fr/symbimics/ resource, which gives access to results 
of laser microdissection of M. truncatula nodules combined with RNA se-
quencing, has shown that these Trx are mostly expressed in the infection 
zone [73]. The expression pattern of Trxs indicates their participation in the 
development of nodule and cell differentiation in the infection zone. In situ 
hybridization revealed the presence of GmTrx mRNA in the root pericycle of 
G. max in 2 days post inoculation and in the infected cells of mature 27-day-
old nodules. The transformation of the Trx-defective yeast mutant with the GmTrx 
gene recovered tolerance to exogenous H2O2. RNA interference of GmTrx led to 
the absence of nodules or formation of undeveloped nodules that indicates the 
importance of this gene in their development [74].  

Glutathione-S-transferases. These widely distributed enzymes participating 
in detoxication of xenobiotics, especially herbicides. GSTs act as antioxidants as 
well, directly trapping peroxides like Gpx. The final products of the peroxide 
oxidation of lipids alkenals, 4-hydroxynonenal and other - and β-unsaturated 
aldehydes, may be removed after conjugation with GSH [75, 76]. In soybean, 
GSTs are encoded by a multigene family of 25 genes [77]. In the nodules, the 
expression of 14 GST isoforms was found; gene encoding GST9 showed maxi-
mum level of expression [76]. The suppression of the GST9 expression by RNA 
interference significantly decreased the nitrogenase activity in the nodules [76]. 

Superoxide dismutases (SODs). SODs belong to the group of metal con-
taining enzymes, catalyzing dismutation of superoxide radical to hydrogen per-
oxide and molecular oxygen. Depending on metal cofactors, there are Fe-, Mn- 
CuZn-dependent SODs (correspondingly FeSOD, MnSOD and CuZnSOD). All 
of these SODs are present in nodules, but with different subcellular localization. 

In indeterminate nodules of M. sativa and P. sativum, the transcripts of 
the cytosol CuZnSOD, as well as the enzyme itself, are present predominantly in 
the meristem, the infection zone and distal part of the nitrogen fixation zone 
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[78]. CuZnSOD was localized in the cytosol in the regions adjacent to cell walls, 
to the walls of infection threads, and also in the matrix of infection threads. 
Moreover, the enzyme was found in the intracellular spaces of the cortical cells 
and cells in the nitrogen fixation zone. The transcripts of MnSOD and the enzyme 
itself were localized predominantly in the nitrogen fixation zone. The enzyme was 
present in bacteria inside the infection threads, in bacteroids and mitochondria. In 
the nodules, the co-localization of H2O2 with CuZnSOD was found, but not with 
MnSOD, i.e. exactly CuZnSOD is one of the most important H2O2 sources in 
nodules [56] and possibly plays an important role in forming matrix of infection 
threads and their growth [79]. Later, the transcriptome analysis of M. truncatula 
nodules has shown that the genes encoding CuZnSOD isoforms and mitochondri-
al MnSOD are actively expressed in nodules whereas expression of the gene for 
cytosol FeSOD remains relatively low [65]. 

In determinate nodules of L. japonicus, the expression of genes of cytosol 
CuZnSOD and mitochondrial MnSOD, as well as the amount and activity of 
the enzymes reduced with age. In the young nodules, CuZnSOD is found in 
dividing cells, in infection threads and in infected cells. The transcription of 
FeSOD2 which encodes cytosol FeSOD activated and that of FeSOD1 encod-
ing plastid FeSOD did not change. With nodule age, the amount and activity 
of FeSOD increased. At all stages of nodule development, this enzyme was 
present predominantly in the amyloplasts in the cortical cells, uninfected and 
infected cells. It was supposed that two cytosol enzymes, CuZnSOD and FeS-
OD2, are capable to functionally compensate each other at later stages of nod-
ule development. Induction of FeSOD2 is possibly associated with an increase 
in Fe availability in the senescent nodules, possibly as a result of leghemoglo-
bin degradation [80]. 

Under salt stress, the total activity of SOD in the nodules of P. vulgaris in-
creased [81]; the activity of FeSOD also enhanced, and the activity of CuZ-
nSOD and MnSOD did not change [82]. In the peanut plants under draught, 
the amount of CuZnSOD transcripts in the nodules increased whereas the ac-
tivity of SOD, MnSOD I and MnSOD II did not change [83]. The opposite re-
sults were obtained for SOD in P. sativum and G. max nodules at draught, when 
total SOD activity decreased in P. sativum and increased in G. max [84, 85]. 
Such diverse responses of various species stress out a necessity of studying the 
gene expression and regulation of enzyme activity in more detail. 

Catalases. These are tetrameric gem proteins catalyzing the decomposi-
tion of hydrogen peroxide to molecular oxygen and water, which are predomi-
nantly localized in peroxisomes and glyoxysomes [86]. An important role of rhizo-
bial catalases has been shown for development of effective symbiosis [87]; howev-
er, the enzymes of plant origin have been insufficiently studied. In the nodules of 
white lupine (Lupinus albus), the catalase was localized in the peroxisomes of in-
fected cells, and its concentration was reduced during nitrate-induced senescence 
[88]. Also, the enzyme activity reduced in bean nodules under salt stress [82]. 

Thus, over 30-year studying antioxidant system of nitrogen-fixing nod-
ules in legumes, a significant progress was achieved. The principles of operation 
and interaction of antioxidant molecules, enzymes and redox regulatory path-
ways during the processes of initiation, development and functioning of legume-
rhizobium symbiosis were analyzed. The complexity and ambiguity of the func-
tioning of the antioxidant system were identified. To date, it was shown that 
GSSH participates in signal transduction via alteration of the redox state of the 
cell and its compartments. This, in its turn, may control the thiol-disulfide status 
of proteins, i.e. the conformation and activity of enzymes and transcription fac-
tors directly or via thiol-dependent peroxidases. Moreover, the oxidation of some 
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thiol-dependent peroxidases can itself serve as a signal or signal trigger. In 1988, 
the distribution of GSH and hGSH in plant tissues of 13 Fabaceae species from 
various tribes was analyzed [89]. In the following years, a lot of data was accu-
mulated indicating specific functioning of these thiols, including that among 
species forming determinate and indeterminate nodules. In 2015, the distribution 
of GSH and hGSH has been analyzed already in 73 species of three Fabaceae 
sub-families [48]; however, the question of the GSH and hGSH specific func-
tions still remains open. At the same time, the role of GSH in the development 
and functioning of meristem cells and nitrogen-fixing cells has been proven. 
Moreover, it was demonstrated that the ratio of hGSH and GSH may activate 
cell differentiation and dedifferentiation [49]. Data about new components of 
antioxidant defense in nodules continue to appear, e.g. polyamines, the poly-
cationic compounds capable of modulating concentrations of ROS and RNS, 
were described. However, the role of these molecules in the functioning and de-
velopment of nodules requires further studies [90]. 

Thus, the redox state of a cell and its compartments, determined by the 
pro- and antioxidant ratio and interaction, controls a variety of processes via 
changing oxidation/reduction balance under the influence of environmental sig-
nals and participating in their transduction and subsequent plant responses. The 
antioxidant system plays a crucial role in formation and functioning of such a 
sensitive system as a nitrogen-fixing nodule of legume plants characterized by 
active metabolism and constant exchange of signal molecules between partners.  
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