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A b s t r a c t  
 

Since plant cells, unlike animals, are immobile and limited by rigid cell walls, often the 
properties of the plant extracellular matrix play a crucial role in the plant development. The extracel-
lular matrix, in particular the cell walls, are involved in the molecular dialogue between partners 
during the interaction of plants and microorganisms during the formation of legume-rhizobial symbi-
osis (N.J. Brewin, 2004; M.K. Rich et al., 2014). Legume-rhizobial symbiosis is a convenient model 
for studying changes in the composition of the plant cell wall caused by interactions with bacteria. 
Colonization of host cells with nodule bacteria, rhizobia, involves the sequential reorganization of 
the plant-microbial interface. The bacterial components of the symbiotic interface include various 
surface polysaccharides (A.V. Tsyganova et al., 2012). Plant components include the cell wall, the 
extracellular matrix and the plasma membrane. In this review, we have summarized the data demon-
strating the involvement of pectins, the polysaccharides of the cell wall matrix, in the legume-
rhizobial symbiosis (K.H. Caffall et al., 2009; M.A. Atmodjo et al., 2013; C.T. Anderson, 2015). The 
greatest progress has been made in the study of homogalacturonan, for which highly specific mono-
clonal antibodies have been obtained (J.P. Knox et al., 1990; Y. Verhertbruggen et al., 2009). The 
level of methyl-esterification of homogalacturonan determines its function in nodules. It was shown 
that low methyl-esterified homogalacturonan is involved in increasing the rigidity of the cell walls 
and walls of infection threads (K.A. VandenBosch et al., 1989; A.L. Rae et al., 1992) that is espe-
cially manifested in ineffective interaction with rhizobia (K.A. Ivanova et al., 2015) and during the 
action of abiotic factors (M. Redondo-Nieto et al., 2003, 2007; M. Sujkowska-Rybkowska et al., 
2015). High methyl-esterified homogalacturonan is observed in the cell walls at all stages of nodule 
development (A.L. Rae et al., 1992; A.V. Tsyganova et al., 2019). The absence of well characterized 
antibodies complicates the study of rhamnogalacturonan-II (M.A. O’Neill et al., 2004). However, it 
was shown that in nodules rhamnogalacturonan-II is present in the cell wall at the border with the 
plasma membrane, in undifferentiated symbiosomes, and also in the matrix of infection threads 
(M. Redondo-Nieto et al., 2003, 2007; M. Reguera et al., 2010). Probably, rhamnogalacturonan-II 
in combination with boron and arabinogalactan-protein extensins promotes movement of rhizobia in 
the matrix of infection threads (M. Reguera et al., 2010). Only recently, we conducted the first studies 
aimed at identifying the role of rhamnogalacturonan-I in the development of nodules (A.V. Tsyganova 
et al., 2019). It has been shown that rhamnogalacturonan-I is present in the cell wall of the meristem 
cells, vascular bundles and in the walls of the infection threads. However, its precise function re-
mains unknown, although it was suggested that rhamnogalacturonan-I is involved in the perception 
of rhizobia as pathogens during ineffective symbiosis (A.V. Tsyganova et al., 2019). Thus, to date, it 
has been shown that all types of pectins are involved in the development of a symbiotic nodule. It is 
important to note that plant plays a central role in the remodelling of the cell wall during symbiotic 
interaction and the construction of the plant-microbe interface. 
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Interaction with microorganisms, both pathogenic and symbiotic, is intrin-
sic to any naturally growing plant. Each plant cell is surrounded by a network of 
cellulose microfibrils, i.e. a cell wall that is almost impenetrable to mi-
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croorganisms [1-3]. Cell wall, as an exterior boundary of plant body, mediates 
many interactions with the environment, including interactions with biotic fac-
tors [4-6]. In the process of evolution microorganisms had developed two strate-
gies to overcome a barrier created by a wall cell and to penetrate inside a cell. 
The first is lysis of a plant cell wall used by many pathogens. The second is reor-
ganization of a cell wall at microorganism penetration point. This strategy is also 
used by rhizobia when penetrating into the root. As a result of local inhibition of 
cellulose synthesis and modification of intracellular matrix, rhizobia may, in fact, 
create subcellular entry point through the cellulose network with minimal dam-
age of a host cell and manifestation of stress and defence reactions [7-9]. At in-
tracellular growth of infection thread, its wall is built like a phragmoplast [7, 9, 
10]. At incompatible interactions between rhizobia and legumes, the intracellular 
matrix is modified and becomes more resistant to invasion due to fusion of sec-
ondary metabolites, such as suberin [11], or through cross-linking of cell wall 
proteins by hydrogen peroxide [12]. 

Cell walls and plasma membranes are involved in the molecule exchange 
between partners during the interaction of plants and microorganisms, thereat 
symbiotic interactions arrive at full functionality due to development of an ex-
tensive contact surface between the host and microsymbiont – symbiotic inter-
face [7, 8]. Cell walls mainly consist of polysaccharides, which could be grouped 
into three main categories: cellulose, pectins and hemicelluloses [1, 3]. In addi-
tion to polysaccharides, most plant cell walls contain structural proteins, such as 
extensins and arabinogalactan-glycoproteins. 

For the first time, the role of cell wall polysaccharides in molecular dia-
logue between partners during the interaction of plants and rhizobia was shown in 
studies of research group from John Innes Centre [10, 13, 14]. 

In present review we discuss participation of a broad class of cell wall 
polysaccharides – pectins in legume-rhizobial symbiosis.  

Pectin is an important cell wall component in dicotyledon plants, which, 
possibly, is one of the most complex macromolecules in nature. It consists of 17 
different monosaccharide based on which various polysaccharides forming a 
network are created [15]. Pectins belong to a family of polysaccharides rich in 
galacturonic acid, including homogalacturonan (HG), rhamnogalacturonan-I 
(RG-I) and substituted galacturonan, rhamnogalacturonan-II (RG-II); several 
plant cell walls also contain additional substituted galacturonans, known as 
apiogalacturonan and xylogalacturonan [16-18]. Pectin polysaccharides have 
numerous functions in plants: promoting cell adhesion, for instance, by dimeri-
zation of RG-II and cross-linking of HG; influencing on formation of secondary 
walls in fiber and wood tissue; creating reservoir of oligosaccharide signal mole-
cules, which are important for growth, development, and defence reactions in 
plants; ensuring ionic transport and water regime as hydrating polymers, and 
influencing on seed germination [17, 19, 20]. As a result of many years of re-
search, monoclonal antibodies detecting various pectin polymers in a plant cell 
wall have been obtained. Microscopic analysis of cell walls labeled by specific an-
tibodies had shown that pectin contributes significantly to heterogeneity of plant 
cell walls in various tissues and at different stages of ontogenesis [15, 16, 21-23]. 

Cell wall homogalacturonans at formation of symbiotic 
nodules. HG is about 65% of pectin representing a linear backbone of (1-4)-
linked -D-galacturonic acids, provided that HG is methylated in part and is 
acetylated to a lesser extent [17, 18]. During cellular differentiation, HG is syn-
thesized at plant Golgi apparatus and is secreted in form of polymers with high 
degree of methylation [16, 24]. Degree of HG methyl-esterification and acetyla-
tion is different in various plants; it is regulated during development by pectin 
methylesterases, inhibitors of pectin methylesterases, as well as by subtilisin-like 
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serine proteases and by at least one ubiquitin E3 ligase [25]. Activity of pectin 
degrading enzymes directly depends on presence of methyl esters [26, 27]. Pectin 
de-esterification in a cell wall by pectin methylesterase results in one of two oppo-
site scenarios [28, 29]: blocks of de-esterificated residues of galacturonic acid may 
be cross-linked by Ca2+ ions in form of «egg-boxes» to harden cell wall [5, 16, 25, 
30] or may be macerated by pectin degrading enzymes (for instance, polygalac-
turonases or pectate lyases), to soften cell wall [4, 31-33].  

Pectin methylesterase participates in differentiation of uninfected cells in 
nodules formed at secondary roots of tropic legumes, such as Sesbania rostrata 
Bremek. and Oberm, with Azorhizobium caulinodans [26]. In Medicago truncatula 
Gaertn., MtPER gene out of eight differentially expressed pectin methylesterase 
genes relates to symbiotic and functions at early stages of interaction with Sino-
rhizobium meliloti [34]. 

Electron microscopical studies had shown that rhizobia penetrate into 
small degraded area of plant cell wall. Known role of enzymes degrading the cell 
wall during the infection process allows bacteria to penetrate inside the plants [4, 
33]. HrpW gene referring to type III secretion system, which product had shown 
enzymatic activity of pectate lyase, was found in Rhizobium etli involved in sym-
biosis with Phaseolus vulgaris L. [35]. One of the first evidences of participation 
of plant enzymes degrading a cell wall during the infection process was obtained 
when studying the polygalacturonase gene of M. sativa L. (MsPG3) specifically 
expressed during the symbiosis with S. meliloti [36]. Pectate lyase (LjNPL), which 
is induced by Nod-factors and, evidently, participates in penetration of rhizobia 
into infection threads was found in Lotus japonicus (Regel) K. Larsen [37]. 

Immune-chemical method is often used for detailed localization of HG 
in plant tissues, at that partial or high methyl-esterified HG is detected by JIM7 
and LM20 antibodies, whereas low methyl-esterified or de-esterified – by JIM5 
and LM19 antibodies [38, 39]. Immunogold microscopy had shown different lo-
calization of pectin epitopes on cell walls [29]. De-esterified HG detected by 
JIM5 antibody is located on internal surface of primary cell walls adjacent to 
plasma membrane, in the middle lamella and mostly on the exterior surface of cell 
walls adjacent to intercellular spaces. For instance, high methyl-esterified HG de-
tected by JIM7 antibody is distributed evenly throughout the cell wall [38, 40]. 

HG localization is studied in detail in various legumes inoculated by rhi-
zobial symbiontes. Thus, high content of de-esterified HG was found in symbi-
otic nodules of pea (Pisum sativum L.) in primary cell walls of infected cells and 
in infection thread walls in nodules [14]. However, JIM5 label in older nonprolif-
erating cells was mainly limited by the middle lamella. Upon studying the inde-
terminate root nodules of Vicia hirsuta (L.) Gray and P. sativum induced by 
R. leguminosarum, it was shown that cellulose, xyloglucan and HG with various 
degree of methyl-esterification were present in walls of infection thread [10]. 
Determinate nodules of P. vulgaris had very narrow infection threads with little 
or no matrix material and more densely fibrillar wall, which was largely labeled 
by JIM5 antibody detecting the de-esterified HG [10]. In symbiotic nodules of 
P. sativum and M. truncatula localization of high methyl-esterified HG detecta-
ble by JIM7 antibody is appropriate to isodiametrically growing cells filled by 
developing bacteroids [41]. 

HG localization and distribution was analyzed when other components 
of legume-rhizobial interface were studied. Immune-cytochemical study of 
ENOD2 nodulin proline-rich extensin in nodules of P. sativum and Glycine max 
(L.) Merr. had shown that de-esterified HG is localized in intercellular spaces, 
where ENOD2 is accumulated [42]. Positively-charged lysine and histidine resi-
dues of ENOD2 could facilitate its interaction with negatively-charged lateral 
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chains of pectins of cell walls, thus, promoting pectin gelling on the boundary of 
cell wall and intercellular space [42]. Vesicular transport components, in particu-
lar VAMP721d and VAMP721e, play an important role in formation of symbi-
otic interface in M. truncatula nodules [43]. Large bacterial clusters embedded 
into the matrix of methyl-esterified and de-esterified HG surrounded by mem-
brane were found in G. max nodules with partially silenced GmVAMP721d gene. 
Besides, GmVAMP721d is partially colocalized with pectate lyase [44]. There-
fore, biological role of VAMP721d could be explained by its participation in de-
livery of pectin modifying enzymes to release site of rhizobia into the host cell 
cytoplasm. Moreover, abnormal endocytosis of de-esterified HG is observed in 
young infected cells of such nodules [44]. 

Immune-chemical study of boron-deficit P. sativum plants had shown 
that, apart from control nodules, de-esterified HG detected by JIM5 antibody 
was evenly localized along the entire thickness of a cell wall and even in cyto-
plasm [45, 46]. At that, distribution of high methyl-esterified HG detected by 
JIM7 antibody remained unchanged. For investigation of possible participation 
of pectins in inhibition of aluminum-based growth, distribution of HG with dif-
ferent degree of methyl-esterification in apoplast of P. sativum nodules was stud-
ied [47]. When treated by aluminum, number of epitope labels of de-esterified HG 
and HG with association of pectic chains through calcium ions in thick infection 
thread walls had been increased. In contrast, epitope of high methyl-esterified HG 
was evenly distributed along all cell walls in nodules, and its quantity had been 
decreased during treatment. These results denote the specific role of HG de-
esterification during thickening of a cell wall and inhibition of growth [47]. 

The study of ineffective legume-rhizobial interaction with the use of 
symbiotic mutants of P. sativum had shown that abundant deposition of de-
esterified HG marked by JIM5 antibody in single or double mutants carrying 
mutation in PsSym33 gene was observed in walls of infection threads [11]. De-
esterified HG in RisFixV (Pssym42) mutant was unevenly distributed in callose-
impregnated walls of infection threads and in cell walls of infected cells. The 
other specific feature of RisFixV (Pssym42) was presence of JIM5 label around 
the degrading bacteroids, which points out the incapsulation of the ineffective 
bacteroids by de-esterified HG [11]. In pea mutants, without any abnormalities in 
development of infection threads, the SGEFix-3 (Pssym26) and Sprint-2Fix 
(Pssym31), distribution of de-esterified HG did not differ from that in the wild 
type, and quantity of HG was insignificant [41]. 

The same pattern of de-esterified HG distribution was observed in nod-
ules of M. truncatula ineffective symbiotic mutants ipd3, dnf1-1 and efd-1 [41]. 
Herewith, quantity of deposited de-esterified HG was lower in all M. truncatula 
mutant genotypes than in wild type. However, in ipd3 mutant nodules content of 
de-esterified HG had increased with age. It is interesting to note that doubling 
of the quantity of de-esterified HG labels was also observed in M. truncatula mu-
tant dnf1-1, which is characterized by undifferentiated bacteroids [41]. 

Cell wall rhamnogalacturonan II at formation of symbiotic 
nodules . RG-II comprises  10% of pectin and is the most complicated, as 
well as the most structurally conservative pectin polysaccharide. It is known, that 
RG-II molecules are interrelated forming RG-II dimers that is covalently cross-
linked by a borate diester [17, 18]. Complex and conservative RG-II with 12 
various sugars and over 20 types of links has the critical function in growth and 
development of plants, provided that even insignificant changes in RG-II struc-
ture may negatively influence on the growth of plants (to result in the dwarf 
phenotype) [28]. There is a growing body of evidences that boron and calcium 
are synergetic at formation of the primary pectin network of cell walls and that 
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change in properties of such network influence on plant growth [48-50]. Cell 
wall pectins, in particular RG-II, contain over 60% of the total quantity of bo-
ron in a cell. Numerous studies had shown that boron is a necessary microelement 
at development of legume-rhizobial symbiosis [48, 50-54]. 

Since currently existing RG-II antibodies are not characterized in detail, 
it restrains their use at determination of RG-II localization in a cell wall [49]. 
However, results obtained with the use of such antibodies suggest that RG-II is 
distributed all along the primary wall and is especially abundant near the plasma 
membrane (as compared to the middle lamella, where it lacks) [55]. After alka-
line treatment of several, but not all tissues, quantity of labels in primary walls is 
increased, i.e. it could be assumed that epitopes detected by RG-II antibodies 
are masked due to esterification [49]. 

While studying the nodule formation in control plants P. sativum, locali-
zation of RG-II was found in the interface between the plasma membrane and 
cell wall [46]. Unlike the control nodules, RG-II label in boron-deficit plants 
located evenly along the thickness of cell wall and even in cytoplasm; thereat 
addition of Ca2+ had not restored the initial localization of RG-II in full [46]. It 
was shown later that RG-II in nodules of control plants P. sativum had also lo-
calized at peribacteroid membrane of undifferentiated bacteroids, however grad-
ually disappeared later during the bacteroid maturation [45]. Symbiosomes in 
boron-deficit nodules had differentiated in aberrational manner and no RG-II 
was present on peribacteroid membrane due to the abnormal transport of vesi-
cles with pectin to cell membranes [45]. RG-II in combination with boron and 
arabinogalactan-protein extensins in control plants was observed in infection 
thread matrix separated from the rhizobia cells by exopolysaccharide capsule 
[56]. RG-II in combination with arabinogalactan-protein extensins in boron-
deficit plants was closely related to rhizobia surface in the lumen of infection 
threads [56]. Besides, rhizobia colonies grown without boron in free-living culture 
had weakly formed the capsule. 

RG-II distribution in G. max plants with partially silenced GmVAMP721d 
gene was unchanged as compared to control nodules [44]. 

Cell wall rhamnogalacturonan I at formation of symbiotic 
nodules . RG-I comprises 20-35% of total pectin cell wall. RG-I has a disac-
charide repeat backbone of (1,2)-linked residues of -L-rhamnose and (1,4)-
linked residues of -D-galacturonic acid. Depending on a cell type and devel-
opment stage, up to 20-80% of rhamnose residues relates to side (mainly linear, 
but also branched) arabinan, galactan, arabinogalactan or fucosyl chains [17, 
18]. RG-I, provided all differences in its structure, usually forms a part of thin 
primary cell walls, where it plays a role of some “glue” for connecting with 
neighboring cells [57]. Herewith, RG-I specific for tissue and development stage 
is yet characterized for a single cell type, the plant fibre forming so called gela-
tin-like type of cell walls [57, 58]. RG-I is the most structurally heterogenic pec-
tin, and prevalence and composition of side chains of RG-I significantly varies 
depending on the cell type, development stage and type of plant [39]. RG-I 
backbone plays an important role in integrity and functioning of cell wall since 
its degradation caused by hydrolase expression results in morphological changes 
[33]. Herewith, part of RG-I molecules interacts with cellulose microfibrils, and 
RG-I with galactan side chains with average polymerization degree is capable of 
self-linking due to galactose chains [57]. Studying of RG-I due to cell functions is 
focused on the role of such polysaccharides in ensuring of mechanic properties of 
a cell wall, such as its hardness and elasticity [23, 57, 59]. However, main contri-
bution of galactan-rich RG-I to mechanical hardness of a cell wall is unknown. 

Immunogold study had shown that distribution of RG-I in tissues of 
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leaves and roots is limited by the middle lamella, whereas 80-90% of labeling re-
lates to expanded areas of middle lamella at intercellular junctions. At cell ex-
pansion, RG-I is present in cisterns and vesicles of Golgi apparatus, which con-
firms that Golgi apparatus serves the main synthesis point of non-cellulose poly-
saccharides of a cell wall. Besides, it was found that RG-I is practically absent in 
forming cell plate at cell division [60, 61]. 

Functions of side RG-I chains are still unclear in general. Arabinan and 
galactan side chains of RG-I are characterized by clear and mutually exclusive 
localization; generally, arabinan usually prevails in younger cells, whilst galactan 
share is usually higher during cell expansion [19, 21, 23, 62, 63]. Arabinan re-
placement by galactan in epidermal cells denotes the switch-over to differentia-
tion of such cells and makes cell walls less flexible and more resistant to degra-
dation. It is assumed that complementary pattern of epitope of galactan side 
chains of RG-I may reflect the need for maintenance of elastic properties in tis-
sue with high density of sieve elements [64]. 

RG-I (1,5)--L arabinan side chains in Arabidopsis are abundant in cell 
wall of pollen tube. They may play an important role in prevention of formation 
of HG-polymers and participate in cell adhesion [65]. At early stages of rhizobial 
infection processes the polar growth of pollen tubes and infection threads may 
have similar mechanisms and regulators [34]. However, the role of RG-I in de-
velopment of legume-rhizobial symbiosis was not studied thus far. We have for 
the first time studied distribution of RG-I in legume-rhizobial nodules in P. sa-
tivum and M. truncatula [41, 66]. For this end, LM5 antibodies detecting (1→4)-
β-galactan side chain of RG-I were used. Fluorescent label was registered in me-
ristem cell walls and vascular bundles in nodules of both species, as well as in 
endoderm, which consists of cells serving an “oxygen barrier”, as well as in 
three-cell junctions in pea nodules. Besides, LM5 antibody had labeled walls of 
infection threads in P. sativum nodules, but label was absent in M. truncatula 
nodules. At the same time, LM5 antibody label was absent in walls of some in-
fection threads in pea mutant SGEFix-2 (Pssym33-3), and mutant SGEFix-3 
(Pssym26) had abnormal accumulation of epitope of galactan side chain of RG-I 
in cell wall of uninfected cells in senescence zone of nodule [41]. 

Recently discovered ability of Pectobacterium atrosepticum to form bacte-
rial emboli in vessels of primary xylem [67] gives insight into the possible role of 
RG-I at development of ineffective nodules. Thus, while studying of P. sativum 
mutant SGEFix-2 (Pssym33-3) we have found that cell wall material containing 
high methyl-esterified HG and linear (1→4)-β-galactan side chain of RG-I was 
accumulated around tonoplast in infected cells of nodules [66]. Besides, such 
material formed certain outgrowths and drops in the lumen of the vacuole. Elec-
tron-dense matrix with LM5 antibody label, in which rhizobia was embedded, 
was observed in some infection threads. These phenotypic features of the muta-
tion in PsSym33 gene resemble of formation of bacterial emboli at invasion of P. 
atrosepticum [67]. Previously, intensive defence reactions – suberinization, depo-
sition of de-esterified HG in walls of infection threads and increase of peroxi-
dase gene expression were described in Pssym33-3 mutant [11]. Deposition of 
cell wall material around the tonoplast and formation of pectin gel in matrix of 
infection threads is another manifestation of defence reaction in host plant and 
perception of rhizobia as a pathogen.  

Thus, pectin which is one of the main components of cell wall plays an 
important role in establishment and functioning of symbiotic interface in legume 
nodules. Although recently the role of all three main pectin types: homogalac-
turonan, rhamnogalacturonan-I and rhamnogalacturonan-II has been analyzed, 
our knowledge about the functions of each pectin type are unequal. The most 
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studied is homogalacturonan, which is explained by existence of high specific 
monoclonal antibodies to this polysaccharide. Function of homogalacturonan 
in nodules is determined by its methylation level. It was found that low me-
thyl-esterified homogalacturonan participates in rigidity increase of cell walls 
and walls of infection threads, especially at ineffective interaction with rhizobia 
and under influence of abiotic stresses. High methyl-esterified homogalac-
turonan participates at all developmental stages of nodule. Studying of rham-
nogalacturonan-II is challenged due to absence of characterized antibodies. 
However, it is reported that in nodules rhamnogalacturonan-II is present in the 
cell wall at the border with the plasma membrane, in undifferentiated symbio-
somes, and also in the matrix of infection threads. It is assumed that rham-
nogalacturonan-II in combination with boron and arabinogalactan-protein ex-
tensins facilitates movement of rhizobia in infection threads. With regard to 
rhamnogalacturonan-I, which role in development of nodules remained un-
studied until recently, we had shown that it is present in meristem cell walls, vas-
cular bundles and infection thread walls. However, the exact function of rham-
nogalacturonan-I is not yet clear. Therefore, although participation of all pectin 
types in development of symbiotic nodules it now known, identification of their 
specific functions needs further research. In particular, analysis of rhamnogalac-
turonan-II in ineffective mutant nodules with abnormalities in development of 
infection thread may confirm the hypothesis of its participation in growth of in-
fection thread and movement of bacteria along it. Studying of rhamnogalac-
turonan-I and its side chains with the use of various antibodies is of great inter-
est to confirm species-specificity of the content of infection thread walls. 
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