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Abstract
Infection of host cells by nitrogen-fixing soil bacteria, known as rhizobia, involves the progressive remodelling of the plant–
microbe interface. This process was examined by using monoclonal antibodies to study the subcellular localisation of pectins and
arabinogalactan proteins (AGPs) in wild-type and ineffective nodules of Pisum sativum and Medicago truncatula. The highly
methylesterified homogalacturonan (HG), detected bymonoclonal antibody JIM7, showed a uniform localisation in the cell wall,
regardless of the cell type in nodules of P. sativum and M. truncatula. Low methylesterified HG, recognised by JIM5, was
detected mainly in the walls of infection threads in nodules of both species. The galactan side chain of rhamnogalacturonan I
(RG-I), recognised by LM5, was present in the nodule meristem in both species and in the infection threadwalls inP. sativum, but
not in M. truncatula. The membrane-anchored AGP recognised by JIM1 was observed on the plasma membrane in nodules of
P. sativum andM. truncatula. InP. sativum, the AGP epitope recognised by JIM1was present onmature symbiosomemembranes
of wild-type nodules, but JIM1 labelling was absent from symbiosome membranes in the mutant Sprint-2Fix− (sym31) with
undifferentiated bacteroids, suggesting a possible involvement of AGP in thematuration of symbiosomes. Thus, the common and
species-specific traits of cell wall remodelling during nodule differentiation were demonstrated.
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Abbreviations
MAb Monoclonal antibody
HG Homogalacturonan
RG-I Rhamnogalacturonan I
AGP Arabinogalactan protein
PBS Phosphate-buffered saline
BSA-C Acetylated bovine serum albumin

DAI Days after inoculation

Introduction

The processes of plant cell growth and plant interaction with
microbes are inextricably linked in nature, and the plant cell
surface is of great importance in both phenomena (Lionetti
et al. 2012; Bellincampi et al. 2014). The cell wall and the
underlying plasma membrane play an important role in the
growth and differentiation of tissues. Cell walls are composed
primarily of polysaccharides which can be subdivided into
three major classes: cellulose, pectins, and hemicelluloses
(Cosgrove 2005). In addition to polysaccharides, most plant
cell walls contain small amounts of structural proteins and
glycoproteins such as extensins and arabinogalactan proteins.

During the interaction with rhizobia, the cell walls and
extracellular matrix of legumes are part of the intimate inter-
face for developmental coordination and nutrient exchange
(Rae et al. 1992; Rich et al. 2014). In incompatible interac-
tions, extracellular matrix can be modified and made more
resistant to invasion by the addition of secondary metabolites
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such as lignin and suberin (Ivanova et al. 2015), or by the
cross-linking of cell wall proteins (Tsyganova et al. 2009a).

Infection of host cells by rhizobia involves the progressive
remodelling of the plant–microbial interface. Tissue and cell
infection by rhizobia is generally associated with some form
of infection thread structure (Brewin 2004). This originates by
the invagination of the plasma membrane at the point of pen-
etration of rhizobia into the root hair, and it grows as a result of
the synthesis of new wall material. The infection thread is
surrounded by a wall continuous with the plant cell wall and
with similar polysaccharide composition and grows at its apex
as an intrusive tube within the plant cytoplasm. In the lumen
of the infection thread, the bacteria are embedded in an amor-
phous matrix material comprising root nodule AGP-extensins
and other plant glycoproteins that are secreted into the lumen.
The luminal matrix probably becomes solidified as a result of
protein cross-linking by hydrogen peroxide (Brewin 2004).

The cells which contain infection threads and infection
droplets can be subdivided into two groups. The first group
includes infected cells in which bacteria are released from
infection droplets into the host cytoplasm. The second group
includes colonised cells in which infection structures (infec-
tion threads and infection droplets) have penetrated host cells,
but bacterial release did not occur.

To characterise very diverse plant cell wall components,
biochemical tools are required that can identify the molecular
structures of polysaccharides with high precision. However,
this method can only be applied to tissue homogenates from
whole organs, and thus it remains unclear which tissue and
cell types contain the identified molecules. Monoclonal anti-
bodies (MAbs) developed against cell wall polymers provide
an important analytical tool for the study of plant cell wall
structure and function at the cellular and tissue level
(Bradley et al. 1988; Knox 2008; Ruprecht et al. 2017;
Rydahl et al. 2018). Moreover, MAbs have been used to char-
acterise plants carryingmutations in genes associated with cell
wall biosynthesis and metabolism. Previous studies have used
MAbs that bind epitopes present on homogalacturonan (HG)
(Ivanova et al. 2015; Sujkowska-Rybkowska and Borucki
2015; Gavrin et al. 2016), rhamnogalacturonan I (RG-I)
(Balestrini et al. 1996; Torode et al. 2018), arabinogalactan
protein (AGP), and arabinogalactan protein-extensins
(Perotto et al. 1991; Rae et al. 1992; Kardailsky et al. 1996;
Tsyganova et al. 2009b) to localise these epitopes in different
plant cells and tissues.

In our previous work, we described the distribution of par-
tially methylesterified (unesterified) HG recognised by JIM5
in pea mutants that are ineffective in symbiotic nitrogen fixa-
tion (Ivanova et al. 2015). The increase in deposition of
unesterified pectin in infection thread walls was observed for
mutants SGEFix−-2 (sym33) and RisFixV (sym42).
Unesterified pectin was also found around degrading bacte-
roids in the mutant RisFixV (sym42). The aim of the present

study was to analyse the modification and remodelling of the
plant cell surface during nodule development. We used mono-
clonal antibodies to characterise the distribution of the HG,
RG-I and AGP in wild-type and ineffective mutant nodules in
pea (Pisum sativum L.) and barrel medic (Medicago
truncatula Gaertn.). Surprisingly, we found that the pattern
of distribution for RG-I and AGP epitopes in the nodules of
M. truncatula differs from that in the nodules in P. sativum. It
seems that the cell wall remodelling during the nodule devel-
opment has both a conservative and species-specific character.

Material and methods

Plant material

P. sativum and M. truncatula ineffective (Fix−) mutants
blocked at different stages of nodule development and corre-
sponding wild types were used (Table 1).

Bacterial strains, inoculation and plant growth
conditions

Seeds were surface-sterilised as described previously (Kitaeva
et al. 2016). In all experiments, P. sativum plants were inocu-
lated with Rhizobium leguminosarum bv. viciae strain 3841
(Wang et al. 1982) as described previously (Ivanova et al.
2015). M. truncatula plants were inoculated with
Sinorhizobium meliloti strain 490, constitutively expressing
an mCherry fluorescent protein (a derivative of the pHC60
(tetR) plasmid (Cheng and Walker 1998), in which the GFP
coding sequence was replaced by the mCherry coding se-
quence (J. Fournier, LIPM, Toulouse, France, unpublished
results) as described previously (Kitaeva et al. 2016). Seeds
were planted in plastic pots containing 200 mL of vermiculite
and 100 mL nutrient solution without nitrogen (Fåhraeus
1957). Plants were grown in a growth chamber MLR-352H
(Sanyo Electric Co., Ltd., Moriguchi, Japan) under controlled
conditions: day/night, 16/8 h; temperature, 21 °C; relative
humidity 75%; photosynthetic photon flux density of ~
280 μmol photons m−2 s−1.

For immunocytochemical analysis, three independent ex-
periments were performed. Nodules of P. sativum were har-
vested at 14 and 28 DAI. Nodules of M. truncatula were
harvested 13 and 28 DAI for A17 and dnf1–1, 11 and 28
DAI for efd–1, and 16 and 28 DAI for TR3 (ipd3), depending
on nodule growth rate of each genotype. For each variant, ten
nodules from different plants were analysed.

Antibodies

Four primary antibodies were used for immunodetection of
cell wall antigens (Table 2).
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Sample preparation

Nodules were harvested from roots and transferred directly
into fixative. Whole nodules were fixed in 2.5% (v/v) glutar-
aldehyde in 0.06 M phosphate buffer, pH 7.2. Nodules were
given a glancing cut on one side to allow better penetration of
the fixative. After vacuum infiltration, floating nodules were
discarded and the fixative was replaced with fresh solution.
After overnight incubation at room temperature, nodules were
dehydrated in an ethanol series: 30% at 0 °C for 30 min, 50,
70, 90% and 100% at −35 °C for 1 h at each step. For infil-
tration and polymerisation of P. sativum and M. truncatula
nodules, London Resin White (Polysciences Europe,
Eppelheim, Germany) and Lowicryl K4M Resin
(Polysciences Europe, Eppelheim, Germany) were used, ac-
cordingly. Subsequently, specimens were gradually infiltrated
with increasing concentrations of resin in the ratio 1:1, 1:2, 1:3
mixed with ethanol (100%) and finally embedded in

corresponding resin using UV polymerisation in a Leica EM
AFS2 (Leica Microsystems, Vienna, Austria) at − 20 °C for
48 h in small plastic containers.

Fluorescence microscopy

For fluorescence microscopy, the embedded material was cut
into semi-thin sections (1–2 μm) on a Leica EM UC7 ultra-
microtome (Leica Microsystems, Wetzlar, Germany).
Sections were placed on glass slides SuperFrost (Menzel-
Gläser, Thermo Fisher Scientific, Waltham, MA USA).
After blocking of non-specific binding sites by incubating
the sections in a blocking solution (5% (w/v) bovine serum
albumin (BSA), 0.5% (w/v) goat serum, 0.05% (w/v) cold
water fish skin (CWFS)) and following the wash of the slides
with 3% BSA (w/v) in PBS (2.48 g/L NaH2PO4, 21.36 g/L
Na2HPO4, 87.66 g/L NaCl, pH 7.2) during 15 min, the sec-
tions were incubated with a selected primary MAb diluted
(Table 2) in 3% BSA in PBS (pH 7.2) at 37 °C for 1 h. The
samples were washed again in 3% BSA in PBS (pH 7.2) two
times for 20min each. The incubation with the secondary goat
anti-rat IgG MAb conjugated with Alexa Fluor 488 (Life

Table 1 Plant material used in the study

Lines Phenotype References

P. sativum L.

SGE Wild-type Kosterin and Rozov (1993);
Tsyganov et al. (1998)

SGEFix−-1
(sym40)a

Hypertrophied infection
droplets and infection
threads, abnormal
bacteroids

Tsyganov et al. (1994);
Tsyganov et al. (1998);
Voroshilova et al. (2001)

SGEFix−-2
(sym33)b

Abnormal infection thread
growth inside nodule, no
bacterial releasec

Tsyganov et al. (1994);
Tsyganov et al. (1998);
Voroshilova et al. (2001)

SGEFix−-3
(sym26)

Early senescence Tsyganov et al. (2000);
Serova et al. (2018)

Sprint-2 Wild-type Borisov et al. (1994)

Sprint-2Fix−

(sym31)
Undifferentiated bacteroids Borisov et al. (1994);

Borisov et al. (1997)

M. truncatula Gaertn.

cv Jemalong
A17

Wild-type

efd–1 Hypertrophied infection
droplets and infection
threads, abnormal
bacteroids

Vernié et al. (2008)

TR3 (ipd3) Abnormal infection thread
growth inside nodule, no
bacterial release

Maunoury et al. (2010);
Ovchinnikova et al.
(2011)

dnf1–1 Undifferentiated bacteroids Van de Velde et al. (2010);
Wang et al. (2010)

a The Sym40 gene is orthologous to the M. truncatula EFD gene
(Nemankin 2011)
b The Sym33 gene is orthologous to the M. truncatula IPD3 gene
(Ovchinnikova et al. 2011)
c The mutant line SGEFix− -2 (sym33) has leaky phenotype and in some
cells or some nodules bacterial release occurs (Tsyganov et al. 1998;
Voroshilova et al. 2001)

Table 2 Primary antibodies used in the study

Antibody Dilution
FM/IGL

Antigen/epitope Reference/
source

Pectins

JIM5 1:25/1:10;
1:25

HG domain of pectic
polysaccharides,
recognises partially
methylesterified epitopes
of HG, can also bind to
unesterified HG

Knox et al.
(1990);
Verhertbrugg-
en et al.
(2009)/www.
plantprobes.
net

JIM7 1:25/1:10;
1:25

HG domain of pectic
polysaccharides,
recognises partially
methylesterified epitopes
of HG but does not bind to
unesterified HG

Knox et al.
(1990);
Verhertbrugg-
en et al.
(2009)/www.
plantprobes.
net

LM5 1:25/1:10;
1:25

Rhamnogalacturonan-I/linear
(1–4)-β-D-galactan with at
least three galactose units at
non-reducing end

Jones et al.
(1997);
Andersen
et al.
(2016)/www.
plantprobes.
net

Arabinogalactan protein

JIM1 1:25/1:25;
1:50

Plasma membrane
arabinogalactan
protein/β-linked-galactosyl

Knox and
Roberts
(1989)/www.
plantprobes.
net

FM fluorescence microscopy, IGL immunogold labelling
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Technologies, Grand Island, NY, USA) in 3% BSA in PBS
(diluted 1:200) was conducted for 1 h at 37 °C. Then, samples
were washed with PBS twice for 20 min each. After a com-
plete drying, sections were covered with a drop of ProLong
Gold® antifade reagent (Life Technologies, Grand Island, NY,
USA). The sections were examined on a microscope Axio
Imager.Z1 (Carl Zeiss, Jena, Germany). Photos were taken
using a digital video camera Axiocam 506 (Carl Zeiss, Jena,
Germany).

Transmission electron microscopy

The immunogold labelling was described previously
(Tsyganova et al. 2009b; Ivanova et al. 2015). Briefly, for
transmission electron microscopy, gold sections, 90–100 nm
thick were obtained with a Leica EM UC7 ultramicrotome
(Leica Microsystems, Wetzlar, Germany) and collected on
formvar-coated gold grids. The grids were placed in PBS for
30 min and 2.50 mМ (w/v) glycine for 60 min and were
blocked in 1% BSA (w/v) in PBS for 2 h and then were
washed in 0.1%BSA-C in PBS. Sections were incubated with
primary antibody diluted (Table 2) in PBS containing 0.1%
BSA-C overnight at 4 °C in a moist chamber. The sections
were washed five times in PBS containing 0.1% BSA-C and
Tween20 and incubated for 2 h in a moist chamber with sec-
ondary antibody, rabbit anti-rat conjugated to 10 nm diameter
colloidal gold (Amersham International, Little Chalfont, UK),
diluted 1:50 in 0.1% BSA-C in PBS. The grids containing
sections were washed four times in 0.1% BSA-C in PBS con-
taining Tween20 and twice in water. After washing, sections
were counterstained in 2% (w/v) aqueous uranyl acetate,
followed by lead citrate for 5 min. Ultrathin sections of the
selected area were examined using a Tecnai G2 Spirit electron
microscope (FEI, Eindhoven, the Netherlands) at 80 kV.
Digital micrographs were taken with a MegaView G2 CCD
camera (Olympus-SIS, Münster Germany).

Quantitative analysis of immunogold labelling

For statistical analysis, at least 5 different samples of nodules
and at least 20 sectioned walls of infection threads for JIM5
and 100 sectioned symbiosomes for JIM1 were examined.
Morphometrical data were obtained as described by Ivanova
et al. (2015). Briefly, at least three areas of wall section for
each infection thread were evaluated and the number of gold
particles per unit area was calculated. The areas and the num-
ber of gold particles were measured using software Zen 2 Core
version 2.5 (Carl Zeiss, Jena, Germany). The data were pre-
sented as the number of gold particle/μm2. They were
analysed by t test using the software SigmaPlot for Windows
version 12.5 (Systat Software, Inc., San Jose, California,
USA). Means were separated by the Mann-Whitney Rank
Sum test (P ≤ 0.001).

Controls of the specificity of the immunolabelling

The specificity of the fluorescence and the immunogold label-
ling procedures was tested by several negative controls.
Negative controls were treated either with (i) non-specific sec-
ondary antibody (goat anti-mouse IgG) and (ii) gold conjugat-
ed secondary antibody (goat anti-rat IgG) without the primary
antibody.

Negative controls revealed that no labelling occurred on
the sections when they were treated with (i) non-specific sec-
ondary antibody (Fig. S1a, c) and (ii) gold-conjugated second-
ary antibody without the primary antibody (Fig. S1b, d). No
specific label was detected, but autofluorescence was ob-
served on both variants of control sections.

Results

Immunolocalisation of homogalacturonan epitopes
in effective and ineffective nodules of P. sativum
and M. truncatula

The distribution of highly methylesterified HG in nodules of
P. sativum and M. truncatula was studied using MAb JIM7.
The JIM7 epitope was predominantly present in the cell walls
of infected and uninfected cells and also in the infection thread
walls in all analysed genotypes of both species (Fig. 1). A low
amount of this epitope was noted also in the cytoplasm and near
the vacuole of the infected cells in M. truncatula wild-type
A17, the mutant lines efd–1 and TR3 (ipd3) (Fig. 1a–c respec-
tively) and in P. sativum mutant line SGEFix−-1 (sym40) (Fig.
1f). Immunogold localisation of JIM7 epitope showed that
highly methylesterified HG was distributed evenly in cell walls
and infection thread walls in small quantities in all genotypes
analysed (Fig. 2a, b, d, f). In P. sativummutant line SGEFix−-1
(sym40), gold particles of JIM7 were observed near the sites of
bacterial release (Fig. 2c). InM. truncatulamutant TR3 (ipd3),
JIM7 labelling was detected in the amorphous material near the
infection thread wall (Fig. 2e).

Immunolocalisation of the low methylesterified
(unesterified) HG epitope labelled by MAb JIM5 showed that
JIM5 epitope was present mostly in the infection thread walls
and in cell walls in the sites of the cell junctions in symbiotic
nodules of M. truncatula (Fig. 3a–d). Immunogold
localisation did not reveal any significant differences in the
distribution of unesterified HG epitope in the infection thread
walls between analysed genotypes (Fig. 4). However, the
quantitative analysis showed that the pectic epitope
recognised by MAb JIM5 was increased with nodule ageing
in all genotypes except efd–1 (Table 3) and the amount of label
was significantly higher in wild-type nodules in comparison
with mutant nodules, except for 28-day-old nodules of the
mutant TR3 (ipd3) (Table 3).
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Fig. 2 Immunogold localisation of highly methylesterified
homogalacturonan epitope labelled with JIM7 in the nodules of wild-
type and mutant lines from P. sativum (a–d) and M. truncatula (e, f).
The secondary antibody used was goat anti-rat IgG MAb conjugated to
10 nm diameter colloidal gold. IT infection thread, ITW infection thread
wall, ID infection droplet, CW cell wall, ICS intercellular space, B

bacterium, RB releasing bacterium, Ba bacteroid; arrows indicate gold
particles. aWild-type SGE, 14 DAI. bWild-type SGE, 28 DAI. cMutant
SGEFix−-1 (sym40), 14 DAI. d Mutant SGEFix−-2 (sym33), 14 DAI. e
Mutant TR3 (ipd3), 28 DAI. fMutant dnf1–1, 13 DAI. Bar = 500 nm (a,
c–f); bar = 200 nm (b)

Fig. 1 Fluorescent immunolocalisation of highly methylesterified
homogalacturonan epitope labelled with JIM7 in nodules from wild-
type and mutant lines of M. truncatula (a–d) and P. sativum (e–h). The
secondary antibody used was goat anti-rat IgG MAb conjugated with
Alexa Fluor 488. IC infected cell, CC colonised cell, ID infection droplet;

arrows indicate infection threads. a Wild-type A17, 13 DAI. b Mutant
efd–1, 11 DAI. cMutant TR3 (ipd3), 16DAI. dMutant dnf1–1, 13DAI. e
Wild-type SGE, 14DAI. fMutant SGEFix−-1 (sym40), 14 DAI. gMutant
SGEFix−-2 (sym33), 14 DAI. h Mutant Sprint-2Fix− (sym31), 14 DAI.
Bar = 20 μm (a, e–h), bar = 10 μm (b, c), bar = 200 μm (d)
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Fig. 4 Immunogold localisation
of low methylesterified
(unesterified) homogalacturonan
epitope labelled with JIM5 in the
nodules of M. truncatula wild-
type and mutant lines. The sec-
ondary antibody used was goat
anti-rat IgG MAb conjugated to
10 nm diameter colloidal gold. IT
infection thread, ITW infection
thread wall, CW cell wall, B bac-
terium; arrows indicate gold par-
ticles. a Wild-type A17, 13 DAI.
bMutant efd–1, 11 DAI. cMutant
TR3 (ipd3), 16 DAI. d Mutant
dnf1–1, 13 DAI. Bar = 500 nm

Fig. 3 Fluorescent immunolocalisation of low methylesterified
(unesterified) homogalacturonan epitope labelled with JIM5 in nodules
fromwild-type andmutant lines ofM. truncatula (a–d) and P. sativum (e–
h). The secondary antibody used was goat anti-rat IgG MAb conjugated
with Alexa Fluor 488. IC infected cell, CC colonised cell, DIC degrading
infected cell, ID infection droplet; arrows indicate infection threads. a

Wild-type A17, 13 DAI. b Mutant efd–1, 11 DAI. c Mutant TR3
(ipd3), 16 DAI. d Mutant dnf1–1, 13 DAI. e Wild-type SGE, 14 DAI. f
Mutant SGEFix−-1 (sym40), 14 DAI. g Mutant SGEFix−-2 (sym33), 14
DAI. h Mutant SGEFix−-3 (sym26), 14 DAI. Bar = 20 μm (a, e–h),
bar = 10 μm (c, d)
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Fluorescence microscopy showed that in P. sativum, the
JIM5 epitope was detected in cell walls and infection thread
walls in all genotypes investigated (Fig. 3e–h) but in mutants
SGEFix−-1 (sym40) (Fig. 3f) and SGEFix−-2 (sym33) (Fig.
3g), the JIM5 label was more abundant in cell walls.
Previously, we have demonstrated that the amount of JIM5
label in infection thread walls was highly increased in
SGEFix−-2 (sym33) nodules (Ivanova et al. 2015). In this
study, quantitative analysis of JIM5 label revealed a slight
decrease in its amount in SGEFix−-3 (sym26) and Sprint-
2Fix− (sym31) in comparison with SGE and Sprint-2
(Table 4).

Immunolocalisation of rhamnogalacturonan-I epitope
in effective and ineffective nodules of P. sativum
and M. truncatula

Fluorescent microscopy of the linear (1–4)-β-D-galactan
epitope of RG-I recognised by the MAb LM5 showed
that, in symbiotic nodules of M. truncatula, labelling
was observed only in meristematic cell walls in wild-
type A17 (Fig. S2a) and corresponding mutants (data
not shown) at both the dates of analysis. In nodules of
P. sativum, LM5 labelling was defined in walls of meri-
stematic (data not shown), endodermis and phloem cells
and also in infection thread walls in all genotypes
analysed (Fig. S2 and Fig. 5). LM5 epitope was also pres-
ent in the sites of the junctions of uninfected cells in the
mutant line SGEFix−-2 (sym33) (Fig. S2b). The high in-
tensity of fluorescence labelling by LM5 was detected in
the cell wall of the nodule endodermis (Fig. S2c) and
vascular bundles (Fig. S2d). In infected cells of
P. sativum wild-type SGE (Fig. 5a) and mutant line
Sprint-2Fix− (sym31) nodules (Fig. 5f), the intense signal
of LM5 epitope labelling was observed mainly in the in-
fection thread walls. The LM5 label was also observed in
infection thread walls in colonised cells of the mutants
SGEFix−-1 (sym40) (Fig. 5b) and SGEFix−-2 (sym33)
(Fig. 5c). However, it was absent in some infection thread
walls in mutant line SGEFix−-2 (sym33) (Fig. 5d). In the
mutant line SGEFix−-3 (sym26), which has an early se-
nescence phenotype (Serova et al. 2018), LM5 epitope
was observed in the cell wall of senescent uninfected cells
(Fig. 5e). Immunogold analysis confirmed the localisation
of the LM5 antibody in infection thread walls of wild
types and mutant pea lines (Fig. 6). The linear (1–4)-β-
D-galactan epitope of RG-I recognised by the MAb LM5
was not detected in any of the colonised or infected cells
in symbiotic nodules of M. truncatula, independent of the
genotype.

Immunolocalisation of arabinogalactan protein
epitope in effective and ineffective nodule
of P. sativum and M. truncatula

The AGP epitope recognised by the MAb JIM1 was pres-
ent in a very low amount in the plasma membrane of the
infected cells of M. truncatula (Fig. 7a and Fig. S3). In
14-day-old nodules of P. sativum wild-type SGE, the
JIM1 label was observed in the symbiosome and plasma
membranes of the infected cells (Fig. 7b). In 28-day-old
nodules, the intensity of the fluorescent signal associated
with the symbiosome membrane was significantly in-
creased (Fig. 7c). In 14-day-old nodules of mutant line
SGEFix−-1 (sym40), characterised with abnormal bacte-
roids (Tsyganov et al. 1998), the level of JIM1 labelling

Table 3 Distribution of unesterified HG epitope labelled with JIM5 in
infection thread walls in wild-type and mutant lines of M. truncatula

Genotypes Days after inoculation (DAI) Mean value SE

cv Jemalong A17 (wt) 13 68.4c 4.3

28 84.4 2.7

efd–1 11 57.1a 3.1

28 59.3b 2.3

TR3 (ipd3) 16 47.2ac 3.5

28 94.8b 4.0

dnf1–1 13 34.5ac 2.7

28 64.6b 4.2

Results are presented as the number of gold particles/μm2 . Mean value ±
SE (n = 20–25) are shown. Letters indicate statistically significant differ-
ences (t test, P value ≤ 0.001)
a From the wild-type A17 of corresponding mutant lines at 2 WAI
b From the wild-type A17 of corresponding mutant lines at 4 WAI
cWithin genotype compared with 4 WAI

Table 4 Distribution of unesterified HG epitope labelled with JIM5 in
infection thread walls in wild-type and mutant lines of P. sativum L. at
14 days after inoculation (DAI)c

Genotypes Mean value SE

SGE (wt) 123 6.5

SGEFix−-3 (sym26) 93a 8.1

Sprint-2 (wt) 112 8.6

Sprint-2Fix− (sym31) 103b 8.3

Mean value ± SE (n = 20–25) are shown. Letters indicate statistically
significant differences (t test, P value ≤ 0.001). Results are presented as
the number of gold particles/μm2

a From the wild-type SGE of corresponding mutant line at 14 DAI
b From the wild-type Sprint-2 of corresponding mutant line at 14 DAI
cData for mutants SGEFix− -1 (sym40) and SGEFix− -2 (sym33) in the
table are not presented, since they coincide with those presented previ-
ously (Ivanova et al. 2015)
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was similar to that in wild-type SGE (Fig. 7e). In 14-day-
old nodules of mutant l ine SGEFix−-3 (sym26) ,
characterised with premature degradation of symbiotic
structures (Serova et al. 2018), the intensity of fluorescent
signal was similar to the intensity of the signal in 28-day-
old nodules of the wild-type (Fig. 7f). However, in nod-
u les of the mutant l ines Spr in t -2Fix− ( sym31 )
characterised by the presence of undifferentiated bacte-
roids (Borisov et al. 1997), the intensity of JIM1 signal
was weak in the symbiosome membranes (Fig. 7d).

With respect to the AGP epitope recognised by the MAb
JIM1, gold particle decoration was principally found in the
symbiosome membrane and peribacteroid space, although
some labelling was also observed in the plasma membrane

(Fig. 8). Immunogold localisation confirmed the increased
JIM1 labelling in the symbiosomes of P. sativum wild types
SGE (Fig. 8e) and Sprint-2 in 28-day-old nodules (Table 5). In
14-day-old nodules of the mutant line SGEFix−-2 (sym33) (in
cells where bacterial release occurred) (Fig. 8c) and the mutant
line SGEFix−-3 (sym26) (Fig. 8g), the symbiosome mem-
branes were extensively labelled by JIM1 in comparison with
wild-type SGE (Table 5). In nodules of the mutant line
SGEFix−-1 (sym40), the JIM1 label was present in a very
low amount (Table 5) in both symbiosomes containing several
bacteroids (Fig. 8b) or a single bacteroid (Fig. 8f). In 14- and
28-day-old nodules of the mutant line Sprint-2Fix− (sym31)
gold particles of the JIM1 label were observed only rarely in
the symbiosome membrane (Fig. 8h; Table 5).

Fig. 5 Fluorescent
immunolocalisation of
rhamnogalacturonan I epitope
labelled with LM5 in the 14-day-
old nodules of P. sativum wild-
type and mutant lines. The sec-
ondary antibody used was goat
anti-rat IgGMAb conjugated with
Alexa Fluor 488. IC infected cell,
CC colonised cell, DUC
degrading uninfected cell; arrows
indicate infection threads with la-
belling, arrowheads—infection
threads without labelling. aWild-
type SGE. b Mutant SGEFix−-1
(sym40). c, d Mutant SGEFix−-2
(sym33). e Mutant SGEFix−-3
(sym26). f Mutant Sprint-2Fix−

(sym31). Bar = 20 μm
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Discussion

Pectins constitute one of the main components of the plant
cell wall. They are a family of galacturonic acid-rich poly-
sacchar ides inc luding homogalac tu ronan (HG) ,
rhamnogalacturonan I and the substituted galacturonans,
rhamnogalacturonan II and xylogalacturonan (Caffall and
Mohnen 2009). Methylesterification of HG is tightly regu-
lated by the plant and pectic polysaccharides are deposited in
a tissue-specific and spatiotemporal manner (Anderson
2015; Levesque-Tremblay et al. 2015). Studies using anti-
bodies against highly methylesterified HG (JIM7 and LM20)
or HG with a lower degree of methylesterification (JIM5 and
LM19) have shown that the distribution of HGs with differ-
ent levels of methylesterification can vary on a very small
spatial scale within tissues, indicating an important role in
cell development (Gawecki et al. 2017; Liu et al. 2017; Sala
et al. 2017).

During nodule development in P. sativum, uniform label-
ling with JIM7, which recognises highly methylesterified pec-
tin, has previously been demonstrated throughout both the cell
wall and the infection thread wall (Rae et al. 1992). This
observation was confirmed in our own studies for both
P. sativum and M. truncatula (Fig. 1), indicating a uniform
cell wall structure in which the pectin matrix does not show

any sign of localised loosening or stiffening. In nodules of
P. sativum, binding of JIM5, which recognises low
methylesterified pectin, was localised to the middle lamella
of the cell walls and was predominantly on the luminal side
of the infection thread wall (Rae et al. 1992). Similarly in the
present study, low methylesterified HG labelled by JIM5 was
detected mainly in the infection thread walls of wild-type
symbiotic nodules of both P. sativum and M. truncatula.

Previously, we demonstrated an increase in deposition of
unesterified pectin in infection thread walls of the P. sativum
mutant lines SGEFix−-2 (sym33) and RisFixV (sym42)
(Ivanova et al. 2015). By contrast, in the pea mutant lines
without abnormalities in infection thread development,
SGEFix−-3 (sym26) and Sprint-2Fix− (sym31), the distribu-
tion of unesterified HGs did not differ from wild-type and
the level of JIM5 labelling was slightly decreased compared
to corresponding wild types (Table 4). Surprisingly, in nodules
of SGEFix−-2 (sym33) (Fig. 3g) and especially SGEFix−-1
(sym40) (Fig. 3f), the intensity of JIM5 label was high in the
walls of colonised cells. Possibly, this pattern of distribution
for low methylesterified HG might be caused by activation of
a cellular defence response in these mutants (Ivanova et al.
2015). It has previously been reported that methyl esterifica-
tion of pectin plays a role during plant–pathogen interactions
and affects plant resistance to diseases (Lionetti et al. 2012).

Fig. 6 Immunogold localisation of rhamnogalacturonan I epitope
labelled with LM5 in the infection threads from nodules of P. sativum
wild-type and mutant lines. The secondary antibody used was goat anti-
rat IgG MAb conjugated to 10 nm diameter colloidal gold. IT infection
thread, ID infection droplet, ITW infection thread wall, CW cell wall, B

bacterium, RB released bacterium; arrows indicate gold particles. aWild-
type SGE, 14 DAI. b Mutant SGEFix−-1 (sym40), 14 DAI. c Mutant
SGEFix−-1 (sym40), 28 DAI. d Mutant SGEFix−-2 (sym33), 14 DAI. e
Mutant Sprint-2Fix− (sym31), 14 DAI. f Mutant SGEFix−-3 (sym26), 14
DAI. Bar = 500 nm
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InM. truncatula nodules, we observed a somewhat similar
distribution pattern for the low methylesterified HG in infec-
tion threads (Table 3). In all mutant genotypes analysed at the
first date, the amount of JIM5 label was lower than in wild-
type. However, in 28-day-old nodules in the mutant line TR3
(ipd3) (IPD3 is orthologous to Sym33 (Ovchinnikova et al.
2011)), the abundance of JIM5 gold particles was higher than
in wild-type. In nodules of SGEFix−-2 (sym33), the increase in
JIM5 label was more pronounced and was already evident in
infection thread walls from 14-day-old nodules (Ivanova et al.
2015). It is interesting to note that a doubling of the amount of
label for de-esterified HG was also observed in the
M. truncatula mutant line dnf1–1, which is characterised by

undifferentiated bacteroids (Van de Velde et al. 2010)
(Table 3).

Another cell wall component with tissue-specific variation
is rhamnogalacturonan I (RG-I). With a variety of molecular
structures, RG-I is usually considered to be a component of
thin primary cell walls, where it acts as a Bglue^ to keep
neighbouring cells together (Gorshkova et al. 2013). It is a
hypervariable pectic polysaccharide with substitution by a
complex array of side chains in which (1–4)-β-D-galactan
and (1–5)-α-L-arabinan often predominate (Torode et al.
2018). RG-I has been implicated in the modification of me-
chanical properties such as cell wall firmness and cell wall
elasticity (Saffer 2018; Torode et al. 2018).

Fig. 7 Fluorescent
immunolocalisation of
arabinogalactan protein epitope
labelled with JIM1 in the nodules
of the M. truncatula (a) and
P. sativum (b–f) wild types and
mutant lines. The secondary
antibody used was goat anti-rat
IgG MAb conjugated with Alexa
Fluor 488. IC infected cell. a
Wild-type A17, 13 DAI. b Wild-
type SGE, 14 DAI. c Wild-type
SGE, 28 DAI. d Mutant Sprint-
2Fix− (sym31), 14 DAI. e Mutant
SGEFix−-1 (sym40), 14 DAI. f
Mutant SGEFix−-3 (sym26), 14
DAI. Bar = 20 μm
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Arabinan and galactan side chains of RG-I frequently have
distinct or mutually exclusive patterns of localisation. In gen-
eral, arabinan tends to be predominant in younger cells, while
expanding cells tend to have more galactan (Willats et al.
1999; Herbette et al. 2014; Corral-Martínez et al. 2016; Liu

et al. 2017). In contrast to these observations, the galactan side
chain of RG-I recognised by LM5 was present in the meriste-
matic cells in the nodules of both species (Fig. S2). However,
in the mature nodule, the epitope was restricted to the cells of
the nodule endodermis (Fig. S2c) and in sieve elements of the
vascular bundles (Fig. S2d).

In P. sativum nodules, the infection thread walls were la-
belled with LM5 antibody which recognises the galactan side
chain of RG-I (Figs. 5 and 6). However, in M. truncatula,
LM5 did not label infection thread walls. This may indicate
slight differences in the composition of the infection thread
wall in P. sativum and M. truncatula. The pattern of LM5
labelling was basically similar in P. sativum wild-type and
mutant nodules; although, in the nodules of mutant line
SGEFix−-2 (sym33), we found that some infection thread
walls were not labelled by LM5 (Fig. 5d). Furthermore, in
nodules in the mutant line SGEFix−-3 (sym26) characterised
with premature degradation of symbiotic structures (Serova
et al. 2018), the galactan side chain of RG-I accumulated in
the cell wall of uninfected cells in the senescent zone (Fig. 5e).
The biological significance of this accumulation is still
unclear.

Arabinogalactan proteins (AGPs) are one of themost complex
families of macromolecules found in plants. They have been im-
plicated in many processes involved in plant growth and devel-
opment (Showalter 2001; Ellis et al. 2010), but their precise mode
of action is unknown (Brewin 2004; Nguema-Ona et al. 2013;
Saffer 2018). The possibility that AGPs can be anchored to the
plasma membrane via a glycosylphosphatidylinositol (GPI) an-
chor indicates a possible role in cell wall remodelling during the
establishment of the symbiotic interface (Sherrier et al. 1999). In

Fig. 8 Immunogold localisation of arabinogalactan protein epitope
labelled with JIM1 in the nodules of the P. sativum wild-type and
mutant lines. The secondary antibody used was goat anti-rat IgG MAb
conjugated to 10 nm diameter colloidal gold. CW cell wall, Ba bacteroid;
*several bacteroids surrounded by a common symbiosome membrane;

arrows indicate gold particles. a Wild-type SGE, 14 DAI. b Mutant
SGEFix−-1 (sym40), 14 DAI. c Mutant SGEFix−-2 (sym33), 14 DAI. d
Wild-type Sprint-2, 14 DAI. e Wild-type SGE, 28 DAI. f Mutant
SGEFix−-1 (sym40), 28 DAI. g Mutant SGEFix−-3 (sym26), 14 DAI. h
Mutant Sprint-2Fix− (sym31), 14 DAI. Bar = 500 nm

Table 5 Distribution of AGP epitope recognised by the MAb JIM1 in
symbiosomes of infected cells in pea wild-type and mutant lines

Genotypes Days after inoculation (DAI) Mean value SE

SGE (wt) 14 4.10e 0.40

28 6.13 0.71

SGEFix−-1 (sym40) 14 3.28ae 0.35

28 1.09b 0.25

SGEFix−-2 (sym33) 14 7.38ae 0.79

28 4.65b 0.49

SGEFix−-3 (sym26) 14 11.46ae 0.66

28 2.04b 0.33

Sprint-2 (wt) 14 4.50e 0.46

28 6.54 0.52

Sprint-2Fix− (sym31) 14 1.07c 0.35

28 1.11d 0.26

Results are presented as the number of gold particles/μm2 . Mean value ±
SE (n = 100–150) are shown. Letters indicate statistically significant dif-
ferences (t test, P value ≤ 0.001)
a From the wild-type SGE of corresponding mutant lines at 14 DAI
b From the wild-type SGE of corresponding mutant lines at 28 DAI
c From the wild-type Sprint-2 of corresponding mutant line at 14 DAI
d From the wild-type Sprint-2 of corresponding mutant line at 28 DAI
eWithin genotype compared with 28 DAI
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the present study, it was observed that the membrane-anchored
AGP recognised by JIM1 was present not only on the plasma
membrane of P. sativum nodules, but also on the symbiosome
membrane (Fig. 7). The increase in JIM1 labelling in
symbiosomes in 28-day-old nodules compared to 14-day-old
nodules suggests that AGP recognised by JIM1 participates in
the maturation of symbiosomes in wild-type nodules of
P. sativum (Fig. 7a, b; Table 5).

The mutant line Sprint-2Fix− (sym31), characterised by un-
differentiated bacteroids (Borisov et al. 1997), displayed pref-
erential localisation of AGP (JIM1-epitope) on the plasma
membrane (Fig. 7d) and a constant low level in symbiosomes,
confirming the reduced level of differentiation for the
symbiosome membrane in this mutant (Table 5). The devel-
opmental progression of symbiosomes of mutant Sprint-2Fix−

(sym31) was previously studied by using the antibody JIM18
which recognised a glycolipid component of the plasmamem-
brane and juvenile symbiosomes (Sherrier et al. 1997). In the
mutant Sprint-2Fix− (sym31), labelling with JIM18 was uni-
form throughout the infected cells of the nodule, confirming
that only the juvenile form of symbiosome membrane was
present in the mutant Sprint-2Fix− (sym31) nodules (Sherrier
et al. 1997; Dahiya et al. 1998).

The mutant line SGEFix−-3 (sym26), with an early senes-
cence phenotype, displayed a significantly higher amount of
JIM1 label in 14-day-old nodules than in wild-type nodules
(Table 5). In 28-day-old nodules, the amount of JIM1 label
was abruptly decreased, in contrast to wild-type nodules
(Table 5). A similar pattern was observed in another mutant
line, SGEFix−-2 (sym33), which was characterised by occa-
sional bacterial release in some cells of some nodules
(Voroshilova et al. 2001). In the mutant line SGEFix−-1
(sym40), forming nodules with bacteroids of abnormal shape
(Tsyganov et al. 1998), the amount of JIM1 label was also
decreased in 28-day-old nodules compared to 14-day-old
ones, but it did not differ in 14-day-old mutant nodules com-
pared to wild-type 14-day-old nodules (Table 5). The ob-
served differences in JIM1-epitope accumulation in nodules
of mutants SGEFix−-2 (sym33), SGEFix−-3 (sym26) and
SGEFix−-1 (sym40) is difficult to explain, but a common
sharp decrease in abundance in 28-day-old nodules may indi-
cate the activation of early senescence in nodules of these
mutants (Serova et al. 2018). Thus, we suggest that
membrane-anchored AGP may be a marker of symbiosome
maturation and/or it may play a role in the symbiosome
differentiation.

In summary, the present study has analysed the tissue dis-
tribution and subcellular localisation of pectins and
arabinogalactan proteins (AGPs) in wild-type and ineffective
nodules of P. sativum and M. truncatula. The highly
methylesterified homogalacturonan (HG) detected by mono-
clonal antibody JIM7 showed a uniform localisation in the cell
wall, regardless of the cell type in nodules of both species. On

the other hand, low methylesterified HG recognised by JIM5
was detected mainly in the walls of infection threads. The
differences in localisation of RG-I and membrane-anchored
AGP between wild-type lines, as well as between mutant lines
in orthologous genes in P. sativum andM. truncatula, indicate
that slightly different cell wall components are present at the
plant–microbe interface in different situations.

The development of the nodule, and especially the growth
of the infection thread and the differentiation of the
symbiosome, involves close coupling at the plant–microbe
interface leading to cell wall remodelling and reorganisation
of the underlying architecture of the cytoskeleton (Kitaeva
et al. 2016). Future comparative analysis will help to identify
the components of these processes that are unique to cell sur-
face interactions during symbiosis and the components that
play a more general role in the cell biology of legumes.
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