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RopB protein of Rhizobium
leguminosarum bv. viciae
adopts amyloid state during
symbiotic interactions with
pea (Pisum sativum L.)
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Petersburg, Russia, 4Institute of Theoretical and Experimental Biophysics, Russian Academy of
Sciences, Pushchino, Russia
Amyloids represent protein aggregates with highly ordered fibrillar structure

associated with the development of various disorders in humans and animals

and involved in implementation of different vital functions in all three domains

of life. In prokaryotes, amyloids perform a wide repertoire of functions mostly

attributed to their interactions with other organisms including interspecies

interactions within bacterial communities and host-pathogen interactions.

Recently, we demonstrated that free-l iv ing cel ls of Rhizobium

leguminosarum, a nitrogen-fixing symbiont of legumes, produce RopA and

RopB which form amyloid fibrils at cell surface during the stationary growth

phase thus connecting amyloid formation and host-symbiont interactions.

Here we focused on a more detailed analysis of the RopB amyloid state in

vitro and in vivo, during the symbiotic interaction between R. leguminosarum

bv. viciaewith its macrosymbiont, garden pea (Pisum sativum L.). We confirmed

that RopB is the bona fide amyloid protein since its fibrils exhibit circular x-ray

reflections indicating its cross-b structure specific for amyloids. We found that

fibrils containing RopB and exhibiting amyloid properties are formed in vivo at

the surface of bacteroids of R. leguminosarum extracted from pea nodules.

Moreover, using pea sym31 mutant we demonstrated that formation of

extracellular RopB amyloid state occurs at different stages of bacteroid

development but is enhanced in juvenile symbiosomes. Proteomic screening

of potentially amyloidogenic proteins in the nodules revealed the presence of

detergent-resistant aggregates of different plant and bacterial proteins

including pea amyloid vicilin. We demonstrated that preformed vicilin

amyloids can cross-seed RopB amyloid formation suggesting for probable

interaction between bacterial and plant amyloidogenic proteins in the nodules.

Taken together, we demonstrate that R. leguminosarum bacteroids produce
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extracellular RopB amyloids in pea nodules in vivo and these nodules also

contain aggregates of pea vicilin amyloid protein, which is able to cross-seed

RopB fibrillogenesis in vitro. Thus, we hypothesize that plant nodules contain a

complex amyloid network consisting of plant and bacterial amyloids and

probably modulating host-symbiont interactions.
KEYWORDS

RopB, amyloid, nodule, plant-microbe interactions, symbiosis, outer membrane
protein, Pisum sativum L., beta-barrel
1 Introduction

Amyloids are highly ordered unbranched fibrillar protein

aggregates that have been proven to play a part not only in the

development of the incurable diseases of humans and animals

but also perform biological functions (Sawaya et al., 2021).

Specific spatial structure of amyloids called “cross-b” (Eanes

and Glenner, 1968) gives them unique properties including

resistance to treatment with ionic detergents, binding with

Congo red (CR) and Thioflavin T (ThT) dyes, and cross-b
diffraction pattern at x-ray diffraction analysis (Nizhnikov

et al., 2015). To date, more than 30 functional amyloids of

prokaryotes, part of which are involved in interspecies

interactions, including interactions within microbial

communities, host-pathogen, and host-symbiont interactions,

have been identified (Kosolapova et al., 2020). One group of

amyloidogenic proteins involved in interspecies interactions are

outer membrane proteins (OMPs). OMPs are b-barrel proteins
that are found within Gram-negative bacteria, chloroplasts, and

mitochondria (Otzen and Andersen, 2013). Several OMPs of

Proteobacteria, including OmpA and OmpC proteins of

Escherichia coli (Danoff and Fleming, 2015; Joseph Sahaya

Rajan et al., 2016), OmpP2-like protein of Mannheimia

haemolytica (Montes Garcıá et al., 2018), RopA and RopB

proteins of Rhizobium leguminosarum (Kosolapova et al.,

2019), can form amyloid or amyloid-like fibrils and are

hypothesized to be involved in bacterial virulence and promote

adhesion in their amyloid form (Kosolapova et al., 2020).

RopB is a protein of R. leguminosarum that has a predicted

structure of b-sheet-rich OmpA-like outer membrane b-barrel
(Roest et al., 1995). The R. leguminosarum bacterium belongs to

the order Rhizobiales, class Alphaproteobacteria and as the other

rhizobia is able to form nodules on the roots of legumes (Young

et al., 2021). In symbiotic nodules, rhizobial cells differentiate to

bacteroids that form organelle-like symbiosomes, in which

nitrogen fixation takes place (Tsyganova et al., 2019). Garden

pea (Pisum sativum L.) is a specific symbiotic partner of R.

leguminosarum bv. viciae (Laguerre et al., 2007), for which the

extensive collections of symbiotic mutants with various
02
abnormalities in the nodule development were obtained

(Tsyganov and Tsyganova, 2020). In particular, Sprint-2Fix–

(sym31) mutant is characterized by formation of multibacteroid

symbiosomes filled with undifferentiated bacteroids (Borisov

et al., 1992; 1994). The juvenile state of bacteroids and

symbiosomes in the sym31 mutant was clearly demonstrated

by several parameters. Firstly, colony-forming units from the

sym31 mutant nodules are more abundant than those of wild

type and mutants blocked at later stages of nodule development

(Tsyganov et al., 2003). The vesicle targeting pathway implicated

in symbiosome development is abnormal in the sym31 mutant

whichleads to the accumulation of the PsNLEC-1 glycoprotein

in the vacuole in mutant nodules instead of symbiosomes

(Dahiya et al., 1998). The symbiosome membranes in the

sym31 mutant lack the arabinogalactan protein, recognized by

the JIM1 antibody, which is abundantly present in mature

symbiosomes in wild-type nodules (Tsyganova et al., 2019).

The other glycoprotein, recognized by the MAC 266 antibody,

which is accumulated in mature symbiosomes in the wild-type

nodules, was present only in rare mature cells in the sym31

mutant (Sherrier et al., 1997). The presence of glycolipid antigen,

recognized by the antibody JIM18, in all symbiosome

membranes in the sym31 mutant also confirms their juvenile

state, since this antigen is present only in juvenile symbiosome

membranes in wild-type nodules (Sherrier et al., 1997). It is

important to note that there is no leghemoglobin in the nodules

of the sym31 mutant, the activity of nitrogen assimilation

enzymes is altered, and the content of ononitol is reduced

(Romanov et al., 1995). In addition, the sym31 mutant

manifests nitrate tolerance (Rosov et al., 2001). Thus, the

sym31 mutant is a convenient model for studying

bacteroid differentiation.

The precise function of the RopB protein of R.

leguminosarum remains unknown. It is hypothesized that

RopB plays a role in outer membrane stability as ropB

mutants demonstrate increased sensitivity to detergents and

organic acids (Foreman et al., 2010). The increase in

expression of RopB has been reported at the early stages of

nodulation (Tolin et al., 2013). At the same time, the expression
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of ropB is decreased dramatically in nodules compared to free-

living R. leguminosarum culture (Foreman et al., 2010). RopB

has also been reported to be absent in the outer membrane of

bacteroids (Roest, 1995). In contrast, Wheatley et al. classified

ropB as a “rhizosphere-progressive gene”, i.e., a gene required

across all symbiosis establishment stages, using mariner-based

transposon insertion sequencing (INSeq) (Wheatley et al., 2020).

Thus, despite some contradictions the data obtained suggest that

RopB can be involved in the control of symbiont-

host interactions.

Previously, we have reported that RopB forms amyloid fibrils

in vitro (Kosolapova et al., 2019). What is more, we have found

that during the late stationary phase some fraction of RopB is

localized in fibrous CR binding capsule of the free-living R.

leguminosarum cells that exhibits green birefringence, which is

an argument for the in vivo amyloid formation by RopB

(Kosolapova et al., 2019).

In this work, we continued to analyze the amyloid properties

and structural characteristics of RopB protein with the usage of

x-ray diffraction analysis and atomic force microscopy. We

hypothesized that amyloid state of RopB protein could be

associated with the virulence (ability to invade and colonize

host organism) of R. leguminosarum and could contribute to

host plant colonization. To analyze the interrelation between

RopB amyloidogenesis and Rhizobium-legume symbioses

establishment we compared amyloid formation by RopB in

differentiated bacteroids from effective nodules and

undifferentiated bacteroids from ineffective (which are unable

to fix nitrogen) nodules. Our data contribute to the

understanding of the biological functions of the RopB protein

and the involvement of the amyloid state in the

symbiotic interactions.
2 Materials and methods

2.1 In vitro experiments

2.1.1 Protein production and purification
For RopB protein production, the pLATE–RopB plasmid

(Kosolapova et al., 2019) was used. This vector contains a

construct encoding RopB fused with a 6x-His tag under the

control of an inducible T7 promoter. For protein production, we

used the E. coli strain BL21 (DE3) (Studier and Moffatt, 1986).

Cells were grown at 37°C in the 2TY medium with ampicillin

(1.6% (w/v) tryptone, 1.0% (w/v) yeast extract, 5.0% (w/v) NaCl,

0.01% (w/v) ampicillin (Helikon, Moscow, Russia)). Isopropyl b-
D-1-thiogalactopyranoside (IPTG, Thermo Fisher, Waltham,

MA, USA) was added to the final concentration of 0.1 mM to

induce protein overproduction, and the cells were collected after

6 h of growth with IPTG.

Proteins were purified in denaturing conditions (in the

presence of 8 M urea) according to previously published
Frontiers in Plant Science 03
protocols (Serio et al., 1999) with modifications (Kosolapova

et al., 2019): a one-step purification procedure with Ni-NTA

(nitrilotriacetic acid) agarose (Invitrogen, Carlsbad, CA, USA).

Proteins were concentrated and precipitated by adding five

volumes of ethanol and stored at −80°C.

2.1.2 The preparation of amyloid fibrils in vitro
For the preparation of RopB and vicilin amyloids, the

proteins in concentration 0.5 mg/mL were dissolved in 50%

1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP, Sigma-Aldrich, Saint-

Louis, MO, USA) and incubated for seven days at 37°C as

previously described (Kosolapova et al., 2019; Antonets et al.,

2020). Afterwards, the HFIP was evaporated under a stream of

nitrogen, and the samples were diluted with Milli-Q water to the

original volume and stirred for an additional 7 days at 37°C.

These conditions were also used for experiments with seeding.

“Seeds” prepared based on the pre-incubated RopB or vicilin

aggregates were added to the samples at the beginning of

fibrillogenesis at 5% (v/v) concentration.

2.1.3 X-ray diffraction analysis
For x-ray diffraction analysis fibrils (2 mL of 1 mg/mL

solution) were lyophilized by using the FreeZone 1L

lyophilizer (Labconco, Kansas City, MO, USA). The freeze-

dried samples (2 mg) were dissolved in 20 µL of the Milli-Q

water (to the final concentration of ~100 mg/mL). Droplets of

these preparations were placed between the ends of wax-coated

glass capillaries (~1 mm in diameter) separated approximately

by 1.5 mm. The fibril diffraction images of RopB were collected

by using a Microstar X-ray generator with HELIOX optics

equipped with a Platinum135 CCD detector (X8 Proteum

system, Bruker AXS, ZEISS, Oberkochen, Germany). Cu Ka
radiation, l=1.54 Å (1 Å=0.1 nm) was used. The samples were

positioned at the right angle to the x-ray beam using a four-axis

kappa goniometer (Sambrook et al., 1989; Kosolapova

et al., 2019).
2.1.4 Atomic force microscopy
The morphological analysis has been carried out through a

Bruker Dimension Icon atomic force microscope (Bruker,

ZEISS, Oberkochen, Germany), equipped with a Nanoscope V

controller operated in PeakForce mode. The measurements have

been performed using N-doped Si probes (Bruker Scanasyst-air).

A 5-10 µL portion of the studied suspension of the RopB fibrils

was deposited on the freshly cleaved mica, left in a wet

atmosphere for 5 min for adsorption and air-dried.

2.1.5 Transmission electron microscopy
A transmission electron microscope Libra 120 (Carl Zeiss,

Oberkochen, Germany) was applied to visualize the studied

aggregates. Samples were put on the copper grids coated with

formvar/carbon films (Electron Microscopy Sciences, Hatfield,
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PA, USA) and stained by a 1% aqueous solution of uranyl

acetate. Immunoelectron microscopy study of bacteroids was

performed as described earlier in (Levine et al., 1984; Sacher

et al., 2020) with modifications for RopB protein (Kosolapova

et al., 2019).

2.1.6 Confocal laser scanning microscopy
Confocal laser scanning microscope Olympus FV 3000

(Olympus, Tokyo, Japan) and oil immersion objective with a

60x magnification, the numerical aperture NA 1.42, and laser

with excitation line 405 nm were applied to confirm the staining

of RopB aggregates with amyloid-specific fluorescent probe ThT.

2.1.7 Thioflavin T binding
ThT UltraPure Grade (AnaSpec, Fremont, CA, USA)

without after-purification was used. ThT-fibrils tested

solutions were prepared by equilibrium microdialysis using a

Harvard Apparatus/Amika device (Harvard Apparatus,

Holliston, MA, USA). Equilibrium microdialysis was

performed with a concentration of aggregates of about 0.5 mg/

ml and an initial concentration of ThT of about 32 mM.

Spectroscopic study of the sample and reference solutions

prepared by the proposed approach allowed us to determine

the spectral and photophysical characteristics ThT bound to

tested amyloids (Kuznetsova et al., 2012b).

2.1.8 Spectral measurements
A U-3900H spectrophotometer (Hitachi, Tokyo, Japan) was

applied to collect the absorption spectra of the samples. The

absorption spectra of all samples and mixtures of samples with

ThT were corrected by light scattering according to the standard

procedure (Vladimirov and Litvin, 1964).

Fluorescence spectra of the samples were measured using a

Cary Eclipse spectrofluorimeter (Varian, Palo Alto, CA, USA).

Fluorescence of ThT was excited at a wavelength of 440 nm and

recorded at a wavelength of 480 nm. The recorded values of

fluorescence intensity were corrected on the primary inner filter

effect (Fonin et al., 2014).

Far-UV CD spectra (190 – 260 nm) were measured by a J-

810 spectropolarimeter (Jasco, Easton, MD, USA) using a 1 mm

path length cell. The secondary structure content of the RopB

samples was estimated by the BeStSel web server (Micsonai et al.,

2018) as it predicted well the secondary structure of amyloid

aggregates enriched by b-sheets (Wang et al., 2021). The server

allows estimating the content in a-helices (regular and

distorted), b-sheets (parallel b-sheets are distinguished from

antiparallel ones), b-turns, and others (which includes 3-10-

helix, bend, and unordered structure).

Fluorescence decay curves were recorded by a spectrometer

FluoTime 300 (PicoQuant, Berlin, Germany) with the Laser

Diode Head LDH-C-440 (lex = 440 nm). The fluorescence of

ThT was registered at lem = 490 nm. The measured emission

decays were fit to a multiexponential function using the standard
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(O ’Connor and Phillips, 1984). In this method, the

convolution of the model exponential function with the

instrument response function (IRF) was compared to the

experimental data until a satisfactory fit was obtained. The

fitting routine was based on the nonlinear least-squares

method. Minimization was performed according to Marquardt

(Marquardt, 1963).
2.2 In vivo based studies

2.2.1 Rhizobium leguminosarum bv. viciae
strain and cultivation conditions

Rhizobium leguminosarum bv. viciae RCAM1026 strain

(Afonin et al., 2017) from the Russian Collection of

Agricultural Microorganisms (RCAM) of the All-Russia

Research Institute for Agricultural Microbiology (St.

Petersburg, Russia) was used. For analysis of RopB localization

in nodules, 3841 strain (Glenn et al., 1980) was used. For

inoculation, bacteria were cultivated on solid medium №79

(0.5 g/L K2HPO4, 0.2 g/L MgSO4 x 7H2O, 0.1 g/L NaCl, traces

of CaCO3, 10 g/L mannitol, 0.4 g/L yeast extract, 15 g/L agarose)

at 28°C.

Free-living culture of R. leguminosarum bv. viciae used in

experiments was grown in liquid TY medium (5 g/L tryptone, 3

g/L yeast extract, 1.3 g/L CaCl2 x 6H2O) at 28°C with shaking

(170 rpm) overnight.

2.2.2 Pisum sativum L. plant material and
growing conditions

The pea (P. sativum L.) wild-type line Sprint-2 (Fix+

phenotype) and corresponding mutant line Sprint-2Fix-

(sym31) (Fix- phenotype) from the collection of the All-Russia

Research Institute for Agricultural Microbiology (St. Petersburg,

Russia) were used (Borisov et al., 1997; Malovichko et al., 2020).

The Fix+ line is characterized by determinate growth, early

flowering start, and early seed maturation. The Fix- line is a

descendant of the Fix+ line that forms ineffective root nodules

(unable to fix nitrogen) with undifferentiated bacteroids (Borisov

et al., 1992; 1997). Mutant Fix- line has significantly lower

growth parameters than those of the wild-type line Fix+ and

shows signs of nitrogen deficiency (Supplementary Figure 1A;

Supplementary Table 1). The wild-type plants produced large

pink nodules, while nodules of the mutant plants were small and

white, and their number was more than 2 times that of the wild-

type line (Supplementary Figures 1B, C; Supplementary Table 1).

Pea seeds were surface disinfected for 20 min in 98% sulfuric

acid, then thoroughly rinsed with sterile water and soaked for 4

hours in the suspension of R. leguminosarum bv. viciae

RCAM1026 strain (106 CFU/mL). To obtain nodules, Fix+ and

Fix- plants were grown in sterile quartz sand in a constant

environment chamber (model VB 1514, Vötsch, Germany) at
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16/8 h and 21/19°C day/night regime, 75% relative humidity,

and around 10,000 lux illumination, with the plant nitrogen-free

nutrient solution supplement (Borisov et al., 1997).
2.2.3 Bacteroid extraction from pea nodules
For bacteroid extraction root nodules were collected after 25

days of growth after inoculation. Bacteroids for CR staining,

analysis of detergent resistance, and immunoelectron

microscopy were extracted with the usage of the sucrose-

gradient method, as described previously (Catalano et al.,

2004; Vedam et al., 2006) with modifications. In brief, nodules

were suspended in ice-cold Tris-HCl/sucrose buffer (50 mM

Tris-HCl pH 8.0, 0.5 M sucrose supplemented with

dithiothreitol and proteinase inhibitor) and crushed with a

mortar and pestle. The crushed nodules were filtered through

miracloth and Tris-HCl-sucrose buffer was added to the filtrate.

The resulting solution was centrifuged for 1 min at 10,000 g. The

pellet was resuspended in Tris-HCl buffer and suspension was

loaded onto sucrose cushions (ice-cold 50 mM Tris-HCl pH 8.0,

1.5 M sucrose) and centrifuged for 30 s at 5,000 g. The top phase

was transferred to a new microtube and centrifuged for 2 min at

10,000 g. The pellet was resuspended in Tris-HCl/sucrose buffer,

loaded onto sucrose cushions and centrifuged for 5 min at

10,000 g. The pellet containing symbiosomes was washed three

times in 500 ml of 0.5 mM Tris-HCl buffer pH 8.0 supplemented

with dithiothreitol and proteinase inhibitor (Sigma Aldrich, St.

Louis, MO, USA) and centrifuged. The final pellets were

resuspended in 1.5 mL of the 0.5 M Tris-HCl buffer pH 8.0.

2.2.4 Analysis of detergent and protease
resistance of protein aggregates and
immunodetection

To detect intact RopB protein extracted from R.

leguminosarum cells, rabbit anti-RopB (PrimeBioMed LLC,

Moscow, Russia) antibody and secondary goat anti-rabbit IgG

(H+L) antibody (Thermo Scientific, Waltham, MA, USA) were

used in the dilutions 1:1,000 and 1:20,000, respectively.

Visua l izat ion of prote in s ignals by the enhanced

chemiluminescence (ECL) PrimeWestern Blotting Detection

reagent (GE Healthcare, Chicago, IL, USA), and Bio-Rad

ChemiDoc™ hardware and software (Bio-Rad, Hercules, CA,

USA) was used for imaging. All samples at the appropriate stage

of sample preparation (before adding detergents) underwent

concentration equalization near the value of 1 mg/mL of total

protein. Measurements were taken using the Qubit 3.0

Fluorometer (Invitrogen, Carlsbad, CA, USA).

2.2.5 Congo red staining and microscopic
analysis

For the polarized light microscopy, bacteroids and free-

living culture cells were placed onto the slide, dried on air, and

stained with the water-based solution of CR (10 mg/mL). The
Frontiers in Plant Science 05
samples were air-dried and washed from the excessive dye with

distilled water. Microscopy was performed with the usage of

Axio Imager A2 transmitted light microscope (Carl Zeiss,

Oberkochen, Germany) equipped with a Plan-Neofluar

20×/0.5 Pol objective (Carl Zeiss, Oberkochen, Germany),

cross-polarizers for polarization microscopy and Colibri 7

fluorescent light-emitting diode (LED) light source (Carl Zeiss,

Oberkochen, Germany) for fluorescent analysis.

2.2.6 Analysis of RopB localization in root
nodules

For analysis of the localization of RopB protein, the nodules

of the wild-type and mutant pea lines harvested 14 days after

inoculation and were fixed in 2.5% (v/v) glutaraldehyde (Sigma-

Aldrich, St. Louis, Missouri, USA) in 0.06 M phosphate buffer,

pH 7.2 and subjected to sample preparation as described earlier

(Tsyganova et al., 2019). A glancing cut on one side of a nodule

was made to achieve better penetration of the fixative. After

vacuum infiltration, floating nodules were discarded, and the

fixative was replaced with a fresh solution. After overnight

incubation at 4°C, nodules were dehydrated in an ascending

ethanol series at –35°C and infiltrated and embedded in Lowicryl

K4M resin (Electron Microscopy Sciences, Hatfield, PA, USA)

by UV polymerization at –20°C.

For transmission electron microscopy, 90-nm-thick

ultrathin sections were obtained on a Leica EM UC7

ultramicrotome (Leica Microsystems, Vienna, Austria) and

collected on gold grids coated with formvar and carbon

(Electron Microscopy Sciences, Hatfield, PA, USA). After

blocking with 50 mM glycine in PBS for 15 min and in

blocking buffer (5% BSA, 0.1% cold water fish skin (CWFS)

gelatin, 5-10% normal goat serum, pH 7.4) for 30 min, the

sections were washed by passing through five drops of 0.1%

BSA-C in PBS and incubated overnight at 4°C with primary

antibody (rabbit anti-RopB (PrimeBioMed LLC, Moscow,

Russia)) at dilution 1:100 in 0.1% BSA-C. After washing, the

sections were passed through five drops of 0.1% BSA-C,

incubated with a secondary antibody, goat anti-rabbit

conjugated with 10-nm col loidal gold (Amersham

International, Amersham, Buckinghamshire, UK), and diluted

100 in 0.1% BSA-C in PBS for 4 h at room temperature. The

grids containing sections were then washed three times in PBS

for 20 min, twice in water for 30 min, and counterstained in 2%

(w/v) aqueous uranyl acetate for 30 sec. All solutions were

filtered before use and filter-sterilized deionized water was

used throughout the experiment. The samples were examined

and photographed in transmission electron microscopes JEM-

1400 (JEOL Corp., Tokyo, Japan) equipped with a Veleta CCD

camera (Olympus-SIS, Münster, Germany) and JEM-2100HC

(JEOL Corp., Tokyo, Japan) equipped with a Gatan UltraScan

4000 (Gatan, Pleasanton, CA, USA) at 80 kV.

The specificity of the immunogold labelling procedures was

tested by several negative controls (Supplementary Figure 2).
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Negative controls were treated either with (i) non-specific

secondary antibody (goat anti-mouse IgG) or (ii) gold

conjugated secondary antibody (goat anti-rabbit IgG) without

the primary antibody.

For statistical analysis, at least 5 different samples of nodules

and at least 40-50 sectioned symbiosomes for each variant were

examined. Morphometrical data were obtained as described by

(Tsyganova et al., 2019). Briefly, the area of symbiosomes and

the number of gold particles in it were estimated, then the

number of gold particles per unit area was calculated. The areas

and the number of gold particles were measured using software

Zen 2 Core version 2.5 (Carl Zeiss, Oberkochen, Germany). The

data were presented as the number of gold particle/mm2.

Statistically significant differences were determined by

Kruskal–Wallis test and Dunn’s post hoc test using R software

(R Core Team; http://www.R-project.org/).

2.2.7 PSIA proteomic assay
For identification of potentially amyloidogenic proteins,

nodules were ground with a pestle and mortar and suspended

in phosphate-buffered saline (PBS, pH 7.4, Helicon, Moscow,

Russia) with a 3% sarcosyl (sodium lauroyl sarcosinate) and

protease inhibitors cocktail (Sigma Aldrich, St. Louis, MO,

USA). The resulted suspension was subjected to PSIA

(Proteomic Screening and Identification of Amyloids)

approach, which was performed as described previously

(Antonets et al., 2016; Nizhnikov et al., 2016). At the initial

step, the fraction of protein polymers resistant to treatment with

cold 3% sarcosyl was isolated. Then, the polymeric fraction was

solubilized by boiling with 1% sodium dodecyl sulfate (SDS)

(Amresco, Solon, OH, USA). The solubilized fraction was

purified from detergents and salts with HiPPR™ Detergent

Removal Spin (Thermo Fisher Scientific, Waltham, MA, USA)

and Zeba™ Spin Desalting Columns (Thermo Fisher Scientific,

Waltham, MA, USA).

Proteins were cleaned from components of lysis buffer by

acetone precipitation (Electron Microscopy Sciences, Hatfield,

PA, USA) and resuspended in 8 M Urea/50 mM ammonium

bicarbonate (Sigma Aldrich, St. Louis, MO, USA). Then the

protein concentration was measured by Qubit 4.0 fluorometer

(ThermoFisher Scientific, Waltham, MA, USA) with QuDye

Protein Quantification Kit (Lumiprobe, Moscow, Russia)

according to the manufacturer recommendations.

The samples (5 mg) were incubated for 1 h at 37°C in 5 mM

1,4-dithiothreitol (Sigma Aldrich, St. Louis, MO, USA) with

subsequent incubation in 15 mM iodoacetamide for 30 min in

the dark at room temperature (Sigma Aldrich, St. Louis, MO,

USA). Next, the samples were diluted with seven volumes of 50

mM ammonium bicarbonate and incubated for 16 h at 37°C

with 100 ng of trypsin (ratio 1:50; “Trypsin Gold”, Promega,

Madison, WI, USA). Finally, the samples were evaporated in

Labconco Centrivap Centrifugal Concentrator (Labconco,
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Kansas City, MO, USA), dissolved in water (“LC-MS” grade;

LiChrosolv, Merck, Darmstadt, Germany) with 0.1% formic acid

(“for LC-MS LiChropur”; Merck, Darmstadt, Germany) and

desalted with C18 ZipTip (Millipore-Sigma, Burlington, MA,

USA) according to the manufacturer recommendations.

Desalted peptides were evaporated and dissolved in 20 mL of

water/0.1% formic acid for further LC-MS/MS analysis.

Approximate 500 ng of peptides were used for shotgun

proteomics analysis by HPLC-MS/MS with ion mobility in

TimsToF Pro mass spectrometer (Bruker Daltonics, Bremen,

Germany) with nanoElute UHPLC chromatograph (Bruker

Daltonics, Bremen, Germany). UHPLC was performed in the

two-column separation mode with Acclaim™ PepMap™ 5 mm

Trap Cartridge (Thermo Fisher Scientific, Waltham, MA, USA)

and Bruker Fifteen separation column (C18 ReproSil AQ,

150 mm × 0.75 mm, 1.9 µm, 120 A; Bruker Daltonics,

Bremen, Germany) in gradient mode with 400 nL/min flow

rate and 40°C. Phase A was water/0.1% formic acid, phase B was

acetonitrile/0.1% formic acid (“LC-MS” grade; LiChrosolv,

Merck, Darmstadt, Germany). The gradient was from 2% to

30% phase B for 42 min, then to 95% of phase B for 6 min with a

subsequent wash with 95% phase B for 6 min. Before each

sample, trap and separation columns were equilibrated with 10

and 4 column volumes respectively.

CaptiveSpray ion source was used for electrospray ionization

with 1600 V of capillary voltage, 3 L/min N2 flow, and 180°C

source temperature. The mass spectrometry acquisition was

performed in DDA-PASEF mode with a 0.5 s cycle in positive

polarity with the fragmentation of ions with at least two charges

in m/z range from 100 to 1700 and ion mobility range from 0.85

to 1.30 1/K0.

Protein identification was performed in PEAKS software (v.

10.6 build 20201221; a license granted to St. Petersburg State

University; Bioinformatics Solutions Inc., Waterloo, ON,

Canada) using UniProtKB rewieved (Swiss-Prot) database

limited to Pisum sativum L. (Taxon ID: 3888) and

Rhizobiaceae family (Taxon ID: 82115) and protein

contaminants library for DDA proteomics (Yao et al., 2022).

The search parameters were: parent mass error tolerance of 10

ppm and fragment mass error tolerance of 0.05 ppm, protein

and peptide FDR less than 0.9%, and three possible missed

cleavage sites. Cysteine carbamidomethylation was set as a fixed

modification. Methionine oxidation, acetylation of protein N-

term, asparagine, and glutamine deamidation were set as

variable modifications. Identified proteins were annotated with

Gene Ontology (GO) terms (http://geneontology.org/) in

accordance with the UniProt (https://www.uniprot.org/)

database. GO terms were retrieved with UniprotR package

(Soudy et al., 2020). The mass spectrometry proteomics data

have been deposited to the ProteomeXchange Consortium via

the PRIDE (Perez-Riverol et al., 2022) partner repository with

the dataset identifier PXD035724 and 10.6019/PXD035724.
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3 Results

3.1 RopB forms bona fide amyloids in
vitro

Previously, we have demonstrated such amyloid properties

of RopB protein aggregates as fibrillar morphology, affinity to

amyloid-specific dyes and resistance to treatment with ionic

detergents and proteases (Kosolapova et al., 2019). Here, we

performed several experiments to finally confirm an ability of

RopB to adopt bona fide amyloid state.

We obtained RopB fibrils as described in ‘Materials and

Methods’ and subjected samples to atomic force microscopy

(AFM). Figures 1A, B show a general view of the fibril sample

and individual fibrils, respectively, in 3D landscape reconstruction

at different magnifications. Based on these data we may state that

AFM analysis confirms linear and unbranched morphology of the

RopB fibrils typical for the amyloid fibrils. Due to the limited

capability of the AFM probe to measure the fibril width, this

parameter can be determined using the AFM ‘Height Sensor’

(Figure 1C), where the fibril width is defined as 7.2 ± 0.7 nm.

According to previously obtained transmission electronmicroscopy

(TEM) data, the average fibril width was 8.3 ± 1.2 nm (Kosolapova

et al., 2019), the difference is not significant. A slight discrepancy

with the TEM data can be explained by the fact that, when stained

with a dye (uranyl acetate) for TEM analysis, the fibrils seem to flow

along the sides, which visibly makes them slightly wider. Therefore,

we believe that the TEM and AFM data are consistent with each
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other. The fibrils also look very indicative and clear in the rigidity

DMT (Derjaguin-Muller-Toporov) modulus (Figure 1D), in which

only rigid objects are detected and the “flexible”monomeric protein

leaves (Derjaguin et al., 1975).

To finally confirm amyloid properties of the RopB fibrils, we

analyzed their x-ray diffraction patterns. The RopB samples had

undergone desalting by dialysis prior experiments. The x-ray

diffraction experiments demonstrated circular x-ray reflections

4.6 Å and 10 Å for the RopB fibrils (Figure 1E, Supplementary

Figure 3). These reflections are indicative of the bona fide

amyloid fibrils arising from their cross-b spatial structure and

are supposed to indicate: (i) periodicity of the hydrogen-bonded

b-strands (4.6 Å) and (ii) stacking of the b-sheets near parallel to
the fiber axis (10 Å) (Sunde and Blake, 1997).

Thus, we may conclude that RopB protein of R.

leguminosarum forms fibrils that satisfy all the criteria of bona

fide amyloids.
3.2 RopB forms amyloid fibrils in vivo
during colonization of pea nodules by R.
leguminosarum

Previously, we have shown that free-living culture of R.

leguminosarum forms extracellular RopB fibrils in the stationary

growth phase (Kosolapova et al., 2019). Here, we decided to

study whether the formation of RopB fibrils occurs during R.

leguminosarum interaction with pea (P. sativum L.).
B
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FIGURE 1

Structural properties of the RopB amyloid fibrils obtained in vitro. (A) and (B) high-resolution 3D landscape reconstruction of the RopB fibrils
samples by AFM analysis at different magnifications: general view in microns (A) and individual fibrils, nm (B). (C) Height Sensor image shows the
RopB fibrils height. Scale bar are shown, nm. (D) DMT modulus image shows rigidity of the fibrils. Scale bar are shown, MPa. (E) X-ray diffraction
patterns of the lyophilized RopB fibrils formed in vitro. Shown are reflections in angstroms (Å).
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For analysis of amyloid properties of RopB protein in vivo

during the symbiotic interactions we extracted bacteroids

formed by R. leguminosarum bv. viciae RCAM1026 from

nodules of pea wild-type line Sprint-2 (Fix+ phenotype) and

ineffective mutant line Sprint-2Fix- (sym31) (Fix- phenotype)

(Borisov et al., 1992; 1997). Extracted R. leguminosarum

bacteroids were stained with the amyloid-specific CR dye.

Bacteroids from both lines bound CR and exhibited

fluorescence in the fluorescent light and birefringence in the

polarized light indicating presence of amyloid structures

(Figure 2A). Nevertheless, differentiated bacteroids extracted

from the wild-type nodules were more congophylic than

relatively undifferentiated bacteroids from mutant nodules

(Figure 2A). This effect can be explained by the fact that the

size of Fix+ bacteroids is significantly bigger than those of Fix-.

Also, almost all Fix+ bacteroids were CR-positive while only

several Fix- bacteroids were congophylic (Figure 2A). Using

transmission immunoelectron microscopy we observed fibrillar

structures on the surface of R. leguminosarum bacteroids from

both wild-type and mutant pea lines; those fibrils bound anti-

RopB antibodies (Figure 2B; Supplementary Figure 4). Thus, R.

leguminosarum bacteroids produce RopB-containing fibrils at

their surface and demonstrate birefringence indicating the

presence of amyloids.

Another important property of amyloids is the resistance to

treatment with ionic detergents. To analyze the formation of

aggregates by RopB we extracted total protein fractions from R.

leguminosarum bacteroids isolated from the wild-type and

mutant nodules. Samples were either incubated with 2% SDS

at room temperature or boiled with 2% SDS. The results of

western blot hybridization demonstrate that RopB forms

aggregates resistant to treatment with 2% SDS in both variants

of bacteroids analyzed (Figure 2C). Nevertheless, RopB

aggregates from bacteroids isolated from the wild-type line are

resistant to boiling with SDS, while aggregates from non-

differentiated bacteroids from the sym31 mutant line

completely solubilized after boiling with SDS (Figure 2C).

Notably, bacteroids from the wild-type line contained specific

oligomeric form of RopB (Figure 2C) that may either reflect its

membrane b-barrel state or correspond to a specific structural

subunit of the RopB fibrils partially explaining the difference in

the resistance to boiling with SDS between RopB fibrils from

Fix+ and Fix- bacteroids.

Next, we analyzed the localization of RopB protein in wild-

type and mutant pea nodules formed by R. leguminosarum bv.

viciae strain 3841 with immunoelectron microscopy.

Immunogold localization of RopB showed that this protein

was distributed evenly in bacteria and matrix inside infection

threads in nodules of both studied genotypes suggesting the

presence of extracellularly produced RopB state (Figures 3A, D;

Supplementary Figure 2). In addition, the label was found in the

infection thread walls, but in much smaller quantities. In the

infected cells, the RopB protein label was localized in
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symbiosomes, i.e., in bacteroids, peribacteroid space and on

the symbiosome membrane (Figures 3B, C, F).

The amount of RopB protein label seems to be higher in the

juvenile symbiosomes of the wild-type line (15.9 ± 2.0)

(Figure 3B) but significantly decreased in the mature

symbiosomes (9.1 ± 1.5, p < 0.05) (Figure 3C). In the sym31

mutant line in juvenile bacteroids, in contrast to the wild type,

the amount of the RopB protein label was low (6.9 ± 1.6)

(Figure 3E), but in multibacteroid symbiosomes, the amount

of the label significantly increased (12.9 ± 1.7, p < 0.05)

(Figure 3F). The number of gold particles in multibacteroid

symbiosomes in the mutant sym31 is almost the same as that in

juvenile symbiosomes in nodules of the wild-type pea.

Taken together, we may conclude that R. leguminosarum

bacteroids produce extracellular RopB amyloids in vivo in

pea nodules.
3.3 A landscape of potentially
amyloidogenic proteins in pea root
nodules

The next question was which proteins of pea and rhizobia, in

addition to RopB, could adopt amyloid state in pea nodules? To

reveal potentially amyloidogenic proteins in pea nodules we used

previously developed PSIA proteomic approach. This method is

based on the identification of proteins that form aggregates and

complexes resistant to treatment with ionic detergents, which is

one of the key properties of amyloids (Nizhnikov et al., 2016). To

characterize the landscape of detergent-resistant proteins in

nodules, we performed the PSIA analysis of potentially

amyloidogenic proteins in the proteome of nodules formed by

the wild type and the sym31 mutant, inoculated with R.

leguminosarum bv. viciae RCAM1026.

We have extracted protein aggregates and complexes

resistant to treatment with 3% ionic detergent sodium N-

lauroyl sarcosinate (sarcosyl) from pea nodules and subjected

them to trypsinolysis followed by high-performance liquid

chromatography coupled with mass-spectrometry (for a

detailed description, see “Materials and Methods”). As a result,

we identified 300 proteins of Rhizobiaceae and 63 proteins of P.

sativum L. in the sarcosyl-insoluble fraction of Fix+ pea nodules

and 512 proteins of Rhizobiaceae and 42 proteins of P. sativum

L. in the sarcosyl-insoluble fraction of Fix- pea root nodules.

Sarcosyl is a milder detergent in comparison with SDS

(Nizhnikov et al., 2014), which partially explains a relatively

high number of identified sarcosyl-insoluble proteins. The

identified proteins were annotated with GO terms

(Figures 4A–D). The majority of identified proteins of R.

leguminosarum from both wild-type (Fix+ phenotype) and

mutant (Fix- phenotype) nodules are localized in the

cytoplasm and possess ATP-binding activity (Figures 4A, B;

Supplementary Table 2). Other highly abundant groups of
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identified proteins of R. leguminosarum are present by ribosomal

proteins and proteins with different binding activities. Within

identified proteins only three are localized in the outer

membrane: RopB (Supplementary Figure 5), RopA (whose
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amyloidogenic properties have been demonstrated in

(Kosolapova et al., 2019)), and peptidoglycan-associated

lipoprotein (Pal), a component of the Tol-Pal system involved

in the control of the late stages of cell division (Krol et al., 2020).
B C

A

FIGURE 2

Amyloid properties of RopB protein in R. leguminosarum bacteroids extracted from nodules of P. sativum L. formed by wild-type Sprint-2 (Fix+

phenotype) and mutant Sprint-2Fix- (sym31) pea lines. (A) Transmitted light (TL), polarization (PL) and fluorescent (FL) microscopy of Congo red
stained bacteroids. All images have the same magnifications; scale bar is shown in µm. (B) Immunoelectron images of the bacteroids labelled
with anti-RopB antibody visualized by gold-conjugated secondary antibody. Scale bars are indicated. For negative control see Supplementary
Figure 4. (C) Detection of the RopB aggregate formation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE) followed by
western blot hybridization. Samples treated with cold (U, unboiled) and hot (B, boiled) 2% SDS are shown. “M” – monomers, “P” – polymers, “Mr”
– molecular weight marker. Molecular weights (kDa) are indicated.
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The periplasmic bacterial proteins including another component

of Tol-Pal system, Pal-associated TolB protein (which was

identified in only one sample) (Clavel et al., 1998), were

specific for mutant nodules. Such a formation of detergent

resistant aggregates by different periplasmic proteins of

undifferentiated bacteroids from Fix- nodules might suggest

for probable proteostasis defects occurring in the ineffective

nodules (Supplementary Figure 6) as disturbed proteostasis

can emerge in form of protein aggregation and misfolding

(Laskowska et al., 2019). Nitrogenase components NifE and

NifH were solely identified in Fix+ samples agreeing with their

nitrogen fixing activity. The largest functional group of identified

P. sativum L. proteins from Fix+ nodules was the “nutrient

reservoir activity” proteins localized in vacuole (Figures 4C, D).

These group includes major storage globulins (vicilin

(Supplementary Figure 7), legumin, convicilin) and albumins

(Dziuba et al., 2014). Notably, “nutrient reservoir activity”

proteins were identified only in the detergent-resistant fraction

from wild-type nodules but not in mutant nodules suggesting

their involvement in the plant-microbial interactions

(Figures 4C–E). Interestingly, one of pea “nutrient reservoir

activity” proteins identified in the detergent resistant protein

fraction from wild-type nodules is vicilin (Figure 4E), whose

amyloid properties have been demonstrated previously
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(Antonets et al., 2020). Other abundant groups of identified P.

sativum L. proteins contained ribosome components and

proteins with different binding activities (Figures 4C, D).

Overall, these data suggest that pea nodules contain

detergent-resistant aggregates of several known amyloids

(vicilin, RopB, RopA) and of a set of proteins that can be

considered as potentially amyloidogenic. Interestingly, some

identified potentially amyloidogenic proteins were specific for

wild-type or mutant nodules indicating significant differences

between these two pea lines.
3.4 Vicilin cross-seeds fibrillization of
RopB in vitro

The results of our proteomic analysis in the wild-type pea

nodules revealed the presence of detergent-resistant aggregates

of pea vicilin and R. leguminosarum RopB proteins. Considering

that amyloid fibrils of some proteins can specifically seed the

amyloidogenesis of others (Chaudhuri et al., 2019; Ren et al.,

2019), we decided to test the possibility of cross-induction of the

amyloid formation by these proteins.

Previously, we selected the optimal conditions for obtaining

bona fide vicilin (Antonets et al., 2020) and RopB (Kosolapova
FIGURE 3

Immunogold localization of RopB protein in the nodules of P. sativum L. in wild-type line Sprint-2Fix+ (A–C) and mutant line Sprint-2Fix-(sym31)
(D–F). The RopB label is in the infection thread (A, D), juvenile symbiosomes (B, E), mature symbiosomes (C) and multibacteroid symbiosomes
characteristics for mutant line Sprint-2Fix-(sym31) (F). it – infection thread, itw – infection thread wall, id – infection droplet, b – bacteria, ba –

bacteroid, jba – juvenile bacteroid, * – multibacteroid symbiosome, arrows indicate gold particles. Scale bars are equal to 500 nm. For negative
control see Supplementary Figure 2.
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et al., 2019) amyloid fibrils in vitro and characterized their

physicochemical properties. Vicilin and RopB amyloids

prepared by the developed method (Figures 5A, B, left panels)

were used to cross-seed each other’s fibrillogenesis. This

experiment was carried out under conditions, in which

spontaneous fibrillogenesis of vicilin and RopB does not occur,

but the proteins can form mainly morphologically unstructured

aggregates of different sizes (Figures 5A, B, middle panels). The

properties of these aggregates were characterized earlier

(Kosolapova et al., 2019; Antonets et al., 2020). Transmission

electron microscopy data indicate that the presence of a 5% seed

of pre-prepared RopB fibrils did not affect the morphology of

vicilin aggregates (Figure 5A, right panel). At the same time, the

vicilin seed leads to a significant change in the morphology of
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RopB aggregates, which become fibrous unbranched structures

prone to agglomeration (Figure 5B, right panel), similar in

morphology to the seed formed from vicilin (Figure 5A, left

panel). Next, we analyzed the structure and properties of the

obtained clustered fibrils.

The results of studying the obtained RopB aggregates by CD

spectroscopy in the far UV region indicate the presence in the

CD spectrum of cross-seeded aggregates of a pronounced

minimum in the spectral region of 220 nm, which is

characteristic of amyloids (Figure 6A). Quantitative analysis of

the content of secondary structure elements in the sample by the

BeStSel web server (Micsonai et al., 2018), indicates a high

content (about 37%) of antiparallel b-sheets (Figure 6B),

which are known to be involved in the formation of the
B
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FIGURE 4

Potentially amyloidogenic proteins of Fix+ and Fix- root nodules formed by R. leguminosarum (A) and (B), P. sativum L. (C) and (D), respectively.
Top-8 GO annotations of “Molecular Processes” and “Cellular Component” categories of identified proteins based on UniProt data are shown.
(E) Potentially amyloidogenic proteins of P. sativum L. with “nutrient reservoir” activity identified in protein samples obtained from wild-type and
sym31 mutant nodules. Proteins identified in particular samples (S1-S3) and Fix status of nodules are shown.
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backbone of amyloid fibrils. Our results indicate that the

formation of these antiparallel b-sheets is largely due to

structural transformations of the parallel b-sheets and a-
helices present in the monomeric protein (Figure 6B).

Staining of the studied RopB aggregates with the amyloid-

specific probe ThT was shown by the confocal laser scanning

microscopy (Figure 6C). A spectroscopic study (Figure 6D, E) of

dye-fibrils samples prepared by the equilibrium microdialysis

(Kuznetsova et al., 2012a) showed a long-wavelength shift in the

absorption spectrum of the fibril-bound dye by more than 20 nm

(Figure 6D), as well as an increase in the fluorescence quantum

yield by several tens of times (Figure 6D, Inset) and the lifetime

of the excited state (Figure 6E, Inset) by 3 orders compared to

characteristics of free ThT in an aqueous solution. We observed

similar results when studying the interaction of ThT with vicilin

amyloids (Antonets et al., 2020), which were used as a seed.

Thus, the obtained results indicate the amyloid-like

properties of RopB aggregates prepared in the presence of

vicilin amyloids: fibrillar structure, high content of antiparallel

b-sheets, and the specificity of their interaction with the ThT

fluorescent probe. This means that plant amyloids can modulate

amyloidogenesis of rhizobial proteins.
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4 Discussion

To date, there have been identified about 30 bacterial

amyloidogenic proteins (Kosolapova et al., 2020). Amyloids of

bacteria perform various physiological functions including

biofilm matrix formation, adhesion, and toxins activity

regulation (Romero and Kolter, 2014; Cámara-Almirón et al.,

2018; Sønderby et al., 2022). Many of those functions are

associated with the interactions of bacteria with other

organisms (van Gerven et al., 2018). These interactions can be

classified into three types: (i) interactions within microbial

communities, (ii) pathogenic interactions with multicellular

hosts and (iii) symbiotic interactions with multicellular hosts

(Kosolapova et al., 2020). However, the data on the role of

bacterial amyloids in symbiotic interactions are scarce.

Previously, we analyzed the amyloid properties of outer

membrane proteins RopA and RopB from root nodule

bacterium R. leguminosarum in vitro and demonstrated in vivo

amyloid formation by these proteins during the stationary

growth phase of free-living culture (Kosolapova et al., 2019).

In this work, we demonstrated that amyloid fibrils of RopB

exhibit typical for amyloids x-ray diffraction pattern (Eanes and
B

A

FIGURE 5

(A) TEM images of the RopB fibrils prepared with seeding by pre-incubated RopB aggregates (left panel), vicilin aggregates (middle panel), and
vicilin aggregates prepared with cross-seeding by pre-incubated RopB fibrils (right panel). The scale bars are equal to 500 nm. (B) TEM images
of the vicilin fibrils prepared with seeding by pre-incubated vicilin aggregates (left panel), RopB unstructured aggregates (middle panel), and
RopB fibrils prepared with cross-seeding by pre-incubated vicilin amyloids (right panel). The scale bars are equal to 500 nm.
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Glenner, 1968; Morris and Serpell, 2012) with reflections at 4.6 Å

and 10 Å (Figure 1C) indicating cross-b spatial structure of the

analyzed fibrils. Combining these and previously obtained data

(Kosolapova et al., 2019) and results of AFM analysis

(Figures 1A, B) we can conclude that RopB can adopt bona

fide amyloid state.

Notably, RopB monomeric protein is predicted to have the

b-barrel fold probably acting as the transmembrane protein

involved in the outer membrane stabilization (Foreman et al.,

2010). Combined with in vivo observations such as the presence

of RopB-containing fibrils on the surface of bacteroids

(Figures 2, 3) we may propose the ability of RopB protein to

adopt two different spatial conformations: amyloid fibril and b-
barrel. The formation of different spatial forms allows to

hypothesize ability of RopB protein to perform diverse
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functions specifically associated with either its transmembrane

b-barrel fold or amyloid state. This hypothesis is supported by

the fact that RopB is a part of fibrillar aggregates formed on the

surface of both differentiated and undifferentiated bacteroids

from the wild-type and mutant nodules, respectively (Figure 2).

The presence of fibrous matrix surrounding bacteroids in

symbiosomes has been observed earlier (Cermola et al., 2000).

The fibrillar material has been proposed to be of polysaccharide

nature (Cermola et al., 1994). Our findings support the idea that

bacteroids are embedded in fibrous matrix composed not only of

polysaccharides, but also amyloid proteins.

The analysis of the localization of RopB protein in nodules

revealed its presence in bacteroids, peribacteroid space and on

the symbiosome membrane of the infected cells (Figure 3).

Notably, amounts of RopB protein were different in wild-type
B

C D

E

A

FIGURE 6

Structure and properties of the obtained RopB fibrils (A) CD spectra in the far UV region of RopB in monomeric (purple curve) and fibrillary (pink
curve) states. (B) Deconvolution of CD spectra of the RopB in monomeric (purple column) and fibrillary (pink column) state using the BeStSel
method (Micsonai et al., 2018). The change in the content of a-helices, parallel and antiparallel b-sheets, b-turns, and other structures (includes
3-10-helices, bends, and unordered structures) are shown. (C) Confocal microscopy of the RopB fibrils stained with ThT. The overlay of the
fluorescence image of the ThT-stained aggregates and the transmitted light image is presented. The scale bar is equal to 50 mm. (D) Normalized
to unity at the maximum absorption (dotted curves) and fluorescence (straight curves) spectra of ThT in free (blue curves) and bound to RopB
aggregates (green curves) states. The Inset shows the values of the fluorescence quantum yield of the dye in free (blue column) and bound to
RopB aggregates (green column) states. (E) Fluorescence decay curve of the bound to fibrils ThT (green curve) and excitation laser impulse
profile (grey curve). The Inset shows the values of the fluorescence lifetime of the dye (in nanoseconds - ns) in free (blue column) and bound to
RopB aggregates (green column) states.
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and mutant nodules. RopB amount increases with the transition

from a free-living state to a symbiotic one in juvenile bacteroids

in wild-type nodules (Figure 3). In this way RopB fibrils could

play a certain defense function similarly to other surface

biopolymers (Yang et al., 2022), protecting and stabilizing

bacteroids at the initial stages of the development. However,

with further differentiation, the amount of this protein

significantly decreases in mature symbiosomes (Figure 3)

though even mature bacteroids stained with CR exhibit

birefringence in the polarized light and produce fibrils that

bind anti-RopB antibody (Figure 2) suggesting the presence of

RopB amyloids at their surface. An increase in the amount of

RopB protein in multibacteroid symbiosomes (containing

undifferentiated bacteroids) of the sym31 mutant probably

corresponds to high amount of RopB in juvenile symbiosomes

of wild-type (Figure 3), indicating a delay in RopB accumulation

in the mutant line. Thus, an increase in the RopB production is

associated with free-living cell – to bacteroid transition but RopB

amyloids form at different stages of bacteroid development

suggesting their functional role in this process. These

observations are in line with other studies demonstrating the

amyloidogenic properties of different b-barrel proteins

(Sulatskaya et al., 2021).

Another b-barrel protein whose detergent-resistant

aggregates are detected in the root nodules is vicilin, a seed

storage protein of P. sativum L., that contains two ancient cupin

b-barrel domains (Bäumlein et al., 1995; Shutov et al., 1995). We

have previously demonstrated the ability of vicilin to form

amyloids in vitro and in vivo, in pea seeds (Antonets et al.,

2020). Notably, vicilin and other proteins with nutrient reservoir

activity were identified in samples extracted from functional,

nitrogen-fixing nodules but not in ineffective nodules with

undifferentiated bacteroids (Borisov et al., 1997) (Figure 4).

The presence of detergent-resistant proteins with nutrient

reservoir activity only in effective nodules may highlight the

link between nitrogen fixation and aggregation of storage

proteins in nodules. Interestingly, vicilin amyloid can cross-

seed amyloid formation by RopB protein in vitro but not vice

versa (Figure 5, 6). Cross-seeding of amyloids is a selective

process (Ren et al., 2019; Subedi et al., 2022) suggesting for a

possibility of interaction between RopB and vicilin in vivo.

Functional importance of such probable interaction is unclear,

nevertheless, vicilin is known to have a lectin (carbohydrate-

binding) activity (Gomes et al., 1997; Rose et al., 2003). Lectins

are well known to participate in the specificity of recognition of

the nodule bacteria by their plant hosts (Law and Strijdom, 1984;

Hirsch, 1999; Danhorn and Fuqua, 2007). Nevertheless, vicilin

aggregates were detected only in effective but not in ineffective

nodules suggesting that their function is unrelated to bacteria

recognition. What is more likely, the interaction (including

cross-seeding) between plant and Rhizobium amyloids could

be involved in the later stages of plant-microbial interactions

supporting the bacteroid differentiation and nitrogen fixation.
Frontiers in Plant Science 14
Analysis of RopB protein in other pea ineffective mutants will

more accurately identify the stage of nodule development at

which the amyloid form of RopB protein is required.

Taken together, in this work we confirmed bona fide amyloid

properties of RopB amyloids. We showed that RopB amyloids

are formed in vivo during colonization of plant tissues with

rhizobia. This process depends on the particular stage of

infection, and RopB amyloids can be cross-seeded by plant

amyloid protein vicilin which is also produced in the nodules.
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