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A b s t r a c t  
 

The discovery of microtubules in plants, as well as their subsequent study, was made possi-
ble by the methods of electron microscopy. Further, methods for visualizing the cytoskeleton in a 
plant cell were actively developed using immunolocalization combined with laser scanning confocal 
microscopy (K. Celler et al., 2016). All the above-listed methods involve the fixation of the analyzed 
biological material. It should be noted that the tubulin cytoskeleton is an extremely dynamic struc-
ture; therefore, techniques of microtubule visualization in living plant cells using fluorescent proteins 
have been actively developed in recent years (K. Celler et al., 2016). Nevertheless, immunohisto-
chemical analysis is still an essential method (J. Dyachok et al., 2016). First of all, this is due to the 
fact that in vivo observations are limited to plant cells of the surface layers (root hairs, epidermis) 
(F.M. Perrine-Walker et al., 2014; J. Dyachok et al., 2016). Moreover, for many plant species, the 
size of their organs is much larger than that of Arabidopsis thaliana, which makes it impossible to 
analyze changes in the organization of the cytoskeleton in vivo (J. Dyachok et al., 2016). Another 
limiting factor is that for several plant species, transformation protocols have not yet been developed 
or are very difficult, including the pea (Pisum sativum L.) (A. Iantcheva et al., 2013). Therefore, the 
optimization of fixation protocol of plant material remains relevant for effective immunohistochemi-
cal analysis of the tubulin cytoskeleton. In our study, it was shown that this optimization is required 
when new legume species are studied. For instance, the protocol for pea nodule fixation developed 
by us required changes when applied to the nodules of Medicago truncatula. Moreover, modifications 
in the protocol for fixation may even be necessary when examining different mutants in the symbi-
otic genes of a plant species, because such mutations can exert a strong influence on the physico-
chemical properties of the nodule tissues. Therefore, we used various fixation protocols for the wild-
type line of M. truncatula A17 and its mutants dnf1-1, efd-1 and TR3 (ipd3). It has also been shown 
that the preparation of sections of fixed nodules using a microtome with a vibrating blade can signifi-
cantly improve the preservation of the structure of the tubulin cytoskeleton as compared to the use of 
fixed specimens embedded in Steedman’s wax and subsequent sectioning using a rotary microtome. 
It was found that the age of the nodules is also an important factor in the visualization of the tubulin 
cytoskeleton. To compare the patterns of tubulin cytoskeleton in different cell types, quantitative 
analysis is required. We found that the MicroFilament Analyzer (E. Jacques et al., 2013) with addi-
tional scripts seemed well suited for checking the frequency of microtubules with a given orientation. 

 

Keywords: legume-rhizobial symbiosis, microtubules, immunolocalization, Pisum sativum, 
Medicago truncatula, quantitative analysis, MicroFilament Analyzer. 

 

The study of the tubulin cytoskeleton organization began with the use of 
electron microscopy methods, which were later supplemented with immuno-
histochemical analysis using fluorescence and laser scanning confocal microsco-
py [1]. All these methods involve the fixation of biological material. At the same 
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time, the tubulin cytoskeleton is a dynamic structure; therefore, approaches 
based on the study of microtubules with the use of fluorescent proteins in vivo 
[1] have become widespread. Nevertheless, immunolocalization of microtubules 
in plant cells remains in demand [2]. This is due to the fact that live imaging of 
microtubules was limited to the surface layers of cells (root hairs, epidermis); the 
size of many organs of the plants exceeds that of Arabidopsis thaliana [2]. In ad-
dition, there are methodological difficulties in the transformation of many plants 
[2]. For example, the protocol for effective transformation of pea has not been 
developed yet [3]. It also should be noted that fixation allows visualizing the or-
ganization of cytoskeleton elements, which cannot always be detected with the 
use of fluorescent proteins in live imaging observations [4].  

Studies of the tubulin cytoskeleton in symbiotic nodules also began 
with the use of electron microscopy [5]. In the following years, the organiza-
tion of microtubules in root hairs during the formation of infection threads, as 
well as the primordium of the symbiotic nodule in Medicago sativa and M. 
truncatula, was identified using immunolocalization and fluorescence and laser 
scanning confocal microscopy [6]. Later, the rearrangement of the tubulin cy-
toskeleton during the formation and growth of the infection thread in the root 
hairs of M. truncatula and Lotus japonicus was studied using fluorescent pro-
teins in vivo [7-10].  

The immunohistochemical methods and wide-field fluorescence micros-
copy or laser scanning confocal microscopy, as well as electron transmission mi-
croscopy, were used in studies of the tubulin cytoskeleton in nodules of different 
species of legumes. As a result, microtubule patterns were detected in mature 
nodules of M. truncatula [11], Glycine max [12], Pisum sativum [13], and Lupinus 
albus [14]. Nevertheless, these studies contain no detailed description of the 
three-dimensional organization of microtubules, especially around infection 
threads and infection droplets [15]. 

The previous studies on the structural organization of microtubules in 
mature nodules describe one approach, in which thick sections were obtained 
manually, and the tubulin cytoskeleton was fixed and visualized [12-14]. An-
other approach involved fixation of the nodules followed by embedding in 
Steedman’s wax [16], preparation of serial sections, which after rehydration 
were used for immunolocalization [6]. 

In the present study, for the first time the authors present an improved 
method for nodule fixation, compare the possibility of preparing sections with 
the use of embedding medium and sections of fixed nodules obtained using a 
microtome with a vibrating blade, optimize the immunolocalization method and 
the method of quantitative analysis of the tubulin cytoskeleton. 

The purpose of the study was to develop an approach for studying the 
tubulin cytoskeleton in the nodule of legumes.  

Description of the method. Optimization of the method for nodule 
f ixation. To study the organization of the tubulin cytoskeleton in pea nodules, 
a modified method for fixing the maize roots was used [17]. A new method for 
fixing symbiotic nodules is proposed [18]. The pea nodules were incubated for 7 
min under vacuum and 15 min without a vacuum in a fixing solution (3% for-
maldehyde, Ted Pella, USA, 0.25% glutaraldehyde, Ted Pella, USA, 0.3% 
Tween 20, Sigma-Aldrich, USA, 0.3% Triton X-100, Helicon, Russia) with 1/3 
concentration of MTSB buffer, containing 50 mM piperazine-N,N'-bis(2-
ethanesulfonic acid) (AMRESCO Inc., USA), 5 mM MgSO4 and 5 mM eth-
ylene glycol-bis(2-aminoethyl ether)-N,N,N',N'-tetraacetic acid (GERBU Bio-
technik GmbH, Germany), pH 6.9; the procedure was repeated 6–7 times. After 
this, the nodules were allowed for a night at 4 C.  
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Optimization of the method for embedding into Steedman’ s 
wax. After fixation, the nodules were washed in 1/3 MTSB buffer 3 times for 
20 min and embedded in Steedman’s wax [16] according to M. Stumpe et al. 
[19] with modifications. The material was dehydrated in a gradient ethanol se-
ries: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 96%. The processing time for the first 
four concentrations was 10, 20, 30 and 40 min, respectively, for subsequent con-
centrations 50 min. Staining of the samples with 0.1% toluidine blue in ethanol 
was performed overnight. After washing 2 times (1 h, 96% ethanol), the nodules 
were passed through increasing concentrations of Steedman’s wax (10, 20, 35, 
50, 65 and 80%) mixed with ethanol (40 C, 2 h of incubation at each stage). 
The plant material was embedded in 100% Steedman’s wax at 40 C for a night, 
and then placed into fresh 100% Steedman’s wax, after 2 h of incubation in 
which the nodules were put into molds and filled with 100% Steedman’s wax. 
The resulting blocks with nodules were kept at 4 C for 30 min, then serial sec-
tions with a thickness of 16 μm were prepared using a rotary microtome HM360 
(Microm, Germany).  

Thick (50 μm) sections without embedding in the medium were also 
used instead of embedding nodules in Steedman’s wax. For this, nodules after 
fixation were washed in 1/3 MTSB, enclosed in blocks of 3% agarose (Helicon, 
Russia), and then serial 50 μm thick sections were prepared using a microtome 
with a vibrating blade HM650V (Microm, Germany), after which the sections 
were washed in 1/3 MTSB. 

Op t imiza t ion  o f  t he  immuno loca l i z a t ion  me thod. The cor-
responding protocols described by F. Baluška et al. [17] and M. Stumpe et al. 
[19] were modified for this purpose. The obtained sections were placed on si-
lanized glasses coated with egg white and spread by the addition of distilled wa-
ter. After the sections were dried at room temperature, the embedding medium 
was removed with treatment in 96% ethanol for 10 min for 3 times, then in 70 
and 40% ethanol for 10 min with a final incubation in 1/3 MTSB for 15 min for 
2  times. To prevent nonspecific binding, the sections were incubated in a block-
ing solution (5% bovine serum albumin (BSA), 0.5% normal goat serum (Sigma-
Aldrich, USA), 0.2% cold water fish skin gelatin (Sigma-Aldrich, USA) in 1/3 
MTSB) for 30 min at 28 C and in acetylated BSA solution (Sigma-Aldrich, 
USA) (2 mg/ml) in TBS buffer (50 mM Tris-HCl, 150 mM NaCl, pH 7.5) for 
30 min at 28 C. To visualize the tubulin, the sections were incubated over-
night at 4 C with mouse monoclonal primary -tubulin antibodies (clone 
DM1A) (Sigma-Aldrich, USA) at a dilution of 1:1000 in 1% BSA in TBS. The 
sections were washed 5 times for 10 min in TBS buffer, blocked in a solution 
of 5% BSA in TBS at 28 C and incubated with secondary goat antibodies 
against mouse -globulin conjugated with Alexa Fluor 488 (Life Technologies, 
USA), at a dilution of 1:500 in TBS at 28 C for 90 min. The sections were 
then washed 3 times for 10 min in TBS, stained with propidium iodide 
(0.5 μg/ml) for 7 min to visualize the nuclei and bacteria, after that washed 
again 3 times for 10 min in TBS and mounted antifade reagent ProLong 
Gold® (Thermo Fisher Scientific, USA) under coverslip.  

The pattern of microtubules in the nodule cells was studied using laser 
scanning confocal microscopes LSM510 META and LSM780 (Carl Zeiss, Ger-
many). Spatial organization of microtubules in different types of nodule cells was 
analyzed using the 3D reconstruction of the obtained images (ZEN software, 
Carl Zeiss, Germany) [18]. 

Ana l y s i s  o f  t he  t ubu l in  c y to s ke l e t o n  in  t h e  nodu l e s  of 
l e gume s  w i t h  v a r iou s  f i x a t i on  me t hod s. Microtubules were detected 
in all types of cells in the nodule of pea (P. sativum), but fragmentation and 
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depolymerization of microtubules were often observed (Fig. 1, A, B). To im-
prove the quality of microtubule, thick (50 μm) sections without embedding in 
the medium were used instead of embedding nodules in Steedman’s wax. This 
method allowed avoiding long incubation in ethanol and stages of embedding in 
Steedman’s wax. 

 

 

Fig. 1. Immunolocalization of 
the tubulin cytoskeleton in sym-
biotic nodules of pea (Pisum 
sativum L.) of the wild-type 
SGE (A-E) and the mutant efd-1 
Medicago truncatula Gaertn. (B, 
D). The sections were obtained 
by embedding in Steedman’s 
wax (A, B) or by immersion in 
3% agarose (C-F); confocal la-
ser scanning microscopy (mi-
croscopes LSM510 META and 
LSM780, Carl Zeiss, Germany). 
Microtubules are fragmented 
(A, B), cortical and endoplas-
mic microtubules clearly identi-
fied (C-F).  
 

A-F: immunolocalization of tu-
bulin, green channel;  
A, C: staining of DNA nuclei 
and bacteria with propidium 
iodide, red channel;  
E: staining of DNA nuclei with 
4,6-diamidino-2-phenylindole-
dihydrochloride (DAPI), ma-
genta channel; localization of 
red fluorescent protein (RFP) — 
visualization of bacteria, red 
channel. Merge of a single 
optical section, differential 
interference contrast and the 
maximum intensity projec-
tions of  optical sections in 
the red and green channels (A, 
C), green, red and magenta 
channels (E). The maximum 
intensity projections of optical 
sections in the green channel 
(B, D, F).  
 

Legend: N — nucleus, IC — 
infected cell; the arrow points to the infection thread, the tip of the triangle – infection droplet. The scale 
bar is 10 μm. 

 

The use of a modified method on thick sections of fixed material made it 
possible to visualize the tubulin cytoskeleton with high quality. In this case, both 
cortical and endoplasmic microtubules were clearly identified (see Fig. 1, C, D). 
Using this approach, a detailed analysis of the tubulin cytoskeleton in cells of 
various histological zones of nodules was carried out in pea of wild-type SGE 
[20], Sprint-2 [21], and mutants in the symbiotic genes SGEFix-1 (sym40), 
SGEFix-2 (sym33) [22], Sprint-2Fix (sym31) [23], as well as the study of mi-
crotubules organization around various symbiotic structures, like the infection 
threads, infection droplets and symbiosomes [18]. 

However, the developed method did not allow visualization of the tubu-
lin cytoskeleton with high quality when studying the organization of microtu-
bules in symbiotic nodules of M. truncatula. In the meristem zone, diffuse fluo-

IC 

IC 
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rescence of tubulin was observed, which may be due to poor permeability of 
M. truncatula cells upon fixation. To increase the permeability, 10% dimethyl 
sulfoxide (DMSO) was included into the fixing solution composition and the 
time for air pumping was increased to 30 min, the nodules were left without 
vacuum for 10 min, the whole procedure was repeated 3 times.  

Several genotypes were used in the analysis of the tubulin cytoskeleton 
organization in the nodules of M. truncatula: the wild-type line A17 and corre-
sponding mutant lines dnf1-1 [24], efd-1 [25] and TR3 (ipd3) [26, 27]. The fixa-
tion modification described above was suitable for nodules of the A17 and dnf1-1 
lines. At the same time, nodules of the TR3 (ipd3) and efd-1 lines after fixing 
became too softened to prepare sections. Therefore, the nodules efd-1 and TR3 
(ipd3) were fixed without addition of DMSO, and the concentrations of Tween 
20 and Triton X-100 were reduced to 0.05% in the fixing solution for TR3 (ipd3) 
nodules. The influence of the concentration of the buffer solution salts, on the 
basis of which the fixing solution was prepared, was also noted. During fixation a 
cell compression was observed for M. truncatula nodules of all genotypes. There-
fore, the nodules of A17 and dnf1-1 lines were fixed using 1/6 MTSB buffer, and 
the nodules of TR3 (ipd3) and efd-1 – with 1/10 MTSB. As a result, a high qual-
ity of visualization of the tubulin cytoskeleton was achieved for all the studied 
genotypes of M. truncatula [18] (Fig. 1, E, F). 

An important factor in the visualization of the tubulin cytoskeleton is the 
age of the analyzed nodules. Microtubules were preserved better in 2-week-old 
nodules of pea and M. truncatula than in 4-week-old nodules.  

Analysis of the tubulin cytoskeleton in cells from different histological 
zones of the nodule identified different patterns of microtubules [18]. Quantita-
tive analysis was used to confirm the differences in the observed patterns. 

Quantitative analysis of the tubulin cytoskeleton. The ImageJ 
software was used for this purpose [28, 29]. The Angle Tool allows creating a 
line over the analyzed image, after which a table containing the values of incli-
nation angles of such lines is formed. This method proved to be extremely in-
convenient by the reason that not the whole cell is processed, but only one line 
and, therefore, obtaining data for a large number of images with differently ori-
ented microtubules in nodules takes a long time. Later, the authors used an Im-
ageJ plug-in FibrilTool [30], which was used to determine the average direction 
in microtubules orientation in an arbitrarily selected area in the image. The ap-
plied approach significantly reduces the analysis time of similarly oriented mi-
crotubules, but in case of their disordered orientation (for example, in nitrogen-
fixing cells of the symbiotic nodule), the researcher receives data on the average 
direction, which does not provide all the necessary information. The authors also 
used an OrientedJ plug-in [31], which allows obtaining the distribution of micro-
tubule orientations on the entire image, but it becomes impossible to separate 
the data on the orientation of the elements in different cells. The undoubted ad-
vantages of the OrientedJ plug-in include the possibility to obtain a "distribution 
map" of microtubules according to the frequency, depending on the orientation 
angle, each of which corresponds to the color. 

The best option was the use of the MicroFilament Analyzer [32], the 
functions of which allow analyzing the distribution of microtubules in several 
cells selected on the image either manually or automatically. Microtubule seg-
ments with an angle of 0, then 1 and so on until 179 were detected in the im-
age. As a result, a table containing the angles and coordinates of each line was 
created, and a graph of the angles frequency distribution was obtained. 
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Fig. 2. Quantitative analysis of microtubules in an uninfected cell of a nitrogen-fixing nodule of pea 
(Pisum sativum L.) the wild-type SGE. Confocal laser scanning microscopy (LSM780, Carl Zeiss, 
Germany).  

A: immunolocalization of tubulin, green channel, staining of DNA nuclei and bacteria 
with propidium iodide, red channel; the maximum intensity projection of  optical sections in the red 
and green channels. B: green channel, converted into grayscale. C: rotated image, in which the lon-
gitudinal axis of the cell is oriented vertically. D: analysis in the MicroFilament Analyzer, the cells 
analyzed are highlighted with green, the microtubules detected by the program are highlighted with 
yellow. E: all microtubules with an angle of 90 (relative to the longitudinal axis of the cell), identi-
fied by the MicroFilament Analyzer in the cell under study. F: distribution of microtubules detected 
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in the cell according to the magnitude of the angle. 
 

 
Fig. 3. Quantitative analysis of microtubules in an infected cell of a nitrogen-fixing nodule of pea (Pi-
sum sativum L.) the wild-type SGE. Confocal laser scanning microscopy (LSM510 META, Carl 
Zeiss, Germany).  

A: immunolocalization of tubulin, green channel, staining of DNA nuclei and bacteria 
with propidium iodide, red channel; the maximum intensity projection of optical sections in the red 
and green channels. B: green channel, converted into grayscale. C: rotated image, in which the lon-
gitudinal axis of the cell is oriented vertically. D: analysis in the MicroFilament Analyzer, the cells 
analyzed are highlighted with green, the microtubules detected by the program are highlighted with 
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yellow. E: all microtubules with an angle of 0 (relative to the longitudinal axis of the cell), identi-
fied by the MicroFilament Analyzer in the cell under study. F: distribution of microtubules detected 
in the cell according to the magnitude of the angle. 

 

The original RAW images were converted in the the maximum intensity 
projections. However, when using full-size images (1024×1024 pixels), microtu-
bule detection was difficult. The image size was reduced using bicubic interpola-
tion to 512×512 pixels. Then a channel corresponding to a tubulin marked with 
antibodies was selected, and then was saved as a gray-scale image. These opera-
tions were carried out using ImageJ, because it allows applying the above opera-
tions on a variety of images at once due to the built-in Macro Language. The 
resulting images were further analyzed using the MicroFilament Analyzer. Since 
incorrectly detected segments led to an increase in the frequency of occurrence 
of certain angles, it was necessary to minimize the number of such segments. To 
do this, an R script was prepared, which selected segments with a given angle 
(angles) from the table and using ImageMagick program applied the correspond-
ing lines on a copy of the initial image. This is how the accuracy of certain an-
gles detection by the MicroFilament Analyzer was evaluated and, if necessary, 
the options of this program were adjusted. 

To construct graphs that represent the distribution of segments with cer-
tain angles in the cell, an R script that uses the package ggplot2 was written [33]. 
This script was used to process the spreadsheet obtained in the MicroFilament 
Analyzer. Angles were recalculated in such a way that the zero angle was located 
vertically on the graph, and the values of the angles increased clockwise. Half of 
the angles, not reaching the full circle, were added and the detected angles were 
divided into three grades: longitudinal, diagonal and transverse. 

The developed approach was used for the quantitative analysis of the tu-
bulin cytoskeleton (microtubule distribution) in uninfected (Fig. 2) and nitro-
gen-fixing (Fig. 3) cells of the pea nodule. The obtained results confirmed the 
previously assumed (using visual analysis) differences in microtubule patterns in 
cells of different types in a symbiotic pea nodule. 

Thus, the obtained results clearly demonstrate that the study of the tubu-
lin cytoskeleton with the use of immunolocalization in the nodules of legumes is 
characterized by a number of features. The critical factor is the composition of 
the fixing solution, which must be adapted for each species of the studied leg-
umes and for the symbiotic mutants of these species. The necessary condition is a 
rejection of embedding media and obtaining the sections of fixed nodules using a 
microtome with a vibrating blade, which significantly increases the stability of the 
tubulin cytoskeleton structure. The age of the nodules being analyzed is also im-
portant. Therefore, when starting to analyze the tubulin cytoskeleton organization, 
it should be understood that such study is a non-trivial task that requires a critical 
approach to the use of previously developed methods.  
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