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* Background and Aims During the analysis of plant male meiocytes coming from destroyed meiocyte columns
(united multicellular structures formed by male meiocytes in each anther locule), a considerable amount of infor-
mation becomes unavailable. Therefore, in this study intact meiocyte columns were studied by volume microscopy
in wild-type rye for the most relevant presentation of 3-D structure of rye meiocytes throughout meiosis.

* Methods We used two types of volume light microscopy: confocal laser scanning microscopy and non-confocal
bright-field scanning microscopy combined with alcohol and aldehyde fixation, as well as serial block-face scan-
ning electron microscopy.

* Key Results Unusual structures, called nuclear protuberances, were detected. At certain meiotic stages, nu-
clei formed protuberances that crossed the cell wall through intercellular channels and extended into the cyto-
plasm of neighbouring cells, while all other aspects of cell structure appeared to be normal. This phenomenon
of intercellular nuclear migration (INM) was detected in most meiocytes at leptotene/zygotene. No cases of
micronucleus formation or appearance of binucleated meiocytes were noticed. There were instances of direct
contact between two nuclei during INM. No influence of fixation or of mechanical impact on the induction of
INM was detected.

* Conclusions Intercellular nuclear migration in rye may be a programmed process (a normal part of rye male
meiosis) or a tricky artefact that cannot be avoided in any way no matter which approach to meiocyte imaging is
used. In both cases, INM seems to be an obligatory phenomenon that has previously been hidden by limitations of
common microscopic techniques and by 2-D perception of plant male meiocytes. Intercellular nuclear migration
cannot be ignored in any studies involving manipulations of rye anthers.

Key words: Meiocyte column, male meiosis, 3-D imaging, volume electron microscopy, cytomixis, intercellular

channel.

INTRODUCTION

It is hard to overestimate the importance of meiosis in the life
cycle of plants and many other organisms. As a specialized
type of cell division producing haploid gametes and ensuring
genetic variation, meiosis plays a crucial role in reproduction,
and in the case of plants it is directly related to food security
issues. Understanding the mechanisms underlying meiosis
can provide insights into plant development and may have im-
portant applications in plant breeding and crop improvement.
Meiosis studies in plants face substantial technical obstacles
owing to the inaccessibility of intact meiocytes for direct ana-
lysis because they are hidden inside anthers/ovaries surrounded
by layers of nourishing and protective cells. Moreover, female
meiocytes are available for analysis only in small numbers.
Male meiocytes in turn are available for analysis in relatively

large numbers and can be extracted as individual cells rather
easily. Nonetheless, an even greater obstacle lies beneath the
surface in this case. Commonly, male meiocytes are observed
on squashed preparations (obtained from a disrupted anther) as
individual cells or groups of cells flattened on a slide (Kaur and
Singhal, 2019; Ahn et al., 2020). In such a case, even if organ-
elle structure is perfectly preserved, meiocytes lose their inter-
cellular contacts and their 3-D structure is altered. Meanwhile,
plant male meiocytes inside each locule of a developing anther
exist not as individual cells but as a united multicellular struc-
ture referred to as a meiocyte column, meiotic cell column (Li
et al., 2012), sporogenous archesporial column (Shunmugam
et al., 2018) or meiotic filament (Stronghill ez al., 2014). Such
a meiocyte column is partially isolated from other tissues,
and all meiocytes in it are connected with each other via big
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cytoplasmic channels. These special intercellular channels, re-
ferred to as cytomictic channels (CCs), are involved in active
intercellular transport of essential substances and signalling
molecules critical for synchronous meiotic division. Cytomictic
channels are considerably larger than plasmodesmata, and even
organelles can pass through them (Kumar et al., 2013; Munro
et al., 2014; Li and Xu, 2019; Dukowic-Schulze and van der
Linde, 2021; Somashekar et al., 2023). Most CCs are disrupted
in squashed preparations.

Thus, during an analysis of meiocytes coming from des-
troyed columns, as seems to be the case for most common
microscopic protocols (Kaur and Singhal, 2019; Ahn et al.,
2020), a considerable amount of information becomes unavail-
able, e.g. data about their intact structure, 3-D position inside
an anther locule and the functioning of their CCs. Sections
obtained from anthers embedded in any type of resin pro-
vide only 2-D data (Kolczyk et al., 2015; Bennici et al., 2019;
Fadon er al., 2019), and all the information outside a section
plane is lost. We regard volume microscopy combined with
protocols that allow preservation of the intact 3-D structure
of meiocyte columns as the best way to overcome the afore-
mentioned technical problems. Both volume light microscopy
(vLM) and volume electron microscopy (VEM) could be used
for this purpose.

The most impressive results are likely to be obtained by
vEM techniques, such as serial block-face scanning electron
microscopy (SBF-SEM), and enable a 3-D ultrastructural
analysis of relatively big volumes of plant tissues containing
dozens and even hundreds of cells. This approach combines
structure preservation of resin-embedded samples and im-
aging at ultrastructural resolution (Harwood et al., 2020; Ono
et al., 2022). Until now, only a single attempt to analyse the
interior of intact plant meiocytes has been made by VEM; to-
bacco meiocyte columns were fixed and embedded in a resin as
a part of whole anthers and analysed by SBF-SEM at different
stages of meiosis (Mursalimov et al., 2021). The most striking
observation in that work was the detection of unusual structures
— nuclear protuberances (NPs) — formed by nuclei of most to-
bacco meiocytes at the first meiotic prophase. These NPs cross
the cell wall through the CCs and extend into the cytoplasm of
a neighbouring cell, while all other aspects of cell structure ap-
pear to be normal (Mursalimov et al., 2021).

Such a phenomenon of intercellular nuclear migration (INM)
is not something new or unique for plant male meiosis. It was
discovered more than a century ago (Arnoldy, 1900; Koernicke,
1901; Gates, 1908, 1911; Heslop-Harrison, 1966; Feijo and
Pais, 1989) and described many times in male meiosis of dif-
ferent plant species, including tobacco (He et al., 2004; Pécrix
et al.,2011; Liao et al., 2020; Reis et al., 2022). As a rule, it is
referred to as cytomixis but can also be called chromatin body
extrusions (Giorgetti et al., 2007) or nuclear envelope protru-
sions (Sheehan and Pawlowski, 2009; Varas et al., 2015). The
causes, mechanisms and consequences of INM are still unclear
(for review see Mursalimov and Deineko, 2018). It is gener-
ally accepted that INM results in the formation of micronuclei
(Barton et al., 2014; Reis et al., 2016). Nonetheless, some re-
searchers consider INM a process that gives rise to binucleated
meiocytes, which can subsequently result in the production
of unreduced pollen (Farooq et al., 2014; Fakhri et al., 2016;
Djafri-Bouallag et al., 2019; Tel-Zur et al., 2020). Direct fusion
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events, where an NP crosses the cell wall and fuses with a nu-
cleus of a neighbouring cell via a nuclear bridge with unknown
consequences, have also been documented (Mursalimov and
Deineko, 2011). Some investigators view INM as a response
to stress (Kalinka et al., 2010; Kravets, 2011; Kravets et al.,
2022). Nevertheless, most of these scientists have regarded
INM as a rare deviation. The results obtained by SBF-SEM on
tobacco allow a preliminary conclusion that INM is a constant
part of normal male meiosis, at least in tobacco. If so, it seems
that INM has been greatly underestimated so far owing to limi-
tations of conventional microscopic protocols. It is possible
that such underestimation could have happened in hundreds of
other plant species where INM has been documented (He et
al., 2004; Pécrix et al., 2011; Mursalimov et al., 2013; Paez et
al., 2021). It appears that fast-developing volume microscopy
techniques may allow us for the first time in a century to discern
the real picture of INM in plant meiosis, thereby enabling re-
searchers to determine its causes and consequences and perhaps
even ways to manipulate it.

Besides serial sectioning and imaging of resin-embedded
samples by such techniques as SBF-SEM, the 3-D structure of
intact meiocyte columns can be studied by vLM techniques.
For this purpose, it is desirable to use plant species with rela-
tively big meiocyte columns that can be easily dissected from
anthers. The direct examination of meiocyte columns helps to
increase resolution sufficiently and provides a sharper image of
the cells. Preservation of the intact structure of meiocyte col-
umns is critical in this context. We did not find articles where
meiocyte columns were dissected with preservation of their in-
tact 3-D structure and imaged by vLM at magnification/reso-
lution sufficient for NP detection.

Thus, the application of volume microscopy to the analysis of
intact meiocyte columns can greatly expand our understanding
of meiosis features in various plant species. Aside from INM,
it remains to be determined how many other cellular struc-
tures and mechanisms underlying meiosis remain undiscovered
owing to 2-D perception of meiocyte structure.

Here we employed a combination of four protocols including
cryofixation and alcohol and aldehyde fixation and both vLM
and vEM for the most relevant presentation of 3-D structure of
rye meiocytes throughout meiosis with special attention to the
detection of INM cases. We found that most rye male meiocytes
participate in INM at the first meiotic prophase. The proposed
approach can be used in the same manner for investigation of
meiocyte columns of other cereals, e.g. wheat or barley, and
with some modifications in many other plant species. In add-
ition to INM research, this approach may be used for a variety
of meiosis studies requiring preservation of the 3-D structure of
male meiocytes.

MATERIALS AND METHODS

Plant material

Wild-type rye plants (Secale cereale L. cv. ‘Onokhoiskaya’,
2n =14, RR) from the collection at the Institute of Cytology
and Genetics (Novosibirsk, Russia) were grown in a green-
house with a photoperiod of 16/8 h (day/night) at a temperature
of 22/18 °C (day/night). Two independent series of growing
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and sampling of the plants were performed in May—June and
September—October of 2021. The material was collected be-
tween 0900 and 1200 h local time. The emergence of the flag
leaf was utilized for estimation of meiotic stages of interest. No
touching by fingers or other mechanical impacts were applied
to developing spikes.

Cryofixation followed by routine bright-field microscopy

For cryofixation [presented as (i) in Fig. 1A], spikes were
dissected from plants within leaf sheaths to avoid mechanical
impact on meiocytes. The first incision was made beneath a
spike, and the whole upper part of a plant was detached from
the roots and fully plunged into liquid nitrogen. After that, the
second incision was made above the spike within leaf sheaths
without a single touching a plant fragment containing the spike
(i.e. there was no mechanical influence on the spike). Then,
50-mL tubes containing the cryofixed material were transferred
to an ultra-low-temperature (=70 °C) freezer, where, after full
nitrogen evaporation, they were filled with acetic alcohol (abso-
lute ethanol/glacial acetic acid at 3:1) precooled to —70 °C and
left at this temperature for a week for cryosubstitution. Next,
the tubes were incubated at —20 °C for 12 h; then, the fixative
was replaced by fresh fixative precooled to —20 °C. After 24 h,
the samples were incubated at 4 °C for 5 h. Then, the fixative
was replaced again with fresh fixative precooled to 4 °C. After
overnight incubation, the material was kept at room tempera-
ture and the fixative was replaced with 70 % ethanol for storage.
Before analysis, the spikes were dissected from leaf sheaths,
and then anthers were dissected from spikes and squashed on
a slide with a dissection needle and stained with a drop of 6 %
acetocarmine. The stained meiocytes were examined by con-
ventional bright-field microscopy under an Axio Observer Z1
microscope equipped with an AxioCam HRc camera (Zeiss,
Germany). The experiment was conducted two times independ-
ently. In each repetition, material was obtained from three in-
dependent plants, and at least 100 meiocytes from every plant
were analysed.

Meiocyte column extraction

Male meiocyte columns were analysed after alcohol and al-
dehyde fixation. The corresponding procedures of processing
of the material are presented in the scheme in Fig. 1A as (ii) and
(iii). For alcohol fixation (ii), spikes were dissected from plants
within leaf sheaths to avoid mechanical impact on meiocytes
and were immersed in absolute methanol, acetic alcohol (abso-
lute ethanol/glacial acetic acid at 3:1) or Carnoy’s solution (ab-
solute ethanol/chloroform/glacial acetic at 6:3:1). Both ice-cold
and room temperatures were used for every mentioned fixative.
In every case, the fixative was replaced with a fresh one after
30 min and then replaced one more time after 1 h and left over-
night. On the next day, the fixative was gradually replaced by
1 x phosphate-buffered saline (PBS, pH 7.2). The material was
transferred into 70, 50 and 30 % ethanol solutions and then
1 x PBS (pH 7.2), with incubation for 1 h in each. After that, the
spikes were dissected from the leaf sheaths and post-fixed in 8
% formaldehyde (Sigma—Aldrich, USA) in 1 x PBS overnight.
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The formaldehyde treatment is critical for successful extraction
of meiocyte columns. After overnight incubation, the material
was washed three times in 1 x PBS for 1 h. Before analysis,
anthers were dissected from spikes and cut into two pieces with
syringe needles, after which, by applying gentle pressure by
means of a dissection needle, we extracted meiocyte columns
from the anther fragments. The experiment was conducted two
times independently for every type of alcohol fixative. Three to
five plants were used in each repetition. At least three meiocyte
columns from every plant were analysed.

For aldehyde fixation (iii), spikes were carefully dissected
from the plants before fixation to ensure better accessibility of
meiocytes to a fixative. The dissected spikes were immersed
in 8 % formaldehyde (Sigma—Aldrich, USA) in 1 x PBS for
at least 48 h of incubation either on ice or at room tempera-
ture. Then, the material was washed three times with 1 x PBS
for 1 h. Before analysis, anthers were dissected from spikes,
and meiocyte columns were extracted as described above.
The samples were obtained from 50 individual rye plants,
and 115 meiocyte columns prepared this way were investi-
gated (Table 1).

Volume light microscopy

Two types of vLM were employed for meiocyte column im-
aging: confocal laser scanning microscopy (CLSM) and non-
confocal bright-field scanning microscopy (BFSM) (Senft ez
al., 1990).

Confocal laser scanning microscopy

A drop of SYTOX Green (Invitrogen, USA) at 1 um in
1 x PBS was placed on a slide with the dissected meiocyte
columns for fluorescent staining of nuclei. Then, the slide was
transferred to a moisture chamber for 30 min of incubation at
room temperature. Then, meiocyte columns were mounted on
ProLong Diamond antifade medium (Invitrogen, USA) and
analysed using an LSM 780 device (Zeiss, Germany). Green
fluorescence was excited with a 488-nm laser. The images were
captured and processed by Zen software (Zeiss, Germany).

Non-confocal bright-field scanning microscopy

A drop of 6 % acetocarmine was placed on a slide with
the dissected meiocyte columns for routine tissue staining.
Without washing or adding a mounting medium, the columns
were immediately coverslipped and nail polish was applied
around the coverslip edges to prevent drying of the sample.
Serial optical sections of the stained meiocyte columns
were acquired by means of an Axio Observer Z1 bright-field
microscope equipped with an AxioCam HRc camera (Zeiss,
Germany). A Z-stack containing 10-30 serial images with
a step of 1 um was obtained for every selected region. Zen
software was used for image capturing and initial analysis.
Next, the image stacks were imported into Dragonfly soft-
ware (ORS, Canada) for subsequent analysis, segmentation
and 3-D modelling.
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FiG. 1. Protocols of sample preparation used in this work (i—iv) and resulting images of rye meiocyte columns, as obtained by vLM at early meiotic prophase I.

(A) Outline of the experiment. RT, room temperature. (B) Meiocytes after cryofixation were analysed by light microscopy (Ai). (C, D) Meiocyte columns after

alcohol fixation were examined by light microscopy (Aii). Column fixed in ice-cold methanol (C) and fixed in acetic alcohol (D). (E-G) Meiocyte columns after

aldehyde fixation as examined by light microscopy (Aiii). (E, G) Well-preserved meiocyte columns. (F) Column with damaged meiocytes. Acetocarmine staining

and bright-field microscopy (BFM) are shown in (B-F). SYTOX Green staining and confocal laser scanning microscopy (maximum intensity projection) are pre-
sented in (G). Arrows point to NPs crossing a cell wall. Boxed regions are magnified in inserts. TC, tapetal cells. Scale bars = 20 pm.
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TABLE 1. INM frequencies in meiocyte columns as determined by BFSM at different meiotic stages.

Meiotic stage Number of meiocyte columns

Observed cells

Cells not involved in INM Cells involved in INM

number % Number %, mean =+ s.d.
Premeiosis 18 2202 2202 100 0 0
Leptotene/zygotene 44 4687 1150 5.84 3537 76.93 +11.93
Pachytene 23 1326 1322 99.76 4 0.24 £ 0.88
Diplotene/diakinesis 17 1024 1018 99.71 6 0.29 £ 1.23
Metaphase 1 13 568 568 100 0 0
Volume electron microscopy RESULTS

We used SBF-SEM to study the ultrastructure of meiocyte
columns. Aldehyde fixation (iv) was used to prepare meiocyte
columns for SBF-SEM. Spikes were carefully dissected
from plants before fixation, and then anthers were dissected
with extra care from the spikes on an ice-cold plate. Then,
the anthers were fixed with 2.5 % paraformaldehyde and
2.5 % glutaraldehyde in 1 x PBS overnight on ice. The fol-
lowing steps of preparation, imaging and analysis of SBF-
SEM samples have been described previously for tobacco
anthers (Mursalimov et al., 2021). Briefly, after aldehyde
fixation, the anthers were cut into 200- to 300-um pieces.
Then, the tissue samples were treated with reduced osmium
tetroxide, thiocarbohydrazide and osmium tetroxide again.
After en bloc staining with uranyl acetate and lead aspartate,
the tissue samples were dehydrated and embedded in epoxy
resin. After examination of semithin sections for selection of
regions of interest, mounting on aluminium rivets, trimming
and gold evaporation for increasing surface conductivity, the
blocks were imaged under a field emission scanning electron
microscope (Merlin or Sigma, Zeiss, Germany) equipped with
3View (Gatan, USA). The following scanning parameters
were applied to the samples presented in SBF-SEM figures.
We obtained 1419 individual images of the premeiotic stage
(accelerating voltage, dwelling time, pixel size in X and Y dir-
ections and slicing thickness in the Z direction; pixel dimen-
sions of each image were 1.3 kV, 0.9 ps, 6.93 nm, 50 nm and
12288 x 12288 pixels, respectively, without tiling); 1590 im-
ages of the leptotene stage (1.3 kV, 1.0 ps, 6 nm, 50 nm and
9216 x 9216 pixels with 2 x 2 tiling); 1839 images of the zyg-
otene stage (1.3 kV, 1.0 pus, 6 nm, 50 nm and 13312 x 13312
pixels with no tiling); and 1291 images of the pachytene stage
(1.2 kV, 0.9 ps, 7 nm, 70 nm and 10240 x 10240 pixels with
2 x 2 tiling). After binning, stitching and alignment on Fiji
(Schindelin et al., 2012), a training dataset for nuclei and cell
walls was produced with Dragonfly software (ORS, Canada),
Microscopy Image Browser (Belevich et al., 2016) and Amira
6.2.0 software (FEI Visualization Science Group, USA). Semi-
automatic segmentation with cycles of training, inference and
proofreading was performed with the help of a 2-D-convoluted
neural network in a unified environment for CNN-based auto-
mated segmentation of electron microscopy images (UNI-EM)
(Urakubo et al., 2019). The acquired prediction maps were
manually proofread, and 3-D reconstruction was performed
in Amira 6.2.0. In total, eight fragments of meiocyte columns
at different meiotic stages were obtained from independent
plants and subjected to analysis (Table 2).

Four approaches complementing one another were used for the
fixation and imaging of developing rye male meiocytes (Fig.
1A). Cryofixation [Fig. 1A (i)] and alcohol fixation [Fig. 1A
(i1)] combined with light microscopy were utilized to dem-
onstrate that INM is not induced by chemical or mechanical
impact. Aldehyde fixation combined with light [Fig. 1A (iii)]
and electron microscopy [Fig. 1A (iv)] was used to analyse
the frequency of INM and fine cell structure of meiocytes,
respectively.

For cryofixation (i), whole spikes within leaf sheaths were
plunged into liquid nitrogen followed by cryosubstitution.
The meiocyte columns cannot be dissected from rye anthers
after such a treatment, and squashed preparations were made
to observe cryofixed meiocytes. The meiocytes examined by
conventional bright-field microscopy were represented by
groups of cells on these preparations (Fig. 1B). They had
dense cytoplasm and nuclei, which were found to be intensely
stained by acetocarmine. The structure of chromosomes
within these dense nuclei was barely visible, but disrupted
nuclei or structureless chromatin was not observed. Multiple
cases of typical INM were detected in cryofixed meiocytes at
early prophase I.

For the alcohol fixation (ii), whole spikes within leaf sheaths
were immersed in methanol, acetic alcohol or Carnoy’s solution.
After such processing, meiocyte columns could be dissected as
united structures from rye anthers (Fig. 1C, D, Supplementary
Data Fig. S1). Cells in the resulting meiocyte columns had
rather dense nuclei and cytoplasm; however, the structure of
chromosomes was more clear-cut than in cryosubstituted
meiocytes. Intercellular nuclear migration was constantly pre-
sent in the meiocyte columns at early prophase I regardless of
the type of alcohol fixative that was used: methanol (Fig. 1C),
acetic alcohol (Fig. 1D) or Carnoy’s solution (Supplementary
Data Fig. S1). No disrupted nuclei or structureless chromatin
were found.

In the case of aldehyde fixation, whole spikes within leaf
sheaths cannot be properly fixed owing to the rather weak
penetration ability of aldehyde fixatives. This situation required
dissection of spikes (iii) or anthers (vi) before fixation to ob-
tain well-preserved cells. We used two types of aldehyde fixa-
tive: formaldehyde (iii) for the light microscopic examination
and a mixture of paraformaldehyde and glutaraldehyde (vi) for
SBF-SEM. Before formaldehyde fixation, the spikes were dis-
sected from the plants and immersed in the fixative (iii). After
such fixation, the meiocyte columns could be dissected from
anthers easily. In most cases, the meiocyte columns obtained
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TABLE 2. INM frequencies in meiocyte columns as determined by SBF-SEM at different meiotic stages.

Meiotic stage Sample Examined cells Cells not involved in INM Cells involved in INM

(anther fragment) Number % Number %
Premeiosis 1 123 123 100 0 0

2 67 67 100 0 0
Leptotene 3 94 16 17.02 78 82.98

4 41 14.63 35 85.37
Zygotene 5 64 6.25 60 93.75
Pachytene 6 80 80 100 0 0

7 18 18 100 0 0

8 17 17 100 0 0

this way had perfect structural preservation of cells with clear
transparent cytoplasm and a distinguishable thread-like con-
tent of meiocyte nuclei (Fig. 1E, G). Intercellular nuclear mi-
gration was constantly present in these meiocyte columns at
early prophase I, and they were used for subsequent analyses.
In some cases, severely damaged meiocytes with disrupted cell
walls and structureless chromatin were noted in the dissected
meiocyte columns after formaldehyde fixation (Fig. 1F). Such
columns were excluded from further analysis.

The well-preserved meiocyte columns fixed by acetic al-
cohol and formaldehyde were studied throughout meiosis by
vLM. Both routine and fluorescent staining were tested for the
visualization of nuclei in the meiocyte columns. Acetocarmine
yielded sufficient staining of nuclei for bright-field microscopy
(Fig. 1B-F), as did SYTOX Green for fluorescence microscopy
(Fig. 1G, Supplementary Data Fig. S1).

The most noticeable changes in their structure were detect-
able at the first meiotic prophase (Fig. 2). Before entering mei-
osis, male meiocytes of rye have a triangular shape and a big
nucleus with uncondensed chromatin and big nucleoli (Fig.
2A-C). Meiocytes were found to be tightly packed together,
and no callose wall was observed. In transverse view, meiocytes
looked like sectors of a circle, and there was no space in its cen-
tral region (Fig. 2A). No cases of INM were detectable at this
stage. For this reason, in 3-D models the nuclei available for
analysis at this stage were represented only by non-migrating
nuclei (Fig. 2C, Supplementary Data Video S1).

After entering meiosis, at leptotene/zygotene, nuclei of
meiocytes became more condensed and thread-like structures
appeared inside them (Fig. 2D-F). An intense process of callose
wall formation could be seen at this stage. It proceeded unevenly;
predominantly, callose deposits arose in the part of the meiocytes
oriented to the centre of a meiocyte column. The callose had no
colour, and its unequal deposition formed a transparent spine in
the centre of the meiocyte column; it was noticeable in the trans-
verse view (Fig. 2D, Supplementary Data Video S2). Multiple
cases of INM were registered in meiocytes at the leptotene/
zygotene stage. The NPs formed by migrating nuclei were ei-
ther barely visible (Fig. 2E , E,, Supplementary Data Fig. S1)
or quite prominent (Fig. 2D, E,). The analysis of the image
stacks obtained during the scanning of the meiocyte columns re-
vealed that INM occurs in most meiocytes at leptotene/zygotene.
Accordingly, most of the nuclei were represented by migrating
ones in 3-D models (Fig. 2F, Supplementary Data Video S3).

During the transition to the pachytene stage, meiocytes
changed their shape from triangular to spherical, and their
nuclei became even more condensed (Fig. 2G-I). Meiocytes
started losing their connections, and a rather big central cavity
formed in the meiocyte columns at this stage. This cavity was
not filled with callose, which was still observable as colour-
less structures located on the edge of the cavity (Fig. 2G). With
rare exceptions, INM was not detectable in meiocytes at this
stage. In the 3-D model of the meiocyte column at pachytene,
all the nuclei available for analysis in the chosen sample were
designated as non-migrating ones (Fig. 21, Supplementary Data
Video S4). The most noticeable alteration of the structure of
meiotic columns at diplotene/diakinesis and metaphase I and
at subsequent stages of meiosis was gradual enlargement of the
central cavity (Supplementary Data Fig. S1). No INM cases
were found in meiocytes starting from metaphase I.

To assess the frequency of INM in rye male meiosis, 115 indi-
vidual meiocyte columns fixed in formaldehyde were dissected
from anthers and investigated by vLM (Table 1). Acetocarmine
staining combined with BESM was performed for this purpose.
In total, 9807 meiocytes at different meiotic stages were ana-
lysed. Special attention was paid to leptotene/zygotene, where
meiocyte columns obtained from 44 anthers were examined.
Only meiocyte columns with well-preserved 3-D structure
and clearly visible cell walls and nuclei were subjected to this
analysis. Not a single case of INM was noted in 18 meiocyte
columns (totally containing 2202 meiocytes) at the premeiotic
stage (Table 1). INM frequency drastically increased at lepto-
tene/zygotene. In different meiocyte columns, 53.99-100 % of
meiocytes were involved in INM as a nuclear donor/recipient
or both (76.93 % on average). Meiocyte columns without INM
were absent at this stage. Starting from pachytene until dia-
kinesis, INM frequency decreased drastically (to 0.24-0.29
%), and INM was not detectable after metaphase 1. No cases
of separation of NPs from their nuclei during migration were
found. No micronuclei were found in any of the studied cells.
No cases of direct fusion between two nuclei or of formation of
binucleated meiocytes were detected by vLM.

Although vLM showed relatively high abundance of INM
at leptotene/zygotene, VEM via SBF-SEM was necessary to
address questions such as the presence or absence of CCs re-
quired for INM, unequivocal lack of even small NPs migrating
to adjacent cells at certain stages, and physical interactions
between migrating nuclei and surrounding organelles. For
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A

G

FiG. 2. Meiocyte columns of rye at the premeiotic stage (A—C), leptotene/zygotene (D-F) and pachytene (G-I) according to light microscopy. (A, D, G) Transverse view
of meiocyte columns. (B, E, H) Longitudinal view of a column, represented by an individual optical section from an image stack containing 23 images in (B), 18 in (E)
and 11 in (H). In the insets, the same individual images are grey-scaled with manually painted nuclei. (C, F, I) 3-D reconstructions of scanned meiocyte columns with
painted nuclei. (D)) and (E, ;) are enlarged fragments. Alcohol fixation in (A, D, G), and formaldehyde fixation in other panels. The yellow colour denotes migrating nu-
clei, red non-migrating nuclei, and blue partially scanned nuclei (their status is not clear). Arrows point to NPs crossing a cell wall. TC, tapetal cells. Scale bars = 20 pm.
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SBF-SEM, rye anthers were dissected from plants before im-
mersion in fixative [Fig. 1A (iv)]. After the osmium treatment,
en bloc staining and resin embedding, samples containing
meiocytes at premeiotic, leptotene, zygotene and pachytene
stages were scanned. General structure of the meiocyte col-
umns imaged by SBF-SEM was well consistent with that de-
termined by vLM. Owing to the relatively small size of the
fragments of meiocyte columns scanned by SBF-SEM, lepto-
tene and zygotene stages could be separated and analysed in-
dividually, in contrast to VLM, where scanned columns often
contained meiocytes at both stages.

At the premeiotic stage, meiocytes were represented by tri-
angular tightly packed cells (with a big oval-shaped nucleus
containing uncondensed chromatin and multiple complex nu-
cleoli) surrounded by tapetal cells (Fig. 3A-D, Supplementary
Data Video S5). SBF-SEM helped to observe structures
hidden from vLM, such as CCs connecting meiocytes
(Supplementary Data Fig. S2). Despite the presence of fully
formed CCs, no cases of INM were found in meiocytes at this
stage even at ultrastructural resolution. Accordingly, most of
the nuclei were represented by non-migrating ones in the 3-D
model (Fig. 3C, D). In total, 190 meiocytes from two inde-
pendent fragments of meiocyte columns were analysed at this
stage (Table 2).

At leptotene, meiocytes were still close to a triangle in shape
and tightly packed (Fig. 3E-H, Supplementary Data Video S6).
It was noticeable that chromatin became more condensed, the
nucleoli started losing their complex structure, and their number
decreased; the callose deposits began at the centre of meiocyte
columns. The number of CCs connecting meiocytes went up
significantly at his stage (Supplementary Data Fig. S2). Most of
the meiocytes participated in INM at leptotene, and their nuclei
were designated as migrating ones in a 3-D model (Fig. 3G,
H). In total, 135 meiocytes in two fragments of independent
meiocyte columns were examined at this stage, and 113 of them
(~84 %) were involved in INM (Table 2).

At the zygotene stage, the meiocytes gradually lost their tri-
angular shape, chromatin became even more condensed, and as
a rule only one nucleolus could be observed in meiocyte nuclei.
The callose deposition formed a prominent transparent spine
in the centre of the meiocyte columns at this stage (Fig. 3I-L,
Supplementary Data Video S7). Although some CCs were
closed by the callose deposits, there were still hundreds of them
open and connecting meiocytes at this stage (Supplementary
Data Fig. S2). Sixty-four meiocytes in one randomly chosen
meiocyte column were investigated at this stage, and 60 of them
(about 94 %) took part in INM (Table 2). The 3-D model of
a meiocyte column fragment at zygotene revealed predomin-
ance of migrating nuclei (highlighted in yellow in Fig. 3K, L).
It should be noted that even if a nucleus did not migrate and
was highlighted in red in the 3-D model, the cell could still be
involved in INM as a recipient of a nucleus migrating from a
neighbouring meiocyte.

At pachytene, the shape of meiocytes tended to become more
spherical, and cells in meiocyte columns were located around a
rather big central cavity (Fig. 3M-P, Supplementary Data Video
S8). This central cavity consisted of intercellular space with
no structural content except for remains of the callose wall.
Meiocytes located in this cavity that were separated from all the
others were seen occasionally. They did not differ significantly
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in their structure from the other meiocytes and looked viable
(Fig. 3N, O). It was also noticeable that the cytoplasm of the
tapetal cells surrounding meiocytes became dense, and they
stained more intensively at this stage. In total, 115 meiocytes
from three independent fragments of meiocyte columns were
analysed at this stage (Table 2). No cases of INM was found,
although most meiocytes were still connected by dozens of CCs
(Supplementary Data Fig. S2). Accordingly, the scanned nu-
clei were represented by non-migrating ones in the 3-D model
(Fig. 30, P). No cases of CC formation between meiocytes and
tapetal cells were noted at any stage. It should be pointed out
that a few damaged meiocytes and tapetal cells with disrupted
cell walls and structureless chromatin were observed in almost
every meiocyte column at every studied meiotic stage; chro-
matin in the damaged meiocytes is highlighted in orange in the
3-D models.

SBF-SEM uncovered some NP formation patterns that
cannot be detected by other microscopic techniques (Fig. 4). It
was shown that, despite the absence of INM at the premeiotic
stage, the nuclei of meiocytes form NPs at this moment, and
these NPs are often headed to the cell wall but do not cross it
owing to their limited length (Fig. 4A-D). At leptotene, the size
of NPs was greatly variable. There were NPs 1 um in length,
which were rather tiny compared with nucleus size (Fig. 4E-H),
as well as extended NPs having length almost the same as a nu-
cleus diameter: ~15 um (Fig. 41-L). Nucleus—nucleus contacts
between the migrating nuclei and the nuclei of neighbouring
meiocytes were observed at zygotene (Fig. 4M—-P). In such
cases, the gap between the nuclear membranes of the migrating
NP and the nucleus of a neighbouring meiocyte became undis-
tinguishable on certain sections. At the zygotene stage, along
with the NPs crossing the cell wall, NPs that did not cross the
cell wall, just as at the premeiotic stage, were registered (Fig.
4Q-T). In all the above-mentioned cases, nuclei forming the
NPs maintained the central position in their own cell, the nu-
clei had a rather spherical shape, and their nuclear envelopes
showed no signs of damage. We did not detect any NPs by SBF-
SEM at pachytene.

It was confirmed by 3-D ultrastructural analysis that in rye
meiosis NPs never detached from the nucleus from which they
originated. No cases of micronucleus formation or formation
of binucleated meiocytes were found in the cells evaluated by
SBF-SEM at any stage. No cases of INM between meiocytes
and tapetal cells were noticed in any studied samples either.

DISCUSSION

There is no perfect technique for investigating plant male
meiocytes. Every currently available approach to the analysis
of plant male meiocytes allows observation of their intact 3-D
structure, fine cellular details and a large number of cells or
their living dynamics, but not all together. Such a comprehen-
sive analysis requires a combination of different techniques to
study such structures as NPs, which can be easily destroyed or
hidden from observation when conventional microscopic tech-
niques are used. For this reason, we utilized four approaches to
examine INM in developing rye male meiocytes. Cryofixation
and alcohol fixation procedures in the absence of mechan-
ical impact were carried out to characterize overall structure


http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad107#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad107#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad107#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad107#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad107#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad107#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad107#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad107#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad107#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad107#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad107#supplementary-data

Mursalimov et al. — Unusual nuclear structures in male meiocytes

1167

Fi1G. 3. Fragments of meiocyte columns at the premeiotic stage (A-D), leptotene (E-H), zygotene (I-L) and pachytene (M—P) as examined by SBF-SEM. 3-D
reconstructions of scanned tissue fragments from 1429 serial images in (A), 1590 in (E), 1839 in (I) and 1291 in (M). An individual ultrastructural image from a
corresponding stack is shown in (B), (F), (J) and (N). 3-D reconstructions of scanned tissue fragments with nuclei and cell walls highlighted by various colours: a
transverse view in (C, G, K, O) and a longitudinal view in (D, H, L, P). Yellow denotes migrating nuclei, red non-migrating nuclei, blue partially scanned nuclei
(their status is not clear), orange damaged nuclei, and turquoise the outer layer of cell walls, labelled on every 50th slice. TC, tapetal cells. Scale bars = 20 pm.

of intact meiocytes and meiocyte columns by light micros-
copy. Aldehyde fixation with potential mechanical impact on
meiocytes was used for examination of fine cellular structure
by light and electron microscopy.

Cryofixation enables a researcher to stop any processes in
a fixed tissue at one moment by freezing all fluid phases solid
with ice formation. As a rule, quick freezing or high-pressure

freezing is chosen to prevent the formation of ice crystals and
ensures good membrane preservation for ultrastructural ana-
lysis (Ohno et al., 2008; Studer et al., 2008). On the other
hand, this approach is suitable for rather small tissue frag-
ments, not bigger than a few micrometres in thickness. In
the current work, we opted for plunge-freezing of whole rye
spikes within leaf sheaths to obtain meiocytes that are fixed
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Fi1G. 4. Dynamics of NP formation in meiocytes imaged by SBF-SEM. Nuclear protuberances emerge but do not cross the cell wall at the premeiotic stage (A-D). At
leptotene can be seen tiny NPs (E-H), extended NPs comparable in length to the size of a nucleus (I-L) and NPs forming nucleus—nucleus contacts (M—P). At zyg-
otene NPs that do not penetrate the cell wall appear again (Q-T). The left column presents original images, and to the right the same image is shown with cell walls
and nuclei highlighted in various colours, and the two right-hand columns are 3-D reconstructions of the scanned cells and NPs with enlargement. Arrows denote NPs.
Yellow and purple indicate nuclei involved in INM, red non-involved nuclei, and turquoise the outer layer of cell walls, labelled on every 25th slice. Scale bars = 5 um.
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without any mechanical or chemical impact. Our samples were
sufficiently bigger than needed for cryoelectron microscopy,
and plunge-freezing makes ice crystal formation unavoidable
in this context. Furthermore, the protein denaturation induced
by acetic alcohol during cryosubstitution makes cryofixed
meiocytes unsuitable for the analysis of fine cellular struc-
ture. Nevertheless, meiocyte structure preservation after such
a treatment is acceptable for routine staining and light micro-
scopic observation (Baskin et al., 1996; Rensing et al., 2002;
Ohno et al., 2010). This approach helped us to conclude that
INM is not induced by mechanical or chemical impact in rye
meiocytes.

Previously, we used the same approach to prove the natural
presence of INM in tobacco male meiocytes (Mursalimov et
al., 2022a); whole tobacco inflorescences, dissected flower
buds and individual anthers were cryofixed in liquid nitrogen
by plunge freezing. In that paper, INM was documented in all
the studied samples, consistently with the data presented in the
current work. Unfortunately, no studies on cryofixation of male
meiocytes in other plant species have been conducted to date.

The rapid fixation and high penetration ability of alcohol
fixatives allowed us to apply them for the fixation of whole rye
spikes within leaf sheaths as well. The resulting meiocyte col-
umns were not affected by any mechanical impact prior to fix-
ation and could be dissected from anthers as a united structure.
Moreover, acetic alcohol, which we used the most among al-
cohol fixatives, makes meiocyte columns quite dense and firm.
It allowed us to fragment some meiocyte columns into slices a
few cells wide and to see their transverse view as presented in
Fig. 2. Our main finding after the testing of different kinds of al-
cohol fixatives is that fixatives do not influence INM, and INM
could be investigated in the absence of any mechanical impact.

Another possible approach to proving that INM is a natural
phenomenon is to observe it in live meiocytes. As far as we
know, there have been no attempts to study INM in live anthers
on purpose; however, there were some cases when INM was
documented in live Arabidopsis meiocytes accidentally (Varas
et al., 2015; Yang et al., 2020, 2022).

Despite the advantages of all the aforementioned techniques,
it seems that aldehyde fixation is the best way to investigate
fine cellular structure of meiocyte columns. Unfortunately, al-
dehyde fixatives have a rather weak penetration ability, and an-
thers or at least spikes have to be dissected from plants prior
to aldehyde fixation. These manipulations with unfixed tissues
pose a risk of mechanical damage. Nevertheless, aldehyde fix-
ation combined with volume microscopy enables us to per-
form observations unachievable by any other techniques. For
light microscopy, this fixation gives a more detailed picture of
studied cells with clear cytoplasm and prominent chromosome
structure in the meiocyte, which helps to detect a significantly
greater number of INM instances than in columns after alcohol
fixation. For SBF-SEM, the treatment with aldehydes is crit-
ical, and only this type of fixation can be employed for sample
preparation (Cocks et al., 2018; Courson et al., 2021).

Among VLM protocols, we chose CLSM and BFSM for the
examination of the meiocytes after aldehyde fixation. Confocal
laser scanning microscopy is used widely nowadays and needs
no introduction. It allows 3-D imaging of structures of interest
selectively stained by fluorescent dyes in rather big tissue frag-
ments. Nonetheless, in some situations fluorescent dyes are
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unable to penetrate all the nuclei in a column and a substantial
amount of the dye could be retained by the cytoplasm, thereby
producing a strong fluorescent background preventing 3-D im-
aging. Another key point in the current work is the time of scan-
ning of one sample. Scanning of a rye meiocyte column with
sufficient quality by CLSM took hours. Because we intended to
assess dozens of meiocyte columns to estimate the frequency
of INM, it was quite challenging to perform CLSM for this
purpose. In comparison, the scanning of one sample by BEFSM
takes less than 1 min. In this approach, serial optical sections
of the routinely stained meiocyte columns were generated suc-
cessfully. Acetocarmine was chosen because it penetrates cells
fast and stains them quite intensely, helping to register more
details of cell structure. Nevertheless, routine staining is not
selective and requires that an investigator perform segmenta-
tion with artificial painting of nuclei to build a 3-D model such
as the one in Fig. 2, which is quite a time-consuming and la-
borious procedure. Likely, there is no need to build 3-D models
for every sample to determine INM frequency. The subsequent
analysis of the images obtained by scanning allows examin-
ation of every cell and nucleus in a meiocyte column and detec-
tion of the majority of INM cases. Here we built 3-D models for
a limited number of the scanned meiocyte columns for illustra-
tive purposes. There is no doubt that state-of-the-art neural net-
work protocols could solve the above-mentioned segmentation
problems in future projects.

Thus, we chose routine staining combined with BESM to
assess the frequency of INM in rye meiocyte columns. This
approach helped us to determine INM frequency in >100
meiocyte columns containing ~10 000 meiocytes. As a result,
we can conclude that INM in rye male meiosis is a frequent and
highly stage-specific process. At leptotene/zygotene it could be
observed in almost every meiocyte. Owing to the large number
of the examined cells, we were able to detect rare cases of INM
at pachytene and diplotene/diakinesis stages and to conclude
that there is no INM at later stages in the studied plants. This
finding contradicts what we observed previously in tobacco
by SBF-SEM, where a rather high rate of INM was registered
throughout prophase I, and even later, at the anaphase I stage,
INM had a frequency of ~20 % (Mursalimov et al., 2021).
These data indicate that there are two types of plant species:
plants where INM is strictly limited to certain stages and plants
where it is present throughout meiosis. A hypothesis could be
advanced that there is a difference in the occurrence pattern be-
tween monocots and dicots.

The frequency of INM in male meiocytes of the same rye
line, as determined on squashed preparations, has been esti-
mated as 2.5-12.65 % (Sidorchuk et al., 2016; Mursalimov et
al., 2022). In comparison with the results of the current work,
where ~77 % of meiocytes were involved in INM as estimated
by BFSM, we can conclude that INM frequency has been
underestimated in rye male meiosis by at least 6-fold. In other
words, in the best scenario only every sixth instance of INM
is detected in rye anthers by the common microscopic tech-
niques widely used for determining INM frequency. A similar
situation transpired when we evaluated INM frequency in to-
bacco male meiosis on squashed preparations and by SBF-
SEM (Mursalimov et al., 2016, 2021): it was found that the
INM frequency estimated on the squashed preparations is ~0.6
% versus ~95 % as determined by SBF-SEM, i.e. the common
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approach can detect only one INM instance out of every 150 in
tobacco meiosis. Extrapolation to other species is hard to resist:
INM has been documented in hundreds of plant species, usu-
ally at low frequency, and in all these articles, only squashed
preparations have been used for the INM frequency estimation
(Negron-Ortiz, 2007; Reis et al., 2016; Khan et al., 2018; Kaur
and Singhal, 2019; Tel-Zur et al., 2020). Consequently, we pro-
pose that INM frequency has been underestimated in the same
manner in all these papers owing to the technical limitations.

One significant advantage of working with rye male meiosis is
that meiocyte columns can be dissected from rye anthers rather
easily. Previous attempts to study INM in dissected meiocyte
columns of cereals have been performed in Thinopyrum sp.
and its hybrids with wheat (Li et al., 2009) as well as in barley
(Kravets, 2011, 2013). On the other hand, no volume micros-
copy techniques have been applied to the imaging of meiocyte
columns in the above-mentioned articles, and only some INM
cases have been suitable for observation. Thus, the dissection
of meiocyte columns with preservation of their 3-D structure
should be combined with volume microscopy imaging to detect
the majority of INM cases. It should be mentioned that some
NPs cannot be detected by any light microscopes owing to the
small size of their NPs, which hides them from examination.

In turn, vEM has no limitations in terms of the size of the
NPs that can be detected, and all the instances of INM are
documented when this approach is selected. We are not aware
of any studies involving vEM techniques other than SBF-SEM
to image plant male meiocytes. By SBF-SEM, we analysed
a smaller amount of material than by BFSM, eight meiocyte
columns versus 115, but imaging at ultrastructural resolution
was carried out this way. It allowed us to prove that the conclu-
sions about INM frequency and dynamics drawn from BFSM
are valid. After having counted every instance of INM, we can
state that the INM frequency estimates do not differ much from
those obtained by BFSM: 77 % according to BFSM versus 87
% according to SBF-SEM. Therefore, roughly 10 % of INM
instances are hidden from observation during BFSM. Taking
into account the time and effort required for SBF-SEM proto-
cols, BFSM is a more suitable approach to the estimation of
INM frequency in dozens and hundreds of meiocyte columns
within a short period. We believe that the proposed approach
to INM observation in meiocyte columns by vLM techniques
may be adapted to different plant species, including non-cereal
ones, and owing to its simplicity will help to estimate INM
frequency in male meiosis of many species with sufficient
accuracy.

SBF-SEM also proved the stage-specific nature of INM.
There are no instances of INM before meiosis or at pachytene
and later meiotic stages according to SBF-SEM. Nevertheless,
because of its high resolution, not attainable by light mi-
croscopy, SBF-SEM enabled us to notice CCs connecting
meiocytes at all the analysed stages. It is important to stress
that CCs connect meiocytes at all the investigated stages, but
INM happens in a strictly limited set of meiosis stages. These
findings do not support the idea that INM is induced by pro-
cessing of the plant material because the material was treated
in the same way at all the examined stages. A difference in
CC formation is noticeable between dicots and monocots. In
rye meiocytes, CCs are situated uniformly across the cell sur-
face except for the site in contact with tapetal cells, whereas
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in tobacco CCs form clusters in a few regions of the cell sur-
face. Nevertheless, the ultrastructure of CCs in rye does not
differ from that previously observed in tobacco meiocytes
(Mursalimov et al., 2021). Another appreciable difference
between dicots and monocots is the emergence of a special
structure (via callose deposition) known as a callose spine in
the central part of meiocyte columns (Bennett ez al., 1973). In
rye, these structures arise quite fast at the beginning of mei-
osis owing to unequal callose deposition around meiocytes,
and this spine fills the central part of the meiocyte columns
and then disappears rapidly, forming a central cavity. No
structures like a callose spine were detected in tobacco mei-
osis despite the highly uneven callose deposition observed in
this species as well (Mursalimov et al., 2021). The callose
blocks some CCs in rye meiocytes, and it is possible that rapid
stage-specific transformation of the callose wall at the begin-
ning of meiotic prophase I could be connected to the stage-
specific activation of INM in rye meiosis at this time point.
This question deserves additional research, and the techniques
suggested in the present work may be helpful because such
structures as a callose spine cannot be studied by common
techniques such as squashed preparations.

It was previously stated that in monocots INM could be
detected between tapetal cells and meiocytes (Silkova et al.,
2021). The current work does not support these observations.
We did not find a single case of INM between tapetal cells and
meiocytes at any stages; furthermore, no CCs were found be-
tween these two types of cells. Considering that in tobacco
anthers subjected to SBF-SEM no cases of INM and no CC
formation between tapetal cells and meiocytes were detected
either (Mursalimov et al., 2021), the finding of INM between
tapetal cells and meiocytes by light microscopy in any species
should be viewed with scepticism.

SBF-SEM confirmed the result obtained after the exam-
ination of INM by vLM, namely, that the migrating part of
a nucleus never separates from the source nucleus even after
entering a neighbouring cell. No instances of micronucleus for-
mation were found in the studied cells at any stage. A thor-
ough examination of a series of ultrastructural images did not
reveal a single case of NP disruption. The same observation
was made when tobacco meiocytes were researched by SBF-
SEM (Mursalimov et al., 2021). The migrating part of a nu-
cleus never separates from the source nucleus during INM in
plant meiocytes. Thus, the generally accepted point of view that
the main outcome of INM is micronucleus formation (Barton
et al., 2014; Reis et al., 2016) should be rejected. It seems that
all the previously published cases of micronucleus observation
in plant meiocytes after INM are a result of artificial separation
of NPs from their nucleus during sample preparation or misin-
terpretation during examination of individual tissue sections.

Interpreting the data acquired by SBF-SEM, we also noticed
that, usually during INM, meiocyte nuclei retain their position
in the central part of the cell, i.e. they do not migrate as the
whole structure but rather form migrating NPs, which can be
quite long in some cases and even be comparable in length to a
nucleus diameter. In tobacco, no cases of formation of such ex-
tended NPs have been observed; moreover, in tobacco meiosis
there are rather frequent instances of a whole nucleus migrating
into a neighbouring cell, giving rise to binucleated and enucle-
ated meiocytes (Mursalimov et al., 2021, 2022a).
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It is worth emphasizing that NPs could be seen at the
premeiotic stage when no cases of INM are detectable. At this
stage, they do not reach the status of CCs, and only at lepto-
tene do they cross the cell wall and enter a neighbouring cell.
NPs that do not penetrate the cell wall are also observed at zyg-
otene, the last stage where INM is seen. It seems that initially,
at the premeiotic stage, NPs are too short to enter another cell;
next, at leptotene, they extend and cross the cell wall with un-
known consequences, and then at zygotene they start to return
to their source cell. In other words, we do not believe that this
is a combination of random events; rather, this is a process that
has its own dynamics. Further research is needed to investigate
the consequences of this phenomenon.

Some damaged cells seen in every sample scanned by SBF-
SEM should be discussed separately. It is difficult to determine
whether these cells were damaged owing to some endogenous
factors before the experiments or because of an external factor
applied during sample preparation. It is possible that both types
of factors contributed to the observed cell damage. Regardless
of the origin of these damaged cells, as already mentioned,
they were detected in all the samples, including the premeiotic
stage, where not a single instance of INM was registered. Such
damaged cells were absent in tobacco meiocytes studied by
SBF-SEM, although most of meiocytes were involved in INM
(Mursalimov et al., 2021). Thus, there is no obvious correlation
between the presence of damaged cells and INM in rye and
tobacco meiosis. Taking into account the cryofixation experi-
ments performed on meiocytes of both of these species, we
think that it is highly unlikely that the cell damage is the reason
for INM. Nevertheless, we can theorize that the manifestation
of INM could be substantially modified during sample prepar-
ation. If cells are damaged during INM, then migrating nuclei
undergo damage as well, and if the nuclei are destroyed, then
they leave structureless chromatin like the chromatin that we
observed in some cases after aldehyde fixation in rye meiocyte
columns. It seems that mechanical impact plays a key role in
such damage and should be avoided at all costs.

Thus, INM was constantly observed in rye meiocytes at cer-
tain stages of male meiosis in all the examined samples, no
matter which techniques of fixation and imaging were applied.
The volume microscopy methods indicate that the real frequency
of INM in rye meiosis is sufficiently higher than estimated on
widely used squashed preparations and tissue sections, and that
most rye male meiocytes participate in INM. Similar patterns
of INM were previously observed in male meiosis of a taxo-
nomically distant species, tobacco, when its meiocytes were
imaged by VEM. Even though male meiosis of only these two
species has been analysed by VEM, there are hundreds of other
plant species where INM has been documented on squashed
preparations (He ef al., 2004; Pécrix et al., 2011; Mursalimov
et al., 2013; Paez et al., 2021). The high prevalence and con-
stant presence of INM during meiosis of rye and tobacco allows
us to conclude that INM is either a programmed process, i.e. a
normal part of male meiosis of many (or even all) plant spe-
cies, or a tricky artefact that cannot be avoided in any experi-
ments involving manipulations of plant anthers. Anyway, INM
appears to be an obligatory phenomenon for plant male meiosis
and should not be ignored.

If we assume that INM is a consequence of some form of arti-
ficial factor, then we have to admit that there is no protocol that
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can prevent it, and even cryofixation of whole organs cannot
help. As an unavoidable process, it is important in all studies
on plant male meiosis and in breeding and crop improvement
programmes. Aside from the influence of INM on laboratory
and agricultural plants, questions arise about wild-type plant
populations. If meiocyte nuclei start migrating because of the
slightest impact that we even cannot account for, then how do
plants manage to avoid this stressor in their natural environ-
ment, where they are constantly exposed to biotic and abiotic
factors? How do plants somehow manage to form fertile pollen
if their male meiocytes can be influenced so easily, and in this
regard, what potential contribution can INM make to plant fer-
tility in the wild? If INM is not a programmed natural process,
then it is essential to determine what exactly induces such be-
haviour of nuclei. Why are meiocyte nuclei so mobile only at
a certain stage of rye meiosis? Could this specific feature be
connected to peculiarities of the organization of their cytoskel-
eton or the functioning of CCs? Is it possible for meiocytes to
get back on the track of normal meiotic division if INM is a
consequence of an artificial factor? Is it possible to manipulate
this migration? Addressing these questions can substantially
elucidate many aspects of plant cell biology and developmental
biology.

In light of the available evidence from both the literature and
our own work, we tend to consider INM a natural process of male
meiosis in at least two plant species, tobacco and rye. Many re-
searchers have been regarding INM in plant meiosis as a natural
phenomenon involved either in unreduced-pollen production
(Farooq et al., 2014; Fakhri et al., 2016; Djafri-Bouallag et al.,
2019; Tel-Zur et al., 2020) or in a response to stress (Kalinka
et al., 2010; Kravets, 2011; Kravets et al., 2022). By contrast,
INM has never been considered a constant part of plant male
meiosis. This new status of INM requires reconsideration of its
role in plant meiosis. On the one hand, the detection of INM in
all the studied samples of rye grown under normal conditions
in a greenhouse at certain meiotic stages makes it unlikely that
INM is a part any kind of stress response. On the other hand,
we did not find cases of binucleated meiocytes resulting from
INM in rye meiosis; such cases in tobacco were demonstrated
previously (Mursalimov and Deineko, 2011). Nonetheless,
there were documented cases of direct contacts between NPs
and nuclei of neighbouring cells in the current work; therefore,
their potential fusion leading to the formation of aneuploid or
unreduced pollen cannot be fully ruled out.

It should be noted that the NPs in plant meiocytes remark-
ably resemble unusual nuclear structures observed in the pla-
cental tissue of the carnivorous plant Utricularia nelumbifolia.
The cell nuclei in this case also form extended NPs, named
chromatubules (chromatin-filled tubules), which enter neigh-
bouring cells and make contact with other nuclei (Ptachno
et al., 2017). Nonetheless, in comparison with INM in plant
meiocytes, the formation of chromatubules is a unique phe-
nomenon described only in one species of carnivorous plants
and undetectable in closely related species. Another intriguing
observation reported about these chromatubules is that they
contain cytoskeleton-like structures inside. Nothing of this kind
can be observed in NPs during INM in plant meiocytes, where
the cytoskeleton attaches to the external side of the nuclear
membrane (Sidorchuk et al., 2016; Mursalimov and Deineko,
2018). A possible reason is that chromatubules in the placental
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tissue of U. nelumbifolia seem to be rather stable structures
whereas NPs in plant meiocytes exist only for a short period.
Unfortunately, there is still not enough data to determine the
functions of chromatubules, and there is no published informa-
tion about INM in the meiosis of U. nelumbifolia. Nevertheless,
it is important to stress that it was 3-D ultrastructural analysis
that played a key role in the detection of the aforementioned
unusual nuclear structures (Ptachno et al., 2017).

Thus, the reasons for INM in plant meiosis are still debat-
able, but the current work was not aimed at addressing this
issue, and further studies are needed to investigate the causes
and consequences of INM. The key point of the current work
is the obligatory nature of this phenomenon, regardless of its
origin. First and foremost, the scientific community working in
the field of sexual pant reproduction has to admit it at least for
rye and tobacco. Second, we need to transition away from per-
ceiving the structure of meiocytes in 2-D and discontinue the
use of squashed preparations for INM investigation. New proto-
cols for INM study should preserve intact structure not only
of individual meiocytes but also of whole meiocyte columns,
and imaging should be performed by volume microscopy tech-
niques with sufficient magnification/resolution that allows de-
tection of all the NPs, including the smallest ones.

In this context, it must be pointed out that many researchers
may be unable to detect INM in their samples, even when
nuclear migration is prominent and perfectly amenable to
analysis. This problem could be due to their lack of famil-
iarity with the INM phenomenon, leading them to overlook it
simply because they are not aware that nuclear migration be-
tween meiocytes is possible. In the present work, we (having
sufficient experience with examination of INM in rye and
other species) purposely searched for INM in rye meiocytes.
Even in this study, we could not detect many instances of
INM until 3-D reconstruction of the images. Artificial intel-
ligence trained to detect INM cases in images may simplify
the detection and analysis of this phenomenon in plant male
meiosis.

Taking into account the rapid development of techniques
of volume microscopy and of image data analysis, we believe
that limitations of conventional protocols of plant male meiosis
analysis are responsible for the considerable underestimation
of the frequency and importance of INM and will be overcome
soon. Although the focus of the present paper is on INM, it
seems that 3-D analysis of meiocyte columns instead of the 2-D
analysis of meiocytes has good potential to reveal many other
interesting aspects of plant meiosis still hiding from researchers
behind technical limitations and the inadequacy of 2-D percep-
tion of complex cell structures.

SUPPLEMENTARY DATA

Supplementary data are available at Annals of Botany online
and consist of the following. Figure S1: rye meiocyte col-
umns imaged by vLM. Figure S2: CCs in the cell wall of rye
meiocytes. (A-D) CCs indicated by arrows in the individual
ultrastructural images. (E-H) 3-D reconstructions of the loca-
tion of CCs in rye meiocytes. Yellow colour denotes CCs and
purple denotes plasmodesmata. (A, E) Premeiotic stage, (B, F)
leptotene, (C, G) zygotene, (D, H) pachytene. Scale bars =2 um
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in A-D and 5 pm in E-H. Video S1: 3-D reconstructions of the
meiocyte column at the premeiotic stage imaged by BFSM; the
same sample as in Fig. 2B, C. Video S2: 3-D reconstructions of
the meiocyte column at leptotene/zygotene imaged by BFSM;
the same sample as in Fig. 2D. Video S3: 3-D reconstructions
of a meiocyte column at leptotene/zygotene imaged by BFSM;
the same sample as in Fig. 2E, F. Video S4: 3-D reconstruc-
tions of a meiocyte column at pachytene imaged by BFSM; the
same sample as in Fig. 2H, 1. Video S5: 3-D reconstructions
of a meiocyte column at the premeiotic stage imaged by SBF-
SEM; the same sample as in Fig. 3A-D. Video S6: 3-D recon-
structions of a meiocyte column at the leptotene stage imaged
by SBF-SEM; the same sample as in Fig. 3E-H. Video S7: 3-D
reconstructions of the meiocyte column at the zygotene stage
imaged by SBF-SEM; the same sample as in Fig. 3I-L. Video
S8: 3-D reconstructions of a meiocyte column at the pachytene
stage imaged by SBF-SEM; the same sample as in Fig. 3M-P.
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