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ABSTRACT

Plant growth and development rely on a delicate balance between cell proliferation and cell differentiation. The root apical mer-
istem (RAM) of Arabidopsis thaliana is an excellent model to study the cell cycle due to the coordinated relationship between
nucleus shape and cell size at each stage, allowing for precise estimation of the cell cycle duration. In this study, we present a
method for high-resolution visualization of RAM cells. This is the first protocol that allows for simultaneous high-resolution im-
aging of cellular and nuclear stains, being compatible with DNA replication markers such as EdU, including fluorescent proteins
(H2B::YFP), SYTOX DNA stains, and the cell wall stain SR2200. This protocol includes a clarification procedure that enables the

acquisition of high-resolution 3D images, suitable for detailed subsequent analysis.

1 | Introduction

Arabidopsis thaliana (from now on Arabidopsis) primary root
is composed of various cell types arranged in concentric cir-
cles around the vascular bundle. All root cells originate from
the stem cell niche (SCN), a region characterized by a low di-
vision rate. As cells move away from the SCN, they enter the
meristem, where the proliferation rate is the highest in the root.
Subsequently, they transit into the elongation zone, where cell
division ceases, and cells attain their final size at the differenti-
ation zone (Romero-Arias et al. 2017).

The cell cycle is a critical process that allows the duplication
and equal distribution of the genetic material of a mother cell
into two daughter cells, essential for growth and development
in all living organisms. In eukaryotes, the cell cycle consists
of four phases: Gap 1 (G1), DNA synthesis (S), Gap 2 (G2) and
Mitosis (M) phases, along with a theoretical quiescent phase
Gap 0 (GO0). During the S phase, DNA synthesis occurs (Alberts
et al. 2017; Velappan et al. 2017) and DNA replication initiates
in the G1 phase, where regulatory pre-replication complexes as-
sociate with the DNA (Sclafani and Holzen 2007). Conversely,
in the absence of growth-promoting conditions, cells enter the
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GO, restricting growth until conditions turn favorable (Velappan
et al. 2017).

Labeling DNA with 5-ethynyl-2’-deoxyuridine (EdU), a thymi-
dine analog, is a fast and robust assay widely used to detect DNA
replication during the S-phase in plant cells. EAU is incorporated
into newly synthesized DNA, allowing for precise detection
(Buck et al. 2008; Kotogany et al. 2010; Nakayama et al. 2015).
The EAU method has been used to determine the length of the
cell cycle in the root apical meristem (RAM) of several plant
species including A. thaliana (Hayashi et al. 2013; Pasternak
et al. 2022), Nicotiana tabacum (Pasternak et al. 2017) and the
fern Ceratopteris richardii (Aragén-Raygoza et al. 2020).

Previous studies indicate that the cell cycle length in the
Arabidopsis meristematic zone is approximately 17.1h, while
in the elongation zone it extends to 30h. The S-phase duration
is 2.9h in the meristematic zone and 8h in the elongation zone
(Hayashi et al. 2013; Savina et al. 2020; Pasternak, Kircher, and
Palme 2021; Pasternak and Pérez-Pérez 2021). In contrast, Yin
et al. (2014) suggest that the cell cycle length in root epidermal
cells is around 14 h, with 6h from M (anaphase) to G1, 8 h from
S to G2, and 3h from late G2 to M (metaphase). This estimate
aligns with S-phase duration of 2 to 3h observed in cell culture
(Yin et al. 2014; Pasternak et al. 2022). Additionally, recent data
suggest that the G1 stage length varies from approximately 2h
near the elongation zone to over 20h in stem cells and newly
emerging cells from the SCN (Echevarria et al. 2022).

In eukaryotic cells, including plants, the shape and size of the
nucleus vary significantly during the cell cycle transitions, pro-
viding an estimate of the cell cycle length (Alberts et al. 2017;
Chu et al. 2017; Efremov et al. 2022). Significant differences in
the nuclei sizes are observed between different tissue layers,
such as trichoblast (T) and atrichoblast (AT) cells, particularly at
the G1-GO transition. Similar variations are also observed along
the longitudinal axis (Pasternak et al. 2022), highlighting the
spatial variation in nuclear sizes within the root structure.

Throughout the cell cycle, nuclei can be visualized using chroma-
tin labeling with DNA stains or through fluorescent protein fu-
sion to nuclear proteins (Goto et al. 2021). Common nuclear stains
used in fixed cells include DAPI (4,6-diamidino-2-phenylindole)
and Hoechst (Mathur et al. 2012; Chowdhury et al. 2022). Both
DAPI and Hoechst are blue-fluorescent stains that strongly bind
to adenine-thymine-rich regions in the minor groove of double-
stranded (ds) DNA (Bucevicius et al. 2018; Karg and Golic 2018).
Other ds DNA-binding labels are the SYTOX dyes (Hayashi
et al. 2013), which are available in different fluorescent color
variants (blue, green, orange, and deep red), making them a
versatile tool for fluorescence microscopy, flow cytometry, and
microplate applications (Truernit and Haseloff 2008; Grootjans
et al. 2016).

In the case of Arabidopsis, various nuclear reporter genes have
been used for in vivo imaging using confocal laser scanning mi-
croscopy (CLSM). An example is the HISTONE 2B:YELLOW
FLUORESCENT PROTEIN fusion (H2B:YFP) (Chytilova
et al. 2000; Boisnard-Lorig et al. 2001), allowing for detailed
visualization of nuclear dynamics during cell cycle progression
in vivo.

Nuclear reporters can be used in combination with dyes that
label the plant cell wall (like propidium iodide, PI) or inner
membrane organelles such as Golgi apparatus and the vacuo-
lar membrane (like FM4-64) (Musielak et al. 2015; Helariutta
et al. 2000). The application of these dyes result in a strong la-
beling of the epidermis and cortex/endodermis that can mask
the signal from the stele, which can be much weaker, hinder-
ing the acquisition of images from inner layers of the root due
to signal saturation (Musielak et al. 2015; Musielak et al. 2016).
Additionally, it is not uncommon for the emission of these dyes
in the red spectrum to interfere with that of red fluorescent pro-
teins (RFP), which are traditionally used to highlight nuclei in
cell cycle studies (Musielak et al. 2015).

An appropriate alternative to these compounds are the blue-
range emitting dyes like SCRI Renaissance 2200 (SR2200) or
calcofluor white (CFW) that bind to the plant cell wall with
high affinity and specificity (Kurihara et al. 2015; Musielak
et al. 2015; Musielak et al. 2016; Imoto et al. 2021). However, the
emission of these dyes interferes with emission ranges of tradi-
tional nuclear stains like DAPI or Hoechst, which hinder double
stains of nuclear and cell membrane in plants.

Most of the cell cycle studies have been conducted in the mer-
istem of developing roots using 2D images, although there are
some cases when 3D imaging has been employed (Lavrekha
et al. 2017). 3D imaging enables to capture the high complexity
of cell cycle dynamics occurring along the root meristem, offer-
ing a more precise and comprehensive depiction of cellular pro-
cesses taking place in both the longitudinal and radial axes of
the developing primary root.

In various studies, 3D maps of the RAM were generated using
roots that were double-labeled for cell membrane/wall and nuclei
(Schmidt et al. 2014; Lavrekha et al. 2017; Pasternak et al. 2017;
Pasternak, Kircher, and Palme 2021; Pasternak and Pérez-
Pérez 2021; Pasternak et al. 2022), and EdU and nuclear dyes
(Hayashi et al. 2013; Pasternak and Pérez-Pérez 2021; Pasternak
et al. 2017; Pasternak et al. 2022). However, it has not yet been
developed a method that offers the possibility to visualize in 3D
the cell DNA labeled with EdU, nuclear dyes, and the stained cell
wall. This approach could facilitate the analysis of cell volumes,
volumes and shapes of the nuclei, and DNA replication across
various domains of the RAM (Pasternak and Pérez-Pérez 2021).

Here, we present a new protocol that allows imaging of triple-
labeled RAM, using EAU with several fluorescent cellular stains
and nuclear gene reporters optimized to construct a 3D map.
By combining imaging with bioinformatic tools, this proto-
col allows a precise analysis of the cell cycle dynamics within
the RAM.

2 | Results

2.1 | Detection of DNA Replication in the RAM
of Primary Roots With SR2200 and Nuclear Markers

EdU incorporation has been widely used for the analysis of
the cell cycle and DNA replication in the Arabidopsis RAM.
However, its combination with different cell wall and nuclear
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FIGURE1 | Single confocal plane images of longitudinal sections of the Arabidopsis roots fixed and stained. (A) Widefield image. (B) H2B::YFP
line fixed with FA and permeabilized displaying the YFP signal (green). (C) Confocal image of an H2B::YFP root stained with SR2200. (D) Confocal
image of EdU- Eterneon-labeled cells and SR2200-stained cells from the meristem region of 1h EdU-treated root tips. (E) EdU/H2B::YFP line labeled
root tips. EdU-Eterneon-labeled cells is red color specifically labels nuclei undergoing DNA Replication, while H2B::YFP-green labels all nuclei. (F)
Confocal image of EQU/H2B::YFP line labeled root tips and cell wall staining with SR2200. Insets show EdU-Eterneon-labeled cells distributions in
whole and speckled patterns and cell wall staining. The white arrowhead marks speckled pattern, while white the arrow marks the whole pattern

of nuclei in the DNA replication. The roots were not cleared, and to ensure proper dye incorporation, they were subjected to fixation and vacuum

infiltration. Scale bars: 20 um (A-F), 10 um (F insets).

labeling, excluding propidium iodide (PI), has not been reported.
To obtain a detailed 3D map of DNA replication cell events along
the stem cell niche and in the meristematic zone of the RAM, we
first analyzed the potential effects of fixation on YFP fluores-
cence from H2B:YFP plants (Figure 1A,B).

Plants were fixed with 4% formaldehyde in PBS buffer (pH 7.0)
and vacuum infiltration. The samples were vacuum infil-
trated (80 KPa) for 1h (Data S2 and S3). We did not observe aut-
ofluorescence in control wild-type plants (Figure 1A) that were
fixed and vacuum infiltrated. Additionally, we did not observe
a decrease in YFP fluorescence after fixation and vacuum in-
filtration (Figure 1B). Then, we used different concentrations
of SR2200 (cell wall marker) and nuclear stains to obtain a
uniformly stained sample of longitudinal primary root sec-
tions (Data S4). At a concentration of 1% SR2200, all cell walls
were clearly labeled along the longitudinal axis, and the quies-
cent center (QC) could be observed (Figures 1C,D).

Next, we combined EdU staining with SR2200 (Figure 1D)
or nuclear labeling with H2B:YFP (Figure 1E,F). The EdU-
Eterneon-labeled nuclei were observable along the RAM
(Figure 1D-F) in both whole and speckled patterns. It is inter-
esting that the whole pattern has been associated with early
DNA replication, while the speckled pattern is linked to het-
erochromatic regions during late DNA replication (Kotogany
et al. 2010; Hayashi et al. 2013).

In roots of H2B::YFP plants treated with EdU, the whole pattern
is characterized by the EdU signal overlapping with the nuclear
signal of H2B::YFP, whereas the speckled pattern is character-
ized by patches of EdU signals distributed throughout the nu-
clear signal of H2B:YFP (Figures 1E-F and S1A).

We then attempted the triple labeling with EdU, SR2200,
and H2B:YFP in the corresponding transgenic plant line.

In H2B::YFP and EdU-treated roots, we observed the typ-
ical whole and speckled patterns of the EAU dye, while
SR2200 strongly stained cell walls at stele layers of the RAM
(Figures 1F and S1A). In a separate set of experiments, we
conducted a similar analysis using calcofluor white (CFW)
instead of the SR2200 to label the cell wall (Figure S1B).
Although we did not observe changes in the labeling of the
cell wall of the stele layers, the obtained signal was weaker
compared to that of samples stained with SR2200 (compare
Figure S1B with S1C).

SR2200 is a blue-fluorescent dye whose emission range over-
laps with the nuclear stains DAPI and Hoechst. Therefore, as
a nuclear stain we used SYTOX Green which has an emission
peak at 523nm (green) when excited at 488 nm light (Hayashi
et al. 2013; Grootjans et al. 2016). However, although SYTOX
Green exhibits a strong preference for double-stranded DNA
(dsDNA), it can also bind to RNA. To reduce the background
fluorescence resulting from the dye binding to cytosolic RNA,
we included an RNAse treatment step before SYTOX Green la-
beling (Figure S1D and Data S2 and S3). As a result, all roots
stained with SYTOX Green showed a clear and uniform nu-
clear signal and low fluorescence in the cytoplasm (Figure 2A),
similar to the pattern observed in roots stained with Hoechst
(Figure 2B,C).

We additionally tested SYTOX Orange dye, that emits in the
red spectral range. Like SYTOX Green, SYTOX Orange fluores-
cence was limited to the nuclei and only low fluorescence was
observed in the cytoplasm (Figures 2D and S2A-D). Mitotic
figures were clearly distinguished when using either SYTOX
Green or SYTOX Orange, which can be useful to identify the
progression of cell division (Figure 2A,D). When roots were
stained with SYTOX Green and EdU, the signals of both over-
lapped (Figure 2E), making this combination useful to identify
cell-cycle stages and mitotic figures.
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FIGURE2 | Single confocal plane images of Arabidopsis roots staining and EdU-Eterneon click reaction, without clearing protocol. (A) Confocal
image of Col-0 root treated and stained with SYTOX green. SYTOX Green stain binds nucleic acids of the nucleus. (B) Col-0 root treated and stained
with Hoechst 34580. (C) Confocal image of double dye Hoechst 34580/SYTOX Green from Col-0 root. The SYTOX Green and Hoechst 34580 showed a
clear nuclei signal. (D) Confocal image of Col-0 root treated and stained with SYTOX Orange. (E) EQU/SYTOX Green labeled root tips. EdU-Eterneon
are red color marks nuclei undergoing the DNA replication, while SYTOX Green marks nuclear acids. White arrowhead marks mitotic figures. The
blue arrowhead marks a speckled pattern, while the blue arrow marks the whole pattern of nuclei in the DNA replication. Scale bars =20 um (A-E).

SYTOX green
Control

Hoechst SYTOX green
Control Urea

SYTOX orange SR2200
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FIGURE 3 | 3D reconstruction of roots cleared following the scale-based method and stained with nuclear and cell wall dyes. (A, B) Maximum
intensity projection of a z-stack of SYTOX-stained (A), or Hoechst 34580-stained (B) Arabidopsis roots without clearing. (C-F) Scale-based method
in SYTOX-stained (C, E), Hoechst 34580 (D), and SR2200 (F). Scale bars =20 um.

2.2 | 3D Reconstruction of DNA Replication in
the Primary Root RAM With Cellular Resolution

To create a 3D map of nuclei in the S-phase of the primary root
tip, we acquired z-stack images of the RAM labeled either with
SYTOX Green or Hoechst (control) nuclear dyes (Figure 3A,B).
However, detecting the fluorescence from cells located far away
from the coverslip surface was challenging and often quite weak
and diffuse, particularly in deeper layers of the stele, due to the
thickness and opacity of the root. Therefore, we applied the
scale-based method (Warner et al. 2014) to clarify and adjust
the refractive index of roots stained independently with SYTOX
Green, SYTOX Orange, or Hoechst (Figure 3C-E).

To accomplish this, Arabidopsis roots were first incubated with
the staining solution for 72h (Data S2 and S3), followed by treat-
ment with the scale-based method (Data S2 and S3) for 3days to
1week, depending on the root thickness. The scale-based method
(Warner et al. 2014) preserved the fluorescence of SYTOX dyes,
Hoechst, and SR2200 in the stele and deeper tissues of the RAM
(Figure 3C-G), demonstrating its effectiveness for 3D image ac-
quisition in the RAM. The fluorescence of SYTOX, Hoechst, or
SR2200 was clearly observed even after storing the roots in the
scale-based solution for 4 days (Figure 3C-G).

We analyzed the 3D projection of primary roots with different
nuclear dyes treated with or without the scale-based method
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(Figure 3). The fluorescence of SYTOX in roots without the
scale-based method was detectable to approximately 50um
depth from the epidermis layer (Figure 3A). In contrast, the
signal from nuclei in roots treated with the scale-based method
could be obtained at depths greater than 70 um from the epider-
mis layer (Figure 3C,E).

A similar result was observed with Hoechst staining (compare
Figure 3B with 3D). The scale-based method also allowed to en-
hance the signal of nuclear markers in the vascular bundles for
3D reconstruction (Figure 3C-E).

An alternative clearing solution, ClearSee, was developed as
an optical clearing method for plant tissues that preserves the
emission of fluorescent proteins (Kurihara et al. 2015; Imoto
et al. 2021). Therefore, we tested the compatibility of the
ClearSee method with SYTOX staining (Figure S2E). Although
the ClearSee method allowed us to observe cell walls labeled
with either the SR2200 or CFW dyes, and nuclei stained with
either Hoechst, EdU, or H2B:YFP in 3D reconstructions, it
appeared to be incompatible with SYTOX staining. The signal
from SYTOX was eventually lost from the nuclei, making it im-
possible to generate a 3D reconstruction (Figure S2E).

We then analyzed the compatibility of the H2B::YFP line treated
with EdU (Figure 4A-C) and roots treated with SYTOX Green
staining and EdU-Eterneon using the scale-based clearing
method (Figure 4D-F). Both H2B::YFP and SYTOX Green ex-
hibited distinct nuclear signals and low fluorescence in the cy-
toplasm. Meanwhile, the EdU-Eterneon signals displayed the
characteristic speckled and whole patterns observed in previous
experiments (Figure 4). Afterwards, we performed 3D complete
RAM imaging. H2B:YFP, SYTOX Green, and EdU, alone or in
combination, showed defined nuclear signals along 70 um of the
thickness of the primary root tissues (Figure 4). Furthermore,
we demonstrated how this technique allows the detection of

H2B::YFP

H2B::YFP EdU

Urea

FIGURE4 |

nuclei in the RAM using the scale-based method; the whole
root of SR2200/H2B::YFP (Movie S1) and EdU-SYTOX Green
staining (Movie S2). The fluorescence signals of nuclei were
clearly observed in the epidermis and internal regions of the
root (Movies S1 and S2). Moreover, we obtained z-stack images
at high resolution using EAU, showing nuclei undergoing DNA
replication in the epidermis and vascular bundles (Movie S3).
These results suggest that our method preserves specific
H2B:YFP expression, as well as SYTOX or EdU stains, in a 3D
reconstruction of the primary root.

2.3 | Three Color 3D Reconstructions
of the Primary RAM With Cellular Resolution

To generate a 3D reconstruction of the entire RAM displaying
the three labels of interest, we analyzed H2B::YFP roots treated
with EdU-Eterneon and SR2200 (Figure 5), as well as wild-type
roots stained with SYTOX Green, SR2200, and treated with
EdU-Eterneon (Figures 6 and S2F). In both cases, SR2200 stain-
ing was observed in the cell walls of epidermal cells and the stele
throughout the entire RAM (Figures 5A and 6A). Meanwhile,
H2B:YFP/SYTOX Green and EdU-Eterneon-labeled cells were
distinctly visible in the nuclei, showing their characteristic dis-
tribution patterns (Figures 5B,C and 6B,C).

For EdU-Eternion signal, the whole and speckled patterns were
still there (Figures 5E and 6E). The whole pattern distribution
of the EdU-Eterneon signal throughout the nucleoplasm, over-
lapped with the nuclear signal of H2B::YFP (Figure 5E) and
SYTOX Green (Figure 6E), whereas the speckled pattern could
be observed both in the EdU and H2B:YFP/SYTOX Green
channels throughout the nucleoplasm (Figures 5E and 6E). In
addition, we observed that the cell walls (stained with SR2200)
in both epidermal cells and internal tissues were stained across
the observable depth which was around 70pum (Figures 5A,E

SYTOX green,

3D reconstruction of Arabidopsis roots treated with a scale-based method and pre-stained. (A-C) 3D reconstruction of 70 serial opti-

cal sections of H2B::YFP and EdU-Eterneon-labeled cells in roots using a scale-based method. EdU-Eterneon labeling (red) marks nuclei undergoing
DNA replication, while H2B::YFP (green) labels the entire nucleus. (D-F) 3D projection of roots SYTOX-stained and EdU. EdU-positive nuclei (red)
marks nucleus with DNA replication and SYTOX Green (Green) marks nuclear acids. Scale bars =20 um.
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FIGURES5 | Confocal microscopic images of a scale-based method root with H2B::YFP, EdU-Eterneon and SR2200. 3D reconstruction of 70 serial
optical sections obtained from the same root as in (A) SR2200, (B) EdU-Eterneon-labeled cells, and (C) H2B:YFP views. The signals of H2B::YFP,
EdU, and SR2200 are represented in green, red, and blue, respectively. (D) Merge and (E) single confocal plane image of a root staining with EdU-
H2B::YFP-SR2200. The white arrowhead marks a speckled pattern, while the white arrow marks the whole pattern of nuclei in DNA replication.
Scale bars=20um.

FIGURE 6 | Application of the scale-based method for the visualization of DNA replication in Arabidopsis root and stained with chemical dyes.
3D reconstruction of 70 serial optical sections obtained from the same root as in (A) Single plane and 3D reconstruction of SR2200, (B) EdU-Eterneon-
labeled cells, (C) SYTOX-stained, (D) merge, and (E) single confocal plane image of a root stained with EdU-SYTOX-SR2200. An arrowhead and an
arrow indicate a speckled nuclear pattern and a whole nuclear pattern, respectively. Scale bars =20 um.

and 6A,E and Figure S2F). Movies S4 and S5 support the suit- With these data, we demonstrated that the combination of EdU-
ability of this protocol to visualize the whole RAMs harboring H2B::YFP-SR2200 and EdU-SYTOX Green-SR2200 (Figures 5
the H2B:YFP, EAU and SR2200 labels in a 3D reconstruction and 6) can be used to visualize DNA replication, nucleoplasm,
(Movies S4 and S5). and cell wall at high resolution.
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2.4 | Cell and Nuclei Segmentation With Deep
Learning

Cell segmentation plays a key role in biological image analy-
sis, which relies on high-quality images for the accurate iden-
tification of individual cells. Therefore, we standardized the
images and automated the segmentation based on nuclear and
cell wall markers of the H2B::YFP-EdU-SR2200 and SYTOX
Green-EdU-SR2200 triple stains (Figure 7). The proposed pipe-
line uses a deep learning approach to automatically segment the
nuclei and the cells. For nuclei segmentation in 3D images, we
employed cellpose (Stringer et al. 2021; Eschweiler et al. 2022),
a deep learning model trained on a diverse range of images of
nuclei that enables the generalization to different types of nuclei
images (Figure 7A,D).

For the automatic segmentation of RAM cells from 3D con-
focal images, we used DRPP methods (Pasternak, Falk, and
Paponov 2021; Schmidt et al. 2014) and Plant-Seg (Wolny
et al. 2020), However, our data show better segmentation perfor-
mance with Plant-Seg (Figure 7C,F).

For both the EAU-H2B and EdU-SYTOX, the nuclear signals
were of high quality, allowing the cellpose deep-learning model
to segment accurately each nucleus, despite the large number
of nuclei observed (Figure 7A,B,D,E). Cell segmentation using
Plant-Seg was conducted using the SR2200 cell wall signal
(Figure 7C,F).

Altogether, the proposed approach used to visualize nuclei and
cell walls can be combined with deep learning algorithms to au-
tomatically identify and segment the nuclei and cell wall, even
in densely packed cells characteristic of the root meristem into
3D images. This methodology holds the potential for counting
nuclei, to calculate cell volume, to perform cell wall area mea-
surements, and to extract other geometric features of the cells
(Montenegro-Johnson et al. 2019).

The Cellpose algorithm generates a unique identifier for each
segmented nucleus, enabling precise identification of the region
each nucleus occupies. This allows for the calculation of various
metrics, such as volume, roundness, surface area, lengths along
the x, y, and z axes, centroid position, and more. It is import-
ant to note that Cellpose segmentation uses voxel coordinates,
which must be converted to real-world coordinates using the
voxel size in micrometers. This figure shows the distribution of
nuclei volumes for the image (Figure 8A). We also analyzed the
3D segmented nuclei to extract several of their morphological
features. The scatter plot on a logarithmic scale (Figure 8B) re-
veals a clear linear relationship between the volume and surface
area of the nuclei. The data indicate that nuclei are smaller near
the stem cell niche and increase in size as we move away from it.

3 | Discussion

The aim of this study was to develop an efficient and robust
method that allows for simultaneous imaging of both cell and
nuclear stain channels, along with DNA replication, to create
a detailed 3D map of cellular structures within the RAM. This

method is compatible with EdU labeling and various nuclear
stains, such as SYTOX or DAPI, as well as nuclear reporters
utilizing fluorescent markers. Additionally, cell outlines were
stained using the cell wall stain SR2200, making this approach a
valuable tool for 3D volumetric cell extraction. The combination
of these triple stains enables the generation of detailed 3D maps
with cellular resolution.

To our knowledge, no existing triple-stain methods currently
allow for the simultaneous visualization of nuclei number, DNA
replication, and cell walls using different fluorophores, while
also enabling accurate and widely applicable 3D segmentation
for digital reconstruction along the RAM (Pasternak et al. 2015;
Pasternak and Pérez-Pérez 2021). For example, recently Vijayan
et al. (2024), presented a new set of computational tools that al-
lows the segmentation of double stains with TO-PRO-3-stained
nuclei and SR2200- stained cell. However, the TO-PRO-3 stain-
ing was variable and often quite weak and diffuse, particularly
in deeper layers (Vijayan et al. 2024), this issue did not occur
with SYTOX in our protocol. Furthermore, several quantitative
methods available for 3D analysis only study cell cycle and nu-
clear organization independently of cell volume or they analyze
nuclear organization and cell volume separately (Pasternak
et al. 2017; Pasternak and Pérez-Pérez 2021; Pasternak, Kircher,
and Palme 2021; Pasternak et al. 2022). However, our method al-
lows for high-quality simultaneous imaging of both cell, nuclei,
and DNA replication.

To address this gap, we proposed a novel approach for visualiz-
ing DNA replication events by applying 3D cell segmentation to
triple-labeled samples stained with SR2200-SYTOX Green-EdU
or SR2200-H2B:YFP-EdU, and cleared using the scale-based
method (Warner et al. 2014). This strategy enables us to obtain
samples uniformly stained along the entire root structure, facil-
itating the acquisition of optical sections with high contrast on
a confocal microscope of cell, nuclei, and the DNA replication.
Interestingly, although EdU incorporation has been widely used
to determine and analyze DNA replication (Buck et al. 2008;
Kotogany et al. 2010; Hayashi et al. 2013; Nakayama et al. 2015),
recent studies have shown that the duration of EAU incubation
influences the detected cell cycle stages. Short EAU incubation
(20-30min) specifically marks cells actively replicating DNA,
while longer incubation allows the identification of both S and
G2 phases. Additionally, very long incubation (16-24h) enables
the detection of EdU-negative cells with extended G1 phases
(Pasternak and Pérez-Pérez 2021). Therefore, our method can
be adapted to different incubation times to analyze various cell
cycle stages and DNA replication dynamics more precisely.

In most studies, cell cycle events are typically analyzed using
single 2D images (Goldy et al. 2021; Lasok et al. 2023). The
advantage of this approach lies in its simplicity, as sample
staining is easier and extensive permeabilization and clearing
protocols are not required. However, for a deeper understand-
ing of cell cycle progression and DNA replication, a quantita-
tive 3D analysis of cell size, nuclei shape, and cell cycle phase
is necessary. Therefore, there is a need for a method that can
provide a more accurate and comprehensive depiction of cel-
lular processes and cell cycle progression throughout the root
structure.
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SR2200

SR2200

FIGURE 7 | 3D visualization of segmented cells, nucleus and DNA replication. Segmentation reconstruction from the same root. (A) 3D segmen-

tation of nucleus (H2B::YFP) and (D) nucleus stained by SYTOX. (B, E) 3D segmentation of cells in phase S (EdU staining of DNA replication). (C, F)
3D image of cell wall stained by SR2200. Scale bars=upper and lower 20 um (A-F).
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FIGURE 8 | Applications of nuclei segmentation. (A) Distribution of nuclei volume in the roots of Arabidopsis thaliana. (B) Scatter plot showing

the relationship between nuclei volume and surface area on a logarithmic scale.

Several studies in Arabidopsis have proposed methods for cell
segmentation from 3D root samples. The more commonly used
approaches typically employ independent imaging of nuclei or
cellwalls (Liuetal. 2013; Wolny et al. 2020; Kerstens et al. 2020;
Fridman et al. 2021; Pasternak and Pérez-Pérez 2021). These
methods, such as MorphoGraphX, focus on enhancing images
of nuclei and cell membranes, followed by the detection of nu-
clei or intermembranous regions to identify individual cells
(Fridman et al. 2021; Strauss et al. 2022; Vijayan et al. 2024).
However, only a limited number of studies in Arabidopsis
have utilized simultaneous imaging of both cell walls and
nuclei to guide a mixt 3D segmentation. (Schmidt et al. 2014;
Lavrekha et al. 2017; Pasternak et al. 2017; Pasternak and
Pérez-Pérez 2021; Vijayan et al. 2024). Our method enables
simultaneous imaging of cells, nuclei, and DNA replication
with high resolution, allowing for independent 3D ssegmenta-
tion of each component. Additionally, a mixed 3D model could
be developed by integrating data from nuclei, cell walls, and
DNA replication and by incorporating a neural network simi-
lar to those used in studies of 3D segmentation of myocardial
cells (Sarkar et al. 2022).

While a single low-resolution 3D digital map of the RAM has
previously been proposed using triple labeling of EAU, nuclei,
and cell walls (Truernit and Haseloff 2008; Pasternak and Pérez-
Pérez 2021), this method relied on propidium iodide for label-
ing the nuclei, which interferes with the signal of other markers
in the red spectrum. Moreover, without proper treatment (time
of de-ketonization is a crucial parameter), both nuclei and cell
walls can be labeled simultaneously, resulting in suboptimal
staining for 3D segmentation. In contrast, our staining method
is compatible with red-emitting fluorophores, which are widely
used as markers for cell cycle phases (Yin et al. 2014; Desvoyes
et al. 2020; Echevarria et al. 2021; Echevarria et al. 2022).
Additionally, unlike propidium iodide, SR2200 specifically la-
bels the cell wall and does not stain nuclei, making it ideal for
high-resolution 3D imaging.

Interestingly, recent findings have shown that the RAM exhib-
its a positional gradient of G1 length along the longitudinal axis
(Echevarria et al. 2022), although a similar cell cycle pattern

along the radial axis has not been described yet. Our staining
method enable us to obtain high-resolution z-stacks necessary
for constructing high-quality 3D models. This opens up possi-
bilities for applications such as the detection of DNA replication
and the analysis of cell cycle phase marker lines to study cell
cycle length along the radial axis. Furthermore, the integration
of the H2B:YFP line in our method could enable simultaneous
imaging of other cellular or nuclear markers.

Finally, the method proposed in the present study has a wide
range of potential applications, spanning from whole organs
to subcellular analyses. Additionally, it could be adapted for
use in other plant tissues, such as leaves, shoot apical mer-
istem, or the gynoecium (Hayashi et al. 2013; Reyes-Olalde
and de Folter 2019). Potentially, it could also be used with
other cell wall (Ursache et al. 2018) and nuclear dyes (Boothe
et al. 2017). Our method could also be applied in studies of the
cell cycle length in plants using various cell cycle phase mark-
ers such as Cytrap (Yin et al. 2014) and PLaCCI (Desvoyes
et al. 2020).

4 | Experimental Procedures
4.1 | Plant Material and Growth Conditions

Most of the Arabidopsis plants utilized in this study were in the
Columbia-0 background, with the exception of the H2B::YFP re-
porter line (Boisnard-Lorig et al. 2001), that was engineered on
the Landsberg erecta background. Three days old seedlings were
grown on vertical plates with 0.2x Murashige Skoog (Murashige
and Skoog 1962) salts (MP Biomedicals) supplemented with 1%
sucrose (Tapia-Lopez et al. 2008).

4.2 | Fixation Procedure

The detailed tissue fixation procedure is described in Data S2 and
S3. Tissue fixation was performed with 4% formaldehyde diluted
in 1x PBS at pH7.0. Freshly prepared 4% formaldehyde solution
was obtained from formaldehyde liquid solution (Sigma-Aldrich).
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In our experience, formaldehyde and vacuum (—0.08 MPa) for
30min work well for nuclear proteins and nuclear stains.

4.3 | EdU-Based Proliferation Assay

The detailed EAU assay procedure is described in Data S2-S4. The
seedlings (3days of germination) were placed in 0.5x liquid MS
containing 10uM EdU for 1h to label cells undergoing S-phase.
The plants were then fixed with 4% formaldehyde in PBS and EAU
incorporation was detected with cocktail BaseClick (EdU Flow
Cytometry Kit, Eterneon-Red 645 Azide, cat no: BCK647-IV-FC-S)
for 30min at room temperature (RT) in darkness. For one sam-
ple reaction, the following amounts of the kit components were
mixed: 87.75uL of PBS, 2uL of catalytic solution (component F,
kept frozen in small aliquots), 0.5uL of Eterneon-Red 645 Azide
(eterneon, component D), and 6.7 uL of additive buffer (component
E, 100mM CuSO4). Many azide-labeled fluorochromes other than
eterneon are available throughout the visible spectrum for mul-
ticolor labeling purposes. To prevent oxidation of the catalytic
solution, the detection cocktail was prepared freshly. Although the
BaseClick reaction is not light-sensitive, fluorochrome-containing
solutions should not be exposed to strong light.

4.4 | Clearing Procedure

The detailed clearing and staining procedure are described in
Data S2 and S3. Briefly, the plant material was transferred to
the urea-clearing solution (scale-based method) and cleared
under agitation at room temperature. For 2D root images clear-
ing, an overnight/1day clearing was sufficient. On the other
hand, for 3D reconstructions, seedlings had to be kept in the
clearing solution for at least 72h. Applying vacuum for 20 min
(—0.08 MPa) (one time per day) significantly improved the qual-
ity of clearing.

4.5 | Staining Procedure

The detailed clearing and staining procedure are described in
Data S2-S4. For single Hoechst (Thermo Fisher Scientific), SYTOX
(Thermo Fisher Scientific), calcofluor white (Sigma-Aldrich), or
SR2200 (Renaissance Chemicals), stains were prepared directly
in staining solution, and the seedlings were stained for 24 or 72h,
applying vacuum (—0.08 MPa) for 20min every 24h. Next, Basic
Hoechst, SYTOX, Calcofluor White, and SR2200 solution were
removed and washed three times with 1mL of HEPES at 10uM
(pH7), then HEPES solution was removed, and then urea clearing
solution was added to the seedlings for 2days under gentle shak-
ing at room temperature. Longer washing times do not diminish
the signal from staining and help to further remove the remaining
background noise. For longer storage of stained samples, the plates
were covered to avoid light exposure.

For double staining of Arabidopsis roots with scale-based method
(Warner et al. 2014) compatible with SR2200 and SYTOX, the fol-
lowing steps were performed: (i) the seedlings were stained with
1% SR2200 in staining solution for 24 or 72h (Data S2 and S3) and
applied vacuum (—0.08 MPa) for 20min every 24h; (ii) removed
and washed three times with 1mL of HEPES at 10uM and pH7;

(iif) removed the HEPES solution, and then the urea clearing solu-
tion was added with 0.15uM of SYTOX to seedlings and stained
for 24 or 72h storing them in the dark and refrigerated at 4°C;
(iv) the seedlings were washed in urea clearing solution for 2days
under gentle shaking at room temperature.

4.6 | Confocal Laser Scanning Microscopy (CLSM)

Fluorescent digital images were captured using Nikon A1l or
Nikon A1R+laser scanning confocal heads coupled to an
Eclipse Ti-E inverted microscope (Nikon Corporation, Tokio,
Japan) equipped with a motorized stage (TI-S-E, Nikon) and
controlled through NIS Elements C v.5.00 software. Images
were acquired using a Plan Apo lambda 20x (N.A. 0.75)
or Plan Apo VC 60x WI DIC N2 (N.A. 1.2) objective lens.
Fluorochromes were excited either with 405nm (Hoechst
34580, SR2200, calcofluor white), 488 nm (YFP, SYTOX Green),
546nm (SYTOX Orange) or 633nm (Eterneon-Red 645) laser
lines in a sequential mode. The respective emissions were read
in the 425-475nm, 500-550nm, 560-620nm, and 700-740 nm
wavelength ranges using the filter cubes provided by the manu-
facturer, with a pinhole aperture set at 12.77 mm. For 3D recon-
structions, we started acquiring z-stacks with Plan Apo VC 60x
WI at Nyquist resolution in Z, then we acquired z-stacks with
Plan Apo lambda 20X with 0.7-1um of interval and then we
realized volumetric projections of both z-stacks, and we did not
found differences in 3D reconstructions; because the scanning
time is significantly lower at 20x (diminishing photobleaching
of our fluorescent stains), we chose to acquire the z-stacks just
with the 20X objective.
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