Physiol Mol Biol Plants (January 2021) 27(1):181-188
https://doi.org/10.1007/s12298-021-00931-5

Check for
updates

RESEARCH ARTICLE

Method for fast staining and obtaining high-magnification
and high-resolution cell images of Nicotiana benthamiana

Yuanyuan Jiang'*

- Jiangrong Peng” - Yunpeng Cao® - Zhigiang Han® -

Ling Zhang” - Wenbing Su? + Shunquan Lin? - Yuan Yuan'? - Bin Wang' -

Xianghui Yang” - Zhike Zhang?

Received: 23 May 2020/ Revised: 3 December 2020/ Accepted: 11 January 2021 /Published online: 28 January 2021

© Prof. H.S. Srivastava Foundation for Science and Society 2021

Abstract As tools of plant molecular biology, fluores-
cence microscopy and Nicotiana benthamiana have been
used frequently to study the structure and function of plant
cells. However, it is difficult to obtain ideal micrographs;
for example, the images are typically unclear, the inner cell
structure cannot be observed under a high-power lens by
fluorescence microscopy, etc. Here, we describe a method
for observing the cell structure of N. benthamiana. This
method significantly improves imaging by fluorescence
microscopy and allows clear images to be obtained under a
high-power lens. This method is easy to perform with good
stability, and the stomatal structure, nucleus, nucleolus,
chloroplast and other organelles in N. benthamiana cells as
well as protein localizations and the locations of protein—
protein interactions have been observed clearly. Further-
more, compared with traditional methods, fluorescent dye
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more efficiently dyes cells with this method. The applica-
bility of this method was verified by performing confocal
scanning laser microscopy (CSLM), and CSLM imaging
was greatly improved. Thus, our results provided a method
to visualize the subcellular structures of live cells in the
leaves of N. benthamiana by greatly improving imaging
under a fluorescence microscope and provided new insights
and references for the study of cell structures and functions
in other plants.
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Introduction

In recent years, great importance has been continuously
paid to N. benthamiana as a tool of plant molecular biol-
ogy. Especially in the research fields of protein localization
and protein—protein interactions based on plant systems
(Bally et al. 2018; Cavallari et al. 2018; Du et al. 2015;
Goodin et al. 2008; Liu et al. 2018; Sade et al. 2018; Wu
et al. 2019; Zhang et al. 2019; Zou et al. 2018).
Combined with the application of microscopic tech-
niques, plant research methods have been completely
changed, thus providing great convenience for people
seeking the mysteries of plant science. The popularity of
light microscopy in biological research is increasing as the
emergence of labelling specific molecules and cells by the
development of various staining methods (Huang et al.
2010). Identically, the fluorescence microscopy is obtained
widespread utilization as the molecule-specific contrast and
live-cell imaging is combined (Huang et al. 2010).
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However, the disadvantage of immunofluorescence is
that it is usually requires permeabilized cells or endocy-
tosed or extracellular proteins (Giepmans et al. 2006). This
also leads to unclear cell structure imaging of N. ben-
thamiana by fluorescence microscopy. Particularly under a
high-power lens, the imaging background is very deep and
fuzzy and subcellular structures are difficult to identify.
Moreover, unclear images will cause the misjudgment of
research results.

It is also important that dyes, such as DAPI (4,6-di-
amidino-2-phenylindole) and DiOC6 (3,3’-dihexyloxacar-
bocyanine iodide) are often used in these experiments to
mark the location of nuclei or the endoplasmic reticulum
(Kapuscinski  1995; Terasaki 1989). However, this
approach increases the time and cost to detect each fluo-
rescent signal (Bally et al. 2018).

In most cases, there are some ways to obtain high-
quality images, such as the use of CSLM or other expen-
sive equipment, complex experiments including the isola-
tion of protoplasts or separation of the sub-epidermis of the
N. benthamiana cell, etc. However, most laboratories are
not equipped for CSLM, and complex experiments are
time-consuming and laborious, and the result is
unsatisfactory.

To overcome the above disadvantages, we report a
convenient method for obtaining high-magnification and
high-resolution cell images of N. benthamiana by fluores-
cence microscopy.

Materials and methods
Plant materials

In this study N. benthamiana was grown in the culture
room under long-day conditions (16 h light/8 h dark) at
22 °C. When the 6th leaves emerged the experiments
including subcellular localization and BiFC analysis were
conducted. The 2nd—4th leaves were selected for the
experiments. The same leaves were used in both the
treatment and control groups in a single experiment.

Subcellular localization and BiFC analysis

The vectors used in this study included 35S:EdFT/EdFD1-
GFP, 35S:EdFT-cYFP and 35S:nYFP-EdFDI1 (Zhang et al.
2016). The plasmids were localized into Agrobacterium
tumefaciens strain GV3101::psoup. Subcellular localiza-
tion and BiFC analysis were accomplished by observing
the Agrobacterium-mediated transient transformation of N.
benthamiana leaves (Sparkes et al. 2006). Fluorescence
signals were detected using Observer D1 (Zeiss, Germany)
and LSM 800 (Zeiss, Germany) fluorescence microscopes.

@ Springer

Data analysis

Statistical analysis of fluorescently stained nuclei numbers
was performed using Image Pro-Plus 6.0. Significant dif-
ferences between data were evaluated by Student’s #-test.
Calculations were carried out using GraphPad Prism 6
software.

Procedures and experimental principle

The procedures of this method were as followed:

1. The size of 1 cm x 1 cm of the same leaf was taken
(Fig. 1a).

2. The treatment groups:

The leaves were placed in the 20 mL syringe, sucked
about 67 ml (1/3 volume) DDW (double distilled
water) (Fig. 1b). The needle opening of syringe was
closed with a finger or other objects, then pulled the
syringe piston to create vacuum or ultra-low pressure
inside the syringe barrel. This can drain out the air
from the space of the lower epidermis cell, and the
DDW will fill or almost fill the cell space (Fig. 1b, c¢)
(The partial DDW filling was better to identify the
upper epidermis and lower epidermis). The control
groups were not neither vacuumed and injected with
DDW.

3. Slides preparations:

The leaf with abaxial surface facing up kept on the
slide with 10-20 ul DDW and then covered with a
cover slide (Fig. 1d). The staining can be done before
slides making or after the target signal was observed.
The staining effect would be better if the abaxial leaf
surface was facing down. Washed the leaf with sterile
PBS or saline, for observation.

4. Observed by fluorescence microscope and obtain the

images (Fig. le, f).

Experimental principle (Fig. 1g):

The water layer was to separate the lower epidermis.
This will reduce interference of mesophyll and upper
epidermis on imaging, and shows the viewing field of a
monolayer cell (Fig. 1g, h), to obtain a high-magnifi-
cation and high-resolution cell image. In addition, the
water layer also helps the fluorescent dye DAPI to
reach the lower epidermis cells [staining for 3—-5 min,
the working concentration of DAPI stain solution was
100 ng/ml, the experiment was in accordance with the
manufacturer’s instructions (Sangon Biotech Co., Ltd,
China)], avoiding the obstruction of the stratum
corneum, so more cells can be stained in a shorter
time (Fig. 11).
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Fig. 1 The flowchart and the
principle of this method. a—

f The procedures of this method.
g The schematic diagram of the
leaf structure after treatment,
the space between lower
epidermis (the upper side of the
diagram) and the mesophyll
tissue is filled with water. h The
schematic diagram of the leaf
structure of the control groups.
i The schematic diagram of the
leaf structure after treatment
stained with DAPI. j The
schematic diagram of the leaf
structure of the control groups
stained with DAPI. The red
arrows indicate the light
direction. Blue-dots represent
water, yellow-dots represent
DAPI, and gray lines on the
epidermis represent the stratum
corneum (color figure online)
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Results

Obtaining high-magnification and high-resolution
cell images

Our goal was to obtain high-magnification and high-reso-
Iution cell images of N. benthamiana, the bright-field
images of the control and treatment groups were obtained
by using fluorescence microscopy with a high-power lens
(40x objective lens and 100x oil immersion objective
lens) (Fig. 2).

Images of control groups are shown in Fig. 2a, c: the
images are blurry, the space between cells is not obvious,
the stomata are unclear, and the inner structures of the cells
could not be observed under a 40x objective lens

wtt-ﬂt i

oo oo

(Fig. 2a). Under a 100x oil immersion objective lens, the
images are blurrier, and the cell outlines are almost invis-
ible (Fig. 2c).

Images of the treatment groups are shown in Fig. 2b, d:
the images are clear, the space between cells is obvious, the
stomata are clearly visible, and, more importantly, the
nucleus can be observed clearly under a 40x objective lens
(Fig. 2b); under a 100x oil immersion objective lens, the
nucleolus can be observed clearly, furthermore, the other
organelles in the cell (the little white spots in the image)
can be observed directly (Fig. 2d). The results show that
the treatment can effectively avoid the interference from
the mesophyll and upper epidermis on imaging, and greatly
improve fluorescence microscopy image quality.

@ Springer



184

Physiol Mol Biol Plants (January 2021) 27(1):181-188

Fig. 2 Cell structure images of
N. benthamiana using
fluorescence microscope.

a Microscopic bright field of the
lower epidermis from control
groups under a 40x objective
lens. b Microscopic bright field
of the lower epidermis from
treatment groups under a

40x objective lens.

¢ Microscopic bright field of the
lower epidermis from control
groups under a 100x oil
immersion objective lens.

d Microscopic bright field of the
lower epidermis from treatment
groups under a 100x oil
immersion objective lens. The

Control

Treatment

cytoarchitecture in the red
frames are stomata; the red
circle shows the nucleus, and
the nucleolus is dark gray in the
center of the nucleus; the white
bars indicate the scale (20 pm)
(color figure online)

Greatly improved efficiency of DAPI staining

Most of the time, subcellular localization must be verified,
so various fluorescent dyes were used in this study to assist
with verification. The method described here significantly
shortened the staining time. Within 5 min of staining with
fluorescent dyes, we found through microscopy that most
of the nuclei had been stained in the treatment groups, and
the fluorescence signal was very strong, while the fluo-
rescent signal was almost invisible in the control groups
(Fig. 3a, b). However weak fluorescence signals were
detected from a few nuclei after 20 min in the control
group (Fig. 3b, Supplementary Fig. Al). These fluores-
cence signals were mainly located at the edge (Supple-
mentary Fig. Al). The water layer increased the contact
area between the fluorescent dye and the lower epidermis,
avoiding obstruction of the stratum corneum, so that the
fluorescent dye could stain more cells in a shorter time

(Fig. 1i, j).
Subcellular localization and BiFC analysis
To verify the usefulness of this approach, the vectors

35S:EdFT-GFP, 35S:EdFD1-GFP, 35S:EdFT-cYFP and
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35S:nYFP-EdFD1 were constructed (Zhang et al. 2016)
and transiently expressed in N. benthamiana leaf epidermal
cells. We obtained high-quality images under fluorescence
microscopy. The results showed that EdJFT was localized in
the nucleus and cytoplasm, while EdFD1 was located in the
nucleus (Fig. 4a, b). EAFT and EdFDI1 interacted in the
nucleus (Fig. 4c), which is consistent with the results of
Zhang’s study (Zhang et al. 2016). Furthermore, the nuclei
and stomata, as well as other subcellular structures (white
dots), were clearly visible in bright-field images.

The improvement of CSLM image quality

As evident from the fluorescence microscopy results, this
approach improved CSLM image quality. The treatment
improved the image resolution. Compared with the control
groups (Fig. 5a, d), the treatment groups (Fig. 5b, c, e) are
more clear and The inner cell structures, including nucleus
(red circle in Fig. 5b, DAPI-stained area in Fig. 5e), and
stomata (Fig. 5c, e) can be clearly seen, while only the cell
outlines were visible in the control groups, and the inner
cell structures were also invisible.

In addition, the cell structures were observed under
fluorescence microscope (40x and 100x objective lens)
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Fig. 3 Images and data statistics of DAPI-stained nuclei. a Lumines-
cence image of DAPI staining after 5 min in control groups and
treatment groups. b Fluorescence-stained nuclei numbers of control
and treatment groups after DAPI staining for 5 min. ¢ Fluorescence-
stained nuclei numbers of control and treatment groups after DAPI
staining for 20 min. BF, bright-field; DAPI (4,6-diamidino-2-

Fig. 4 Subcellular localization

and BiFC analysis of EdFT and a
EdFDI. a EdFT-GFP

localization. b EdFD1-GFP
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phenylindole) indicates nuclear localization, the working concentra-
tion of DAPI stain solution is 100 ng/ml.; DAPI-co, indicates
fluorescence stained nuclei numbers as performed using Image Pro-
Plus 6.0; Merged, merged image of BF and DAPI; The white bar
indicates the scale (100 pm); ****p < 0.0001; ***p = 0.0004, by
Student’s r-test

DAPI Merged

fluorescence microscopy after b
2 days of transient
transformation. The
cytoarchitecture in the red
frames are stomata; the red
circle shows the nucleus; GFP,
GFP fluorescence; BF, bright-
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and CSLM (40x and 63x). The organelles were also seen
under the bright-field images of the treatment groups
(Fig. 2b, d; white or gray blots in Fig. 4; arrows pointing in
Fig. 5b, c; black blots in Fig. 5¢) but not in the control
groups.

We observed organelles of the treatment groups under
the chlorophyll A (red) channel. The subcellular structures
that emitted red fluorescence were identified as chloro-
plasts (Fig. 6a, b, c). Interestingly, as we zoomed in, we
could see a large number of chloroplasts attached to the
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Fig. 5 Images of the treatment
groups and control groups under
CSLM. a, d Images of the
control groups. b, ¢, e Images of
the treatment groups. The
cytoarchitecture in the red
frames are stomata; the red
circle shows the nucleus; the red
arrows point to the subcellular
structures of other organelles;
The cytoarchitecture in the red
frames are stomata; the red
circle shows the nucleus; BF,
bright-field; DAPI (4,6-

Control

diamidino-2-phenylindole)
indicates nuclear localization;
Merged, merged image of BF
and DAPI; the white bars
indicate the scale (10 pm)
(color figure online)

DAPI

Control

Treatment

membrane of a vacuole (Fig. 6¢). This result indicated that
the distribution of chloroplasts in N. benthamiana leaf
epidermal cells is not uniform, but they are mainly dis-
tributed around the membrane. Additionally, of interest, we
found that the nucleus and other organelles were moving
inside the cell (Video A1, A2). This discovery may provide
another research strategy to study the mode of plant protein
transportation or interaction.

Discussion

Our research shows that this method can greatly improve
fluorescence microscopy and CSLM image quality. Addi-
tionally, this method can easily identify certain cellular
structures or target molecules in living cells, thus allowing
the experimenter to verify his or her findings more
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effectively, which will bring great advantages to the study
of plant cell biology.

Most fluorescent dyes are highly toxic and expensive but
are widely used to ensure the accuracy of experiments.
Moreover, the leaf tissues stained by traditional methods
are often water-soaked during imaging, leading to subop-
timal micrographs (Bally et al. 2018). However, by using
the approach in this study, the nucleus, chloroplasts, and
other organelles were observed without staining, which
means that the use of dyes will be reduced or avoided in the
future.

Only DAPI was applied in our experiment and was
mainly used to identify proteins localized in the nucleus.
However, some proteins are encoded by cytoplasmic-
specific genes, such as those located in chloroplasts,
mitochondria, endoplasmic reticulum, etc. Previous
research results show that Janus Green B (3-Diethylamino-
7-(4-dimethylaminophenylazo)-5-phenylphenazinium
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Fig. 6 Images of treatment

groups by CSLM. a The

structures of stomata, nuclei and
chloroplasts. b Images of the

treatment groups by CSLM.

¢ Zoomed-in image of b by a
CSLM. The red circle shows the
nucleus; Chlorophyll,

chlorophyll A (red) channel;

BF, bright-field; DAPI (4,6-

Chlorophyll

diamidino-2-phenylindole)

indicates nuclear localization;

Merged, merged image of

Chlorophyll, BF and DAPI; the

white bars indicate the scale b
(10 pm) (color figure online)

chloride) can be used for mitochondrial staining (Lazarow
and Cooperstein 1953), DiOC6 (3,3’-Dihexyloxacarbo-
cyanine iodide) and Bodipy PC (1,2-bis-(4,4-difluoro-5,7-
dimethyl-4-bora-3a,4a-diaza-sindacene-3-undecanoyl)-sn-
glycero-3-phosphocholine) can be used to stain the endo-
plasmic reticulum (Duckett and Read 1991; Foissner
2009). By fluorescence microscopy, it is not easy to
achieve location accuracy in studies of protein localization
and protein—protein interaction studies; however, this
approach provides the possibility of performing such
studies.

We used water as the medium to fill the intercellular
space in our experiment, can other mediums also be
applied? A new medium may bring a breakthrough in
microscopic imaging. In addition, the plant material that
we used in the experiment is N. benthamiana; if we use
Arabidopsis, Lycopersicum esculentum, Oryza sativa or
other plants, can this method be applied, or improved? All
these questions need to be identified and addressed in the
future.

Conclusions

This method greatly improves the imaging effect of the
microscope and can visualize the subcellular structure of
living cells in the leaves of N. benthamiana. At the same
time, it has been found that the staining efficiency of

fluorescent dyes has greatly improved. The traditional
method requires nearly 30 min to stain, and the stained-
cells are not uniform; however, the method needs only
5 min to stain most epidermis cells uniformly. This method
provided a new choice for experiments and plant molecule
research, it is time-saving, labor-saving, and easy to
operate.
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