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Chapter 15
Confocal and Transmission Electron 
Microscopy for Plant Studies

Adela M. Sánchez-Moreiras, Marianna Pacenza, Fabrizio Araniti, 
and Leonardo Bruno

1  �Transmission Electron Microscopy

1.1  �The Significance of Structural and Ultra-Structural 
Studies

The development of high-sensitive microscopic techniques, together with the devel-
opment of methods for the conservation of cells and the improvement of methods 
for obtaining ultra-fine sections, gave rise to the knowledge of the cellular structure 
in the second half of the twentieth century. The combination of these techniques 
with immune-cytological techniques and the use of computational systems of image 
analysis have increased the interest in the use of electron and confocal microscopy 
in biological research. In fact, the use of transmission electron microscopy is very 
useful as a first approach for the characterization of the plant response to biotic or 
abiotic stress conditions. Knowing which areas of the cell morphology are being 
altered after treatment is essential to establish new physiological or biochemical 
measures for the in detail study of the effects of stressing factors on plants. A gen-
eral view of the root or shoot tissues examined under microscopy will allow the 
identification of cellular organization, where alterations can be detected as errone-
ous division patterns, loss of cell identity or cellular disorganization (Rost et  al. 
1996; Zhu and Rost 2000). In particular, root tips act as finely tuned sensor for 

A. M. Sánchez-Moreiras 
Department of Plant Biology and Soil Science, University of Vigo, Vigo, Spain 

M. Pacenza · L. Bruno (*) 
Department of Biology, Ecology and Earth Science, University of Calabria,  
Arcavacata di Rende, CS, Italy
e-mail: leonardo.bruno@unical.it 

F. Araniti 
Department Agraria, Mediterranea University, Reggio Calabria, Italy

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-93233-0_15&domain=pdf
https://doi.org/10.1007/978-3-319-93233-0_15
mailto:leonardo.bruno@unical.it


254

different kinds of stress, which makes their study especially interesting for inter-
preting the plant stress response (Colmer et al. 1994; Koyro 2002).

Root cells are generated, from a small number of stem cells at the apex of the 
root, by division and continuous cell expansion and differentiation, so that it is pos-
sible to find all stages of cell development at the same time (Scheres et al. 2002). 
Roots have four types of stem cells or initial cells (Dolan et al. 1993): (i) the initial 
cells of the lateral layer or of the epidermis of the root, which give rise to the epider-
mis and to the lateral layer; (ii) the central zone of the calyptra, the columella, which 
has its own initial cells; (iii) the vascular tissue and the pericycle, which also have 
their own initial cells; and, finally, (iv) the cortex and the endodermis, which are 
generated by divisions of the initial cells of the cortex and the endodermis (Scheres 
et al. 2002). Internally, and in contact with all these undifferentiated cells, is the 
quiescent center, a group of mitotically inactive cells that are responsible for main-
taining the activity of the stem cells (Scheres et al. 2002). The initial cells of the 
columella divide only anticline (perpendicular to the axis of growth) giving rise to a 
single row of cells, and their progeny undergo rapid cell expansion and differentia-
tion producing amyloplasts, which play a fundamental role in gravitropism. The 
other three initial cell types are divided by anticlinal and periclinal divisions (paral-
lel to the growth axis) giving rise to several layers of cells that acquire different 
identities (Dolan et al. 1993). Any change on the division, expansion or differentia-
tion of initial cells can lead to totally malformed tissues.

Transmission electron microscopy study allows obtaining information about the 
morphology, disposition and size of these cells and their cellular organelles, which 
are usually affected when plants are under stress. Moreover, ultra-structural changes 
induced by a specific type of stress are usually quite consistent among species, 
which gives an advantage for the interpretation of the relevance of biotic or abiotic 
stress impact. The most commonly affected cell parts are the nucleus, the mitochon-
dria, the vacuoles and the chloroplasts in photosynthetic cells, although cell wall 
alterations and Golgi activity can also give essential information to get a whole 
picture of the cellular response to stress (Fig. 15.1).

1.1.1  �Nucleus

Abiotic stress, as produced by toxins, metals, herbicides, pollutants, reactive oxy-
gen species, deficit or excess water, high or low temperatures, salinity or high light, 
frequently results in the induction of cell death processes (Joseph and Jini 2010). 
Actually, programmed cell death can be part, under these conditions, of an adaptive 
mechanism to survive stress (Palavan-Unsal et al. 2005). Nuclei alterations, typical 
of apoptotic-like PCD (AL-PCD), such as chromatin condensation and DNA frag-
mentation, formation of herniae in the nuclear membrane or migration of the nucleus 
to the cellular periphery, have been found in presence of abiotic stress (Tao et al. 
2000; Palavan-Unsal et al. 2005; Díaz-Tielas et al. 2012).

Besides PCD-related changes, nuclei can also show other alterations that will 
give interesting information about other kind of plant responses to stress; i.e. 
amorphous and irregular nuclei and bi- or multi-nucleate cells can be associated 
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Fig. 15.1  TEM images of Arabidopsis treated cells. (a) Zigzag cell walls in citral-treated roots; 
(b) Disorganized and degraded cells in chalcone-treated roots; (c) Condensed mitochondria and 
distorted nuclei with nuclear membrane hernia and fragmented chromatin in chalcone-treated 
cells; (d) Condensed, irregular and broken mitochondria in chalcone-treated cell; (e–f) Swollen 
thylakoid in chalcone-treated shoots; (g) Increased Golgi-activity in eugenol-treated cells; (h) 
Incomplete cell wall formation in farnesene-treated cell
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with cell wall malformations and, in particular, with erratically arranged microtu-
bules (MTs), and shorter and fewer MTs in the arrays that can lead to aberrant 
chromosomal arrangements, misaligned or incomplete cell plates and distorted cell 
division (Kawamura et al. 2006; Araniti et al. 2016; Graña et al. 2017).

1.1.2  �Mitochondria

Mitochondria play also a key role in AL-PCD response to stress, as apoptotic-like 
signal is usually initiated in these organelles. The intracellular machinery responsi-
ble for AL-PCD depends on the mitochondrial release of cytochrome c and other 
apoptogenic factors (Reape et al. 2008). Permeability transition pores are formed in 
the outer mitochondrial membrane, leading to a decrease in mitochondrial mem-
brane potential or to the opening of a voltage-dependent anionic channel that results 
in the release of these apoptogenic factors from the space between the two mito-
chondrial membranes (Yao et al. 2004; Reape et al. 2008), which will lead to the 
cleavage of specific intracellular substrates that lead to cell death. Highly condensed 
and swollen mitochondria showing electron-dense matrix and a large number of 
cristae are typical of depolarized mitochondria involved in AL-PCD (Kiechle and 
Zhang 2002; Díaz-Tielas et al. 2012). Mitotic role in AL-PCD can include also the 
process of mitoptosis, which is the entry of mitochondria in the nucleus in which 
apoptogenic factors are released (Skulachev et al. 2004) and that has been previ-
ously shown for Arabidopsis stressed cells (Díaz-Tielas et al. 2012).

Increased number and size of mitochondria is also an interesting signal of plant 
response to stress. Peroxidation of mitochondrial membranes by ROS can result in 
membrane depolarization and irreversible loss of mitochondrial functions such as 
mitochondrial respiration, oxidative phosphorylation and ion transport (Vladimirov 
et  al. 1980; Arpagaus et  al. 2002), with the concomitant ATP deficit in the cell, 
which will increase mitochondrial number as a strategy of root cell to compensate 
mitochondrial dysfunction satisfying cellular energy requirements (Hardie 2011; 
Suksungworn et al. 2017; Araniti et al. 2016).

1.1.3  �Chloroplasts

As key organelles in plant physiology due to the significance of photosynthesis for 
plant development, chloroplasts are one of the most common early target organelles 
of biotic and/or abiotic stress (Kratsch and Wise 2000; Giełwanowska et al. 2015; 
Díaz-Tielas et al. 2017). In particular, chloroplasts are especially susceptible to oxi-
dative stress due to the high concentration of unsaturated fatty acids present in the 
thylakoids. Chloroplast swelling, thylakoid dilation and disintegration, plastoglob-
uli formation, reduced size and number of starch granules, unstacking of grana, 
intergranal vacuolation, disintegration of chloroplast envelope, darkening of the 
stroma and accumulation of lipid droplets, are among the most common changes 
observed in chloroplasts under cold, salinity, high light, herbicide, heavy metal, 
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high temperature, or drought stress (Kratsch and Wise 2000; Stefanowska et  al. 
2002; Zhang et al. 2010; Meng et al. 2016; Díaz-Tielas et al. 2017). Disruption of 
chloroplast ultra-structure is associated with an early detriment of photosynthesis 
affecting the correct development of plants.

1.1.4  �Golgi, Vacuoles and Other Cellular Structures

The increase in the activity and number of Golgi complexes and endoplasmic retic-
ulum has been related to active detoxification processes, since they participate in the 
release of secretory vesicles and in the synthesis of lipid globules (Kaur et al. 2005). 
Detoxified bioproducts are compartmentalized in vacuoles or deposited in the cell 
wall, which is usually related to an increase in the number of vacuoles and the pres-
ence of thickened cell walls. It has also been shown that treatment with compounds 
that inhibit mitochondrial respiration results in associations between the Golgi 
apparatus and the endoplasmic reticulum as a result of a decrease in vesicle produc-
tion due to energy depletion (Robinson and Kristen 1982), in addition to changes in 
the morphology of the Golgi complex, which acquires a cup-shaped arrangement 
(Kandasamy and Kristen 1987).

Moreover, vacuolation has been previously related to PCD process in plant cells. 
In particular, the rupture and disappearance of large central vacuoles commonly 
found in healthy plant cells has been found to occur prior to the degradation of the 
nucleus and the programmed death of cells (Zheng et al. 2017). The protoplast of 
several vacuoles can also break and release its hydrolytic contents to the cytosol 
(Díaz-Tielas et al. 2012).

Finally, enlargement of the vacuoles has also been found as a response to salt, 
drought or chemical stress due to accumulation of proline and other osmolytes in 
the vacuole for osmotic adjustment (Patakas et al. 2002) or to the sequestration of 
cations, heavy metals or other undesired compounds (Sauge-Merle et al. 2003).

Other cellular structures, such as peroxisomes (Fahy et  al. 2017); autophago-
somes (Minibayeva et al. 2012; Araniti et al. 2016); amyloplasts (Graña et al. 2013); 
or ribosomes can be also altered or just appear/disappear under mild or severe plant 
stress.

1.1.5  �Plant Cell Wall

Stressing factors can lead to the appearance of incomplete cell walls due to prob-
lems in the formation of the phragmoplast and alterations in its thickness (Hepler 
and Bonsignore 1990; Vaughn et al. 1996). In many cases, the underlying cause of 
these wall dysfunctions are problems in cytokinesis and formation of the phragmo-
plast for the physical separation of the cytoplasm during cell division, since a suc-
cessful cytokinesis is essential not only for correct morphogenesis, but also for an 
appropriate architecture of the body of the plant (Verma 2001). Moreover, the 
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abnormal cell plates formed after microtubule disrupter can be enriched in callose 
thickening cell walls (Vaughn 2006).

Biosynthesis of wall polysaccharides shows enormous plasticity to several envi-
ronmental factors (His et al. 2001), with different types of stress causing different 
balance of deposition of the different components, principally affecting the 
cellulose-xyloglucan network and compensating the reduction in cellulose content 
by increasing the pectin content (Burton et al. 2000; Aouar et al. 2010; Graña et al. 
2013). Thickened and multilamellar cell walls with strong deposit content and irreg-
ularities in phragmoplast formation have been previously reported in plants under 
stress (García-Angulo et al. 2009; Graña et al. 2013; Araniti et al. 2016). Moreover, 
the thickening of the cell wall can greatly difficult the formation of plasmodesmata, 
impeding correct cell-cell communication and consequently causing the loss of tis-
sue identity (Graña et al. 2013).

1.2  �The Technique of Transmission Electron Microscopy 
(TEM)

Electron microscopy is mainly based on the observation under vacuum of fixed and 
dehydrated cellular and subcellular structures in stained ultrathin sections. The use 
of electron microscopy for the study of plant preparations started with the observa-
tion of isolated organelles (such as chloroplasts) and the visualization of cell walls 
(Roland and Vian 1991), mainly due to the difficulties that the presence of large 
vacuoles (soft compartments) and rigid cell walls (hard structures) represented in 
the preparation of electron microscopy sections from plant samples. Considering 
that the tonoplast (the membrane surrounding the vacuole) is highly sensitive to 
chemicals, strong care should be taken during the preparation of EM samples to 
avoid vacuole rupture and release of potentially damaging enzymes or compounds 
to the cytosol. Development of specific cytochemistry techniques, more specific 
reagents and a plurality of embedding materials allowed overpassing these difficul-
ties and the heterogeneity of plant specimens and permitted to obtain high quality 
preparations. Although a slow and more complex microscopic technique, when 
compared to light or confocal microscopy, transmission electron microscopy (TEM) 
offers strong resolution and accuracy – to a resolution of 0.2 nm – when fine details 
are under study (Wilson and Bacic 2012).

Moreover, nowadays, we have new branches of transmission electron micros-
copy that enhance preparation and imaging of the samples; e.g. TEM tomography 
can generate semi-3D reconstructions (±60/70°) of plant cells and tissues at nano-
meter resolutions, while cryo-TEM allows visualization of frozen unstained sam-
ples (no reagents added during the process) avoiding alteration of ultrastructural 
details. TEM tomography and cryo-TEM can be coupled, although the necessity of 
sophisticated machinery strongly increases the cost of the preparations (Wilson and 
Bacic 2012).
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There is no model recipe that can be used to prepare all kinds of plant tissues, 
therefore we show below a procedure to fix and stain root meristems or young 
shoots of Arabidopsis seedlings (Fig.  15.1). Meristematic zones are usually pre-
ferred, especially for beginners, when visualizing a sample due to the presence of 
smaller vacuoles and densely packed cytoplasm. When analyzing the effects of a 
treatment on cell ultra-structure, the numerical expression of morphological infor-
mation (i.e. number of mitochondria, size of nuclei, number of autophagosomes, 
amount of swelling thylakoids, etc.) can be useful in the assessment of the effects of 
that treatment on cells, tissues and organs (Steer 1991).

1.3  �Experimental Procedure for TEM Analyses

1. For roots: cut the apical meristem or the area of interest (1–2 mm) and introduce it 
immediately in 0.1 M cacodylate buffer (pH 7.2) until the fixation step
 � For shoots: cut the areas of interest of the living shoots into pieces of 1–2 mm, eliminate any 

superficial humidity and introduce them in an eppendorf tube (4–5 pieces per tube). 
Immediately after, fill the tubes with 0.1 M cacodylate buffer (pH 7.2), and introduce these 
tubes in a vacuum chamber for 15 min

2. Fix the root or shoot sample in 5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) at 4 °C 
for 4 h. To avoid artifacts or undesired modifications proceed as soon as possible with this step 
after sample excision
3. Wash in 0.1 M cacodylate buffer at 4 °C for 12 h (3 × 4 h)
4. After washing, incubate the samples in 2% osmium tetroxide in 0.1 M cacodylate buffer at 
4 °C for 3 h
5. Incubate then in 2% uranyl acetate in 10% acetone at 4 °C for 1 h
6. Dehydrate with the following increasing acetone solutions (do all steps at 4 °C):
 � 50% Acetone, 2 × 30 min
 � 75% Acetone, 2 × 1 ha

 � 80% Acetone, 2 × 1 h
 � 95% Acetone, 2 × 1 h
 � 100% Acetone, 2 × 2 hb

7. Infiltrate the sample in Spurr’s resin at 4 °C as follows:
 � Spurr: acetone (1:3 v/v) (3 × 2 h)
 � Spurr: acetone (1:1 v/v) (3 × 2 h)b

 � Spurr: acetone (3:1 v/v) (2 × 2 h plus 1 × 3 h)
8. Embed the sample in 100% Spurr’s resin for 2 × 3 h and left it overnight at room temperature
9. Embed the sample again in 100% resin (2 × 3 h)
10. Place the samples in pure resin in the molds and let them polymerize at 60 °C for 48 h
11. As the same fixation and embedding medium can be used for light and electron microscopy, 
check samples in semi-thin sections with light microscopy prior to continue with electron 
microscopy. For that, prepare semithin sections (0.7 μm) for light microscopy and then ultrathin 
sections (50–70 nm) for electron microscopy (ultrathin sections are mandatory to allow 
electrons correctly passing through the sample)
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12. Contrast the samples as follows: incubate with uranyl acetate for 30 min; wash in boiled 
distilled water for 2 min; incubate with lead citrate for 10 min, and wash again in boiled distilled 
water for 2 min
13. Assemble ultrathin sections on copper grids of 100/200 mesh and examine by TEM using a 
JEOL JEM-1010 transmission electron microscope (at 100 kV) (Peabody, MA, USA) equipped 
with a CCD Orius-Digital Montage Plug-in camera (Gatan Inc., Gatan, CA, USA) and Gatan 
Digital Micrograph software (Gatan Inc.)

aThe process can be stopped for a certain period
bIt can stay overnight

2  �Confocal Microscopy

The optical imaging technique based on confocal microscopy, also known as confo-
cal laser scanning microscopy, aims to increase both contrast and optical resolution 
of a given sample micrograph using a spatial pinhole that blocks out-of-focus light 
during the formation of images (Matsumoto 2003). Unlike conventional micros-
copy, where the light passes through the sample, as far as it can penetrate, in confo-
cal microscopy a beam of light is focused at one narrow depth level at a time. This 
technique, achieving a controlled and highly limited depth of focus, allows the 
reconstruction of 3D structures, of both biological and non-biological samples, 
through the acquisition at different depths of multiple two-dimensional images that 
are successively elaborated by a software (Matsumoto 2003). The ability to recreate 
three-dimensional images of microscopic samples allowed its diffusion in several 
research fields such as material science, semiconductor inspection and life science 
(Bruchez et al. 1998; Cardinale 2014; He et al. 2015; Fuchs et al. 2015; Bertani 
et al. 2017; Ben-Tov et al. 2018).

Concerning life science, confocal microscopy has revolutionized our knowledge 
about cells. It has became a pivotal tool for imaging both cell function and structure 
as well as the complexities of the morphology and dynamics of single cells and 
entire tissues (Amin et al. 2017). Moreover, since confocal microscope optically 
sections the specimen in a relatively non-invasive manner, it can be used to observe 
fixed as well as living samples increasing the potential of this technique in the 
understanding of several molecular and physiological dynamics (Araniti et al. 2017; 
Luo and Russinova 2017; Dinh et al. 2018).

In the past, the research through confocal microscopy was mainly focused on the 
study of cell structure and on the observation of spatial distribution of the organ-
elles, whereas nowadays scientists continuously try to push to its limits confocal 
technology. For example, Shargil et al. (2015) have been able to detect and localize 
the cucumber green mottle mosaic virus (CGMMV) in both vegetative and repro-
ductive tissues of cucumber and melon through in-situ hybridization technique. In 
particular, they observed that all tissues were infected by the virus, whereas the 
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pollen was virus-free, highlighting that virulence transmission was mainly due to 
vectors such as insect instead of gamic transmission.

Zhao et al. (2012), studying soils contaminated with zinc oxide and nanoparti-
cles demonstrated that both zinc oxide and nanoparticles penetrate root epidermis 
and cortex through the apoplastic way, whereas penetrate endodermis through the 
symplast. In addition, confocal microscopy technique has been largely used to study 
both plant nutrition and signaling in plants, and ion fluxes propagation could be fol-
lowed through both entire living cells and tissues (Larrieu et al. 2015; Tian et al. 
2016). For example, recent studies demonstrated that plants are able to quickly acti-
vate a signaling system based on Ca2+ waves that propagate in plant through the 
cortex and endodermal cell layers. In particular, it has been observed that Ca2+ 
movement depends on the vacuolar ion channel TPC1 and this Ca2+/TCP1 system, 
eliciting specific responses in target organs, could contribute to increased stress-
tolerance by whole plant (Choi et al. 2014).

Nowadays, there are available on the market probes for any kind of research 
activity, and this technological development has opened a new world to scientists 
interested in the dynamic complexities of cells and tissues (Wiederschain 2011). For 
example, the fluorescent labeled actin is a probe largely used to investigate the 
structural dynamics of the cytoskeleton (Araniti et al. 2016; Vaškebová et al. 2017), 
whereas Mito-Traker, Er-Traker, Bodi-Py ceramide, Lyso-Traker and DAPI probes 
are used to stain cellular organelle such as mitochondria, endoplasmic reticulum, 
Golgi complex, lysosomes and nuclei, respectively (Wiederschain 2011; Zhou et al. 
2014; Chen and Zhang 2015; Chumak et al. 2015; Lee and Back 2017; Ibl et al. 
2018). Fluorophores for probing cell function and structure (from ion flux to cell 
viability and from organelles and membrane to whole cells), for detecting biomol-
ecules, for detecting and localizing oxidative stress, etc., are largely available and 
they have a contained cost considering the information they give (Wiederschain 
2011).

Nowadays, using a chimeric fluorescent protein as an endogenous probe, such as 
GFP (green fluorescent protein), YFP (yellow fluorescent protein), etc., labeled pro-
teins can be expressed within cells (specific tissues organelle and entire tissues) 
(Chalfie et al. 1994). Indicator molecules, which change their fluorescent character-
istics as they sense changes in hormones concentration, pH, ions concentration, 
membrane potential etc., have been introduced into model species (e.g. Arabidopsis 
thaliana) and their mutants allowing to optically monitor the physiological state and 
its changes of entire tissues, as well as of individual cells (D’Angelo et al. 2006; 
Monshausen et al. 2007; Liu et al. 2015; Liu and Müller 2017). For example, Araniti 
et al. (2017) used several PINs::GFP mutants to identify the mode of action of the 
natural compound farnesene, whereas Bruno et al. (2017) demonstrated that cad-
mium impacted growth of Arabidopsis primary root, altering auxin-cytokinin cross-
talk and scarecrow expression. Those results highlight the potential of confocal 
microscopy, which is a robust and versatile technique with a variety of fields of 
application.
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Two confocal microscopy techniques used to evaluate Arabidopsis root anatomy 
and protein immune-localization will be described below.

2.1  �mPS-PI Staining

The use of sections obtained by cutting embedded tissues into paraffin blocks or 
resin and mounted onto microscope slides is always been the method of choice for 
the observation and the study, in plants, of the organization of tissues and their cells 
(Fig. 15.2).

Thanks to the advent of confocal microscopy (CLSM, Confocal Laser Scanner 
Microscopy), it became possible to obtain optical sections of the tissues without 
having to resort to actual sectioning of the samples, which implies a substantial 
reduction of the workload and, consequently, of the experimental timing. Moreover, 
the CLSM allows collection of sequential images on z-axis thanks to the use of 
specific software, and the subsequent reconstruction 3D of the samples. 
Unfortunately, the use of confocal microscopy on fresh samples is limited to thin 
and semi-transparent organs, like roots of seedlings of Arabidopsis thaliana 
(Helariutta et al. 2000; Kurup et al. 2005; Laplaze et al. 2005; Stadler et al. 2005). 

Fig. 15.2  Confocal laser 
image of primary root tip 
in Arabidopsis thaliana 
seedling at 7 days after 
germination (DAG), 
stained by using mPS- 
staining protocol (Truernit 
et al. 2008). cl columella, c 
cortex, en endodermis, ep 
epidermis, M meristematic 
zone, pl cap peripheral 
layers, qc quiescent center, 
s stele, TZ transition zone. 
Scale bar 46 μm
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In fact, the presence in the aerial parts of plants of substances suitable to prevent the 
excessive penetration of light radiation, in addition to the presence of cell walls, 
cause spherical aberrations and dispersion of the luminous laser beam of the micro-
scope, preventing penetration through the sample. These factors compromise the 
quality of the final images, especially during the observation of deeper layers of 
tissues (from ≥50 to 100 μm) (Haseloff 2003; Moreno et al. 2006).

To obtain optimal results in the observation of deeper layers of tissues 
(0.3 × 0.3 × 0.5 μm) by using confocal microscopy, it is therefore advisable to resort 
to the use of clarifying agents with high refractive indexes on correctly fixed sam-
ples (Truernit et al. 2008). The mPS-PI (Pseudo-Schiff Propidium Iodide) staining 
technique, published by Truernit et al. (2008), allows obtaining, in relatively short 
times, high-resolution images at cellular level of Arabidopsis thaliana tissues, in all 
organs and in all developmental stages. The staining is based on aldehyde groups’ 
creation in cell walls carbohydrates of the samples following periodic acid treat-
ment. These aldehyde groups, later, react covalently with pseudo-Schiff reagents 
such as propidium iodide. The formation of these covalent bonds on the walls makes 
them highly fluorescent, allowing the analysis of tissues at the cellular level through 
confocal microscopy in a detailed manner (Truernit et al. 2008). This method can 
also be combined with gene expression studies using β-glucuronidase (GUS).

2.1.1  �Materials

–– Distilled water;
–– Methanol (CH4O; CAS 67-56-1; FW 32.04);
–– Acetic acid (CH3COOH; CAS 64-19-7; FW 60.05);
–– Ethanol (C2H6O; CAS 64-17-5; FW 46.07);
–– Periodic Acid (HIO4; CAS 10450-60-9; FW 227.94);
–– Sodium metabisulphite (Na2S2O5; CAS 7681-57-4; FW 190.10);
–– Chloridric acid (HCl; CAS 7647-01-0; FW 36.46);
–– Propidium iodide (C27H34I2N4; CAS 25535-16-4; FW 668.39);
–– Chloral hydrate (C2H3Cl3O2; CAS 302-17-0; FW 165.40);
–– Sodium dodecyl sulfate (SDS) (NaC12H25SO4; CAS 151-21-3; FW 288.37);
–– Sodium hydroxide (NaOH; CAS 1310-73-2; FW 39.99);
–– Arabic gum (CAS 9000-01-5; FW).

2.1.2  �Experimental Protocol

	 1.	 Fix the samples in the fixative (50% methanol, 10% acetic acid in distilled 
water), making sure that they are completely covered, at 4 °C for at least 12 h.

The samples can thus be stored in the fixative up to a month.
	 2.	 Transfer the tissue in 80% (v/v) ethanol and incubate at 80 °C from 1 to 5 min, 

depending on the type of tissue (example: 1 min for leaves, 5 min for flower 
stems).
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Ethanol treatment is important to increase the efficiency of staining in some 
organs. As far as root and root primordial staining is concerned, the step with 
ethanol can be omitted, while in ovules and seeds staining this step is replaced 
by overnight treatment of the samples with 1% SDS and 0.2 N NaOH at room 
temperature (RT), followed by washing in water and incubation in 25% bleach 
solution (2.5% of Cl− active) from 1 to 5 min. Then, perform another washing 
in water and proceed with treatment with 1% periodic acid (w/v) (point 4).

	 3.	 Transfer samples in fixative and incubate at RT for 1 h.
	 4.	 Wash samples in distilled water and incubate in 1% periodic acid (w/v) at RT 

for 40 min.
	 5.	 Wash samples in distilled water.
	 6.	 Prepare Schiff’s reagent (100 mM sodium metabisulphite, 0.15 N HCl in dis-

tilled water), and freshly add the propidium iodide to the final concentration of 
100 μg mL−1. Incubate the samples with Schiff’s reagent at RT in the dark until 
the samples are visibly stained (around 2 h).

	 7.	 Transfer samples on slides and cover them with chloral hydrate solution (4 g 
chloral hydrate, 1 mL glycerol and 2 mL water).

	 8.	 Keep the slides overnight at RT in a closed container, to prevent them from dry-
ing out.

	 9.	 Remove the excess of chloral hydrate solution and coat the samples with Hoyer 
solution (30 g Arabic gum, 200 g chloral hydrate, 20 g glycerol and 50 mL 
water).

	10.	 Cover the samples with the coverslip and allow them to stabilize for at least 
3 days before the observation with a confocal microscope (excitation wave-
length: 488 nm; reflection signal between 520 and 720 nm).

2.2  �Whole Mount Immunolocalization in Plant

Despite the enormous progresses achieved in recent years in gene expression analy-
ses, which allow to define the expression patterns of entire pathways in short times 
within plant (the so-called high-throughput techniques), in some cases, the in-situ 
localization of proteins at the cellular and sub-cellular level is still today the most 
efficient method for the study of functions, mechanisms of action and possible inter-
actions between proteins and/or other cellular components.

Direct visualization by using recombinant DNA techniques with Green 
Fluorescent Protein (GFP) is one of the most used techniques for in situ localization 
of proteins, for its high reproducibility and the very short experimental times 
required for observation once obtained the specific construct for the proteins of 
interest; however, this approach in some cases does not accurately reflect the local-
ization of the wild type (non-recombinant) protein, since the molecular properties 
of the recombinant protein are altered by GFP presence. In these cases, if the spe-
cific antibody is available, it is possible to resort to the immunolocalization of 
endogenous proteins (Sauer et al. 2006).
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In literature, there are many immunolocalization methods suitable for plants, 
however these methods require a prior work of inclusion and dissection of the tis-
sues of interest, which makes them very laborious and unsuitable for a large number 
of samples, due to the large amount of time required to produce the necessary 
sections. One of the quickest and best performing methods is the one published by 
Sauer et al. (2006), which uses whole mount samples. A slightly modified version 
of this protocol is proposed here. This technique was optimized for Arabidopsis 
thaliana (Fig. 15.3), but good results were also obtained using the roots of tobacco 
plants (Nicotiana tabacum) and tomatoes (Lycopersicon esculentum).

The protocol consists of five main steps: (1) Tissue fixation, (2) Tissue perme-
ation, (3) Incubation with the primary antibody, (4) Incubation with the secondary 
antibody, (5) Staining with DAPI (optional).

2.2.1  �Materials

–– Distilled water
–– Potassium chloride (KCl; CAS 7447-40-7; FW 74.55)
–– Sodium chloride (NaCl; CAS 7647-14-5; FW 58.44)
–– Sodium phosphate dibasic dihydrate (Na2HPO4·2H2O; CAS 10028-24-7; FW 

177.99)
–– Potassium dihydrogen phosphate (KH2PO4; CAS 7778-77-0; FW 136.09)
–– 1.4-Piperazinediethanesulfonic acid (PIPES; C8H18N2O6S2; CAS 5625-37-6; FW 

302.37)
–– Ethylene glycol diacetate (EGTA; HOCH2CH2OH; CAS 107-21-1; FW 62.07)
–– Magnesium sulfate heptahydrate (MgSO4·7 H2O; CAS 7487-88-9; FW 120.37)
–– Potassium hydroxide (KOH; CAS 1310-58-3; FW 56.11)
–– Paraformaldehyde (HO(CH2O)nH; CAS 30525-89-4; FW 30.03 (monomer))
–– Triton X-100 (-Oct-C6H4-(OCH2CH2)xOH x=9-10; CAS 9002931)
–– Driselase (CAS 85186-71-6; EC number: 286-055-3)
–– IGEPAL CA-630 ((C2H4O)nC14H22O; CAS 9002-93-1)

Fig. 15.3  Immunolocalization of histone H3 dimethylation at lysine position 9 on nuclei of the 
primary root of Arabidopsis thaliana seedlings growth at 8 days after germination (DAG)
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–– Dimethyl sulfoxide (DMSO; (CH3)2SO; CAS 67-68-5; FW 78.13)
–– Bovine serum albumin (BSA; CAS 9048-46-8; EC number 232-936-2)
–– Primary antibody
–– Secondary antibody
–– Polyvinyl alcohol mounting medium with DABCO, antifading 

([-CH2CHOH-]n).

To detect proteins in hypocotyls. Cotyledons or young leaves:

–– Methanol (CH4O; CAS 67-56-1; FW 32.04);
–– Ethanol (C2H6O; CAS 64-17-5; FW 46.07);
–– Xylene (C8H10; CAS 1330-20-7; FW 106.16).

Optional:

–– 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI; C16H15N5 · 2HCl; CAS 
28718-90-3; FW 350.25).

2.2.2  �Experimental Protocol

Prepare the phosphate-buffered saline (PBS) or the microtubule-stabilizing buffer 
(MTSB).

10X PBS: Weigh and add 2 g KCl, 80 g NaCl, 17.8 g Na2HPO4 · 2 H2O and 2.4 g 
KH2PO4 in one liter solution. After diluting 10X PBS with water to obtain 1X PBS, 
adjust pH to 7.4 with the addition of KOH.

1X MTSB: 15 g PIPES, 1.9 g EGTA, 1.32 g MgSO4 · 7 H2O, 5 g KOH in one liter 
solution. If necessary, adjust pH to 6.8–7.0 with KOH.

	 1.	 Fix the samples in the fixative (4% paraformaldehyde, 0.1% Triton X-100 in 1X 
PBS). It is advisable to collect the ovules with the embryos in ice, since this 
operation takes a long time.

	 2.	 Incubate the samples in a vacuum pump with desiccator for 1 h at RT. For coria-
ceous organs, such as hypocotyls, it is recommended to prolong the treatment 
in order to guarantee the penetration of the fixative into the tissues.

	 3.	 Remove the fixative and perform two washes with 1X PBS for 5–10 min at RT.
	 4.	 To detect proteins in root apexes, in lateral roots and in embryos, go directly to 

point 5.
To detect proteins in hypocotyls, cotyledons or young leaves:

	(a)	 Remove the 1X PBS and wash in methanol for 10 min at 37 °C. Repeat this 
wash if necessary until the chlorophyll is completely removed.

	(b)	 Remove the methanol and incubate the samples with a solution of 50% etha-
nol and 50% xylene for 10 min at 37 °C. Repeat this wash twice.
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	(c)	 Remove the ethanol and xylene solution and incubate the samples in xylene 
for 10 min at 37 °C. Repeat this wash twice.

	(d)	 Remove xylene and incubate samples with a 50% ethanol and 50% xylene 
solution for 10 min at RT. Repeat this wash once.

	(e)	 Remove the ethanol and xylene solution and incubate the samples in abso-
lute ethanol for 10 min at RT. Repeat this wash once.

	(f)	 Remove ethanol and incubate with 90% ethanol in 1X PBS for 5 min at RT.
	(g)	 Remove ethanol and incubate with 75% ethanol in 1X PBS for 5 min at RT.
	(h)	 Remove ethanol and incubate with 50% ethanol in 1X PBS for 5 min at RT.
	(i)	 Remove ethanol and incubate with 25% ethanol in 1X PBS for 5 min at RT.

	 5.	 Remove the liquid and wash twice with distilled water for 5 min at RT.
	 6.	 Incubate samples with 2% Driselase in 1X PBS at 37 °C for 30–60 min.
	 7.	 Remove the Driselase and perform six washes with 1X PBS for 5–10 min at RT.
	 8.	 Incubate the samples with 3% IGEPAL CA-630 and 10% DMSO in 1X PBS.
	 9.	 Remove the IGEPAL CA-630 and DMSO solution and perform five to ten 

washes with 1X PBS for 5–10 min at RT.
	10.	 Incubate the samples with 3% BSA in 1X PBS for 60 min at RT.
	11.	 Remove the BSA solution and incubate the samples with the solution contain-

ing the primary antibody (2% BSA in 1X PBS, the concentration of primary 
antibody must be determined experimentally) for at least 4 h at 37 °C. Incubation 
with the primary antibody can be prolonged overnight at 4 °C.

	12.	 Remove the primary antibody and perform six washes with 1X PBS at RT.
	13.	 Remove the 1X PBS and incubate the samples with the secondary antibody 

(2% BSA in 1X PBS, the recommended secondary antibody concentration 
ranges from 1: 600 to 1: 2000, but concentration may need to be optimized) for 
at least 3 h at 37 °C.

	14.	 Remove the secondary antibody and perform six washes with 1X PBS at RT.
	15.	 Prepare the DAPI stock solution (1 mg mL−1 DAPI in 1X PBS) (optional).
	16.	 Prepare the DAPI solution (by diluting the DAPI stock solution in water at a 

concentration of 1: 1000) and incubate the samples for 30 min at RT (optional).
	17.	 Remove the DAPI solution and perform four washes with distilled water for 

10 min at RT (optional).
	18.	 Remove the water, mount the samples on the slides with a drop of antifade 

mounting medium and cover the samples with a coverslip.
	19.	 Observe samples under a confocal microscope or store slides at 4 °C in the dark 

to preserve fluorescence. Depending on the type of fluorophore used, the sam-
ples can be preserved from few days to weeks after staining.

Acknowledgments  The implementation of these techniques was possible thanks to the invalu-
able assistance of Inés Pazos and Jesús Méndez from the Central Research Services (CACTI) of 
the University of Vigo.
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