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A B S T R A C T

During somatic embryogenesis (SE), explant cells undergo changes in the direction of their differentiation, which
lead to diverse cell phenotypes. Although the genetic bases of the SE have been extensively studied in Arabidopsis
thaliana, little is known about the chemical characteristics of the wall of the explant cells, which undergo
changes in the direction of differentiation. Thus, we examined the occurrence of selected pectic and AGP epi-
topes in explant cells that display different phenotypes during SE. Explants examinations have been supple-
mented with an analysis of the ultrastructure. The deposition of selected pectic and AGP epitopes in somatic
embryos was determined.

Compared to an explant at the initial stage, a/embryogenic/totipotent and meristematic/pluripotent cells
were characterized by a decrease in the presence of AGP epitopes, b/the presence of AGP epitopes in differ-
entiated cells was similar, and c/an increase of analyzed epitopes was detected in the callus cells. Totipotent cells
could be distinguished from pluripotent cells by: 1/the presence of the LM2 epitope in the latest one, 2/the
appearance of the JIM16 epitope in totipotent cells, and 3/the more abundant presence of the JIM7 epitope in
the totipotent cells. The LM5 epitope characterized the wall of the cells that were localized within the mass of
embryogenic domain. The JIM8, JIM13 and JIM16 AGP epitopes appeared to be the most specific for the callus
cells.

The results indicate a relationship between the developmental state of the explant cells and the chemical
composition of the cell walls.

1. Introduction

The ability of somatic plant cells to change their developmental fate
and to regenerate new tissues, organs and the whole plant body is a
widely known phenomenon (Fehér et al., 2003; Verdeil et al., 2007).
The switch from a somatic to a totipotent or pluripotent cell state in-
volves cellular reprogramming, including (among others) chromatin
reorganization, changes in the gene expression patterns and in the cell
wall composition and architecture (Fowler et al., 1998; Namasivayam
et al., 2006; Fehér, 2015). However, the mechanisms that underlie
these processes are still not fully recognized and understood despite the
large amount of research and multidisciplinary approaches in the field
(for a review see Fehér, 2015).

The primary cell walls play important and diverse roles in

regulating the morphogenetic processes (Knox, 1992). The peculiar
chemical composition of the cell wall is thought to be crucial for es-
tablishing and/or maintaining the cellular differentiation status
(Ikeuchi et al., 2013; Corral-Martinez et al., 2016). Among the nu-
merous cell wall polysaccharides, pectins are the most structurally
complex class of macromolecules. They participate in cell expansion
and adhesion and are key determinants of the physical properties of the
cell wall (Willats et al., 2001). It is well established that SE is accom-
panied by modifications of the structure and molecular composition of
the cell wall (Kikuchi et al., 1995; Smertenko and Bozhkov, 2014; Rosas
et al., 2016). Studies concerning the SE of different species have re-
vealed changes in the presence of different pectic epitopes as well as the
degree of the methyl-esterification of pectic homogalacturonan during
the acquisition of embryogenic competence and the development of
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somatic embryos (Verdeil et al., 2007; Xu et al., 2011; Rodríguez-Sanz
et al., 2014; Rocha et al., 2016). Despite the large number of studies
reporting changes in the pectic epitopes during SE, information con-
cerning Arabidopsis is still limited, especially within the explant, where
the cells that follow different developmental programs are adjacent.

The second important chemical component of the cell wall are the
arabinogalactan proteins (AGPs; e.g. Seifert and Roberts, 2007). The
use of monoclonal antibodies and Yariv reagents has demonstrated the
involvement of AGPs in various cellular and developmental processes
such as cell division and expansion (Langan and Nothnagel, 1997),
programmed cell death (Chaves et al., 2002), vascular differentiation
and pattern formation (Dolan et al., 1995), sexual reproduction (Qin
and Zhao, 2006) and SE (e.g. Rajesh et al., 2016). The results of the
above-mentioned studies show that AGPs are important components of
the signaling system and are also convenient markers for studying the
developmental fate of cells (Schultz et al., 1998). It was shown that the
outer cell wall surface of embryogenic cells contains arabinogalactan
proteins, which are so specific that they can be used as markers of
embryogenic cell clusters (Rumyantseva et al., 2003). It is also known
that some AGPs can stimulate or inhibit SE (McCabe et al., 1997;
Thompson and Knox, 1998). Despite numerous data indicating the in-
volvement of AGPs in the SE process on different structural levels, in-
cluding their distribution within the cell wall of somatic embryos (for
review see Smertenko and Bozhkov, 2014), the distribution of AGPs
within the explant cells that realize different developmental programs
in the model plant Arabidopsis remain poorly described.

The above mentioned role of pectin and AGPs in the different de-
velopmental processes indicate that changes in the chemical composi-
tion of the walls may be a good marker of changes in the direction of
cell differentiation during the SE process. It was shown that the main
biological processes that are activated in response to SE-inductive
treatment were mainly related, among others, to cell wall remodeling
(Mozgová et al., 2017). In the model plant, Arabidopsis thaliana, the
major pathways of in vitro morphogenesis are relatively well described
on the histological, genetic and molecular levels (Gaj et al., 2005;
Kurczyńska et al., 2007; Wójcikowska and Gaj, 2017). Knowledge about
changes in the cell wall composition during Arabidopsis SE is rather
scarce and refers to the expression of a glycine-rich gene (Atgrp-5) in the
embryogenic callus and in the somatic embryos (Magioli et al., 2001),
the distribution of lipid transfer proteins in explant cells during the
induction of SE (Potocka et al., 2012) and the distribution of some
pectic epitopes in the somatic embryos (Sala et al., 2013). As was
pointed by Fehér (2015), the orderly deposition of structural cell wall
materials such as cellulose, hemicellulose and pectin is critical for es-
tablishing and/or maintaining the cellular differentiation status. Thus,
analysis of spatio-temporal changes in explant cells is worth studying.

The ultrastructural characteristics of cells that display different
phenotypes within the explant during SE is also not well known. The
most cited characteristics of pluripotent cells are the high nucleus/cy-
toplasm ratio, an isodiametric cell shape, a spherically shaped nucleus
with one or more nucleoli, small vacuoles and a thin cell wall that is
traversed by plasmodesmata (for review see Verdeil et al., 2007). In the
case of the totipotent cells that originate from the somatic cells, the
typical ultrastructure consists of a large, centrally positioned nucleus
with a prominent nucleolus that is surrounded by starch and a high
nucleus/cytoplasm ratio (for review see Verdeil et al., 2007). A detailed
description of the ultrastructure of the cells in an Arabidopsis explant
during direct SE has not yet been provided.

The literature data primarily relate to the characteristics of the ECM
(extracellular matrix) within the embryogenic masses, and rarely pro-
vide information on the individual cells within them. Even less in-
formation exists about the correlation between the chemical composi-
tion of the cell walls and the totipotent/pluripotent cells. Despite many
studies, the presence of different pectic and AGP epitopes within the
walls of explant cells is not known. Furthermore, it is not known
whether the embryogenic/totipotent cells differ in their cell wall

composition from the meristematic/pluripotent cells and/or other ex-
plant cells, which do not undergo changes in their direction of differ-
entiation. Thus, the aim of the study was to answer the question whe-
ther the changes in the fate of explant cells during Arabidopsis SE are
related to changes in the chemical composition of the cell walls.
Verification of this hypothesis will permit the identification of the cells
that follow the embryogenic/totipotent, non-embryogenic and plur-
ipotent/meristematic pathways in terms of the distribution of the pectic
and AGP epitopes on a histological level. In addition, the distribution of
pectic and AGP epitopes in somatic embryos and the ultrastructure of
explant cells were also analyzed.

2. Materials and methods

2.1. Plant material and culture conditions

Immature zygotic embryos of Arabidopsis thaliana L. Heynh. (eco-
type Col-0) were used as explants to induce SE according to the method
described by Gaj (2001). Embryos at the late cotyledonary stage of
development were excised from the siliques and grown on a Phytagel-
solidified (Sigma, Poland) (3.5 g L−1) B5 medium (Sigma, Poland)
(Gamborg et al., 1968), which had been supplemented with 5 μM 2,4-
dichlorophenoxyacetic acid and 20 g L−1 sucrose (pH 5.8). The cultures
were kept at 23ᵒC under a 16 h photoperiod with a light intensity of
40 μmolm−2 s−1 for three weeks.

2.2. Sample preparation

Twenty to thirty explants were collected at various time points
during the culture period (days 0, 1, 3, 5, 7, 10, 14 and 21) and fixed in
a mixture of 4% formaldehyde, 1% glutaraldehyde, 0.1% Triton X-100,
2mM CaCl2 and 1% sucrose in phosphate-buffered saline (PBS; 137mM
NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8 mM KH2PO4) at pH 7.2 for
24 h at 4ᵒC. The samples were then washed in PBS (pH 7.2), dehydrated
in a graded ethanol series and infiltrated in LR White resin (medium
grade, Polysciences, Germany) according to the following schedule: 3:1,
1:1, 1:3 (v/v) ethanol/LR White, each step for 24 h and 100% LR White
for 36 h with a change of resin every 12 h. Finally, the material was
embedded in gelatine capsules with fresh LR White resin and poly-
merized for 8 h at 50 °C. Semi-thin sections (0.5–1 μm) were cut using a
Leica EM UC6 ultramicrotome (Leica Microsystems, Germany) and
mounted on poly-L-lysine coated microscope slides (Menzel-Glaser,
Germany).

2.3. Histochemical staining

To demonstrate the general cytological features of the explant cells,
the LR White sections were stained with 0.1% toluidine blue O (Sigma,
Poland) in PBS. For the localization of proteins, the sections were
stained with 1% naphthol blue black (NBB, Sigma-Aldrich, Poland) in
7% acetic acid for 10min at 50–60 °C (Fisher, 1968). The cell wall
polysaccharides and starch were visualized using the periodic acid-
Schiff's (PAS) reaction. For nuclei visualization, the sections were
stained with DAPI. Microscopic observations were performed using an
Olympus BX41 microscope equipped with an Olympus XC50 camera
(Olympus, Poland).

2.4. Monoclonal antibodies and immunofluorescence labeling

Sections were blocked in 2% fetal bovine serum (Sigma, Poland)
and 2% bovine serum albumin (Jackson ImmunoResearch Laboratories,
UK) in PBS for 30min to mask any non-specific binding sites and then
incubated with primary monoclonal antibodies diluted 1:10 in the
above described solution at 4 °C overnight. All of the primary antibodies
used in the study were purchased from PlantProbes (Leeds, UK) and are
listed in Table 1. After washing in the blocking buffer (5 × 10 min), the
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sections were incubated with the secondary antibody (Alexa Fluor 488-
conjugated AffiniPure goat anti-rat IgG H + L, Jackson Im-
munoResearch Laboratories, UK) diluted 1:100 in the same buffer for
1 h at room temperature. Finally, the slides were washed in the
blocking buffer (5 × 10 min), rinsed in PBS followed by sterile distilled
water and mounted with a Fluoromount aqueous mounting medium
(Sigma, Poland). The sections were examined using an Olympus BX41
epifluorescence microscope (excitation filter BP470-490, dichromatic
mirror DM500, barrier filter BA520IF). Images were captured using an
Olympus XC50 camera. To reveal the cellular pattern, immunolabeled
sections were viewed and photographed using phase contrast optics.

For each developmental stage (day of culture), at least 5 samples
were probed with each of the above mentioned monoclonal antibodies.
Control reactions were performed by omitting the primary antibody
from the procedure and by incubating the sections with the blocking
buffer solution. They did not show any labeling except for a faint
background autofluorescence (data not shown).

The intensity of the immunolabeling was evaluated according to
Pielach et al. (2014). The following types of cells within the explants
were taken into consideration: the embryogenic cells of the protoderm
and/or subprotoderm, the meristematic cells of the protoderm and/or
subprotoderm, the highly vacuolated cells of the ground tissue – here
termed “differentiated cells” and the callus cells (Table 2).

2.5. Transmission electron microscopy (TEM)

Samples from the explants were collected at various time points
during the culture period (days 0, 3, 7, 14) and were fixed in 2.5%
glutaraldehyde and 2.5% paraformaldehyde in a 0.05M cacodylate
buffer (Sigma; pH 7.2) and kept for 24 h at 4 °C. Next, they were washed
in the buffer, postfixed in 1% osmium tetraoxide (Serva, Heidelberg,
Germany) in distilled water at 4 °C overnight, dehydrated in a graded
series of ethanol and gradually embedded in Epon resin (Polysciences,
Germany) according to method described earlier (Milewska-Hendel
et al., 2017). For the TEM analysis, ultrathin sections, 70 nm thick, were
obtained using a Leica EM UC6 ultramicrotome and were collected on
copper grids (300 mesh, Electron Microscopy Science, Hatfield, PA,
USA). Grids with sections were stained with a saturated solution of
uranyl acetate (Polysciences, Germany) in 50% ethanol for 15min and
0.04% lead citrate agents (Sigma, Poland) for 10min. The sections were
examined using a Hitachi H500 electron microscope (Hitachi, Tokyo,
Japan) at 75 kV in the Faculty of Biology and Environmental Protection,
University of Silesia in Katowice.

3. Results

Morphological changes of the explants primarily concerned the

straightening of the cotyledons, the swelling of the cotyledon node and
the development of somatic embryos (Fig. 1A–D). At the initial stage of
the culture, the explants (immature zygotic embryo – IZE) were char-
acterized by bent cotyledons (Fig. 1A). The first morphological change
of the IZEs was the straightening of the cotyledons and the swelling of
their proximal adaxial sides (Fig. 1B). During the following days, so-
matic embryos at the early stages of development were visible (Fig. 1C).
Mature somatic embryos were present on the explants between 14 and
21 days of the culture (Fig. 1D).

3.1. Characteristics of the explant cells at the initial stage of the culture

The overall description of the occurrence of pectic and AGP epitopes
in different cell phenotypes of the explants during the culture is pre-
sented in Table 2. Below, we describe our results in detail.

The initial explant (IZE) was composed of meristematic pluripotent
cells that were located in the shoot and root apical meristem (SAM and
RAM, respectively), the protoderm, ground meristem and provascular
tissue (Fig. 2A). The meristematic cells in the SAM were characterized
by a spherically shaped nucleus with one or two (generally small) nu-
cleoli, a fragmented vacuome, dense cytoplasm and a lack of amylo-
plasts (Fig. 2A, inset, 2B; cells with the above mentioned features have
been further considered to be meristematic/pluripotent regardless of
their localization in the explants and the time of the culture). The
protodermal and ground meristem cells contained many small vacuoles,
numerous protein bodies and plastids with starch grains (Fig. 2A and
B). The provascular cells were characterized by small starch granules
and elongated nuclei (Fig. 2A and B).

At the initial stage of the culture, the pectic epitope that was re-
cognized by the JIM5 antibody occurred in the walls of each explant
cell (Fig. 2C). In the protodermal cells, the JIM5 epitope was present
mostly in the cell corners between the anticlinal and outer periclinal
cell walls (PEG) of the protoderm (Fig. 2C, arrowheads; Table 2). The
JIM7 epitope was detected within the walls of the explant cells and a
lower presence of this epitope characterized the protodermal cells of
the explants (Fig. 2D). The most pronounced differences between the
distribution of the JIM5 and JIM7 pectic epitopes concerned the pro-
todermis – the JIM7 epitope was not present in the outer periclinal
walls except for the PEG areas (Table 2). The LM5 epitope was abun-
dantly present in all of the explant cells (Fig. 2E; Table 2). Im-
munolabeling with anti-AGP antibodies revealed the abundant presence
of the LM2 epitope in all of the explant cells, in both cell walls and
intracellular compartments (Fig. 2F; Table 2). The JIM8 and JIM13
epitopes were only detected in some provascular cells (Fig. 2G;
Table 2). The AGP epitopes that were recognized by the JIM4 and
JIM16 antibodies were not detected within the explant cells at the in-
itial stage of the culture (not shown; Table 2).

3.2. Cytological and immunocytochemical changes of the explant cells
during the culture

Numerous time points were analyzed during the duration of the
culture. However, the results presented here concern only those in
which significant and histological changes occurred (Kurczyńska et al.,
2007).

3.2.1. Pectic epitopes
After about 3 days, the intensity of the JIM5 and JIM7 labeling

increased significantly in the region of the cotyledonary node of the
explants. The most intensive labeling characterized the walls of the cells
in the adaxial proximal parts of the cotyledons (Fig. 3A). In this region,
an increased number of cell layers (compared to the initial stage of the
culture) was detected and this was the result of the cell division of the
explant ground promeristem. Such cells were characterized by a thin
layer of cytoplasm, a prominent nucleus and one or more vacuoles
(Fig. 3A’, compare Figs. 2 and 3A, A’). The JIM5 pectic epitope was

Table 1
Primary antibodies used in the study.

Antibody Epitope References

Anti-pectin
JIM5 Low methyl-esterified HG Clausen et al. (2003)
JIM7 Highly methyl-esterified HG Clausen et al. (2003)
LM5 (1→4)-β-D-galactan Jones et al. (1997)
Anti-AGP
LM2 β-D-GlcpA Smallwood et al. (1996), Yates

et al. (1996)
JIM4 β-D-GlcpA-(1→3)-α-D-GalpA-

(1→2)-L-Rha
Knox et al. (1989), Yates et al.
(1996)

JIM8 AGP glycan McCabe et al. (1997), Pennell et al.
(1991)

JIM13 β-D-GlcpA-(1→3)-α-D-GalpA-
(1→2)-L-Rha

Knox et al. (1991), Yates et al.
(1996)

JIM16 AGP glycan Knox et al. (1991), Yates et al.
(1996)
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almost not detected in the walls of the abaxial protodermis and one
layer of the abaxial ground promeristem (Fig. 3A). Although the pattern
of JIM7 labeling was the same as JIM5, the anticlinal walls of the
adaxial/abaxial protodermis and subprotodermal cells of the abaxial

side of the explant cotyledon were only slightly labeled (Fig. 3B).
The patterns of labeling with the JIM5 antibody remained un-

changed on day 5 and later, but the JIM7 epitope was temporally absent
in the hypocotyl part of the cotyledonary node (Fig. 3C and D) and it

Table 2
Summarised results of immunolabeling for the various types of cells in Arabidopsis explants.

Pectins Arabinogalactan proteins

JIM5 JIM7 LM5 JIM4 JIM8 LM2 JIM13 JIM16

Explant at day 0
Protoderm
outer periclinal walls ± – ++ – – ++ – –
anticlinal walls ± – ++ – – ++ – –
inner periclinal walls ± – ++ – – ++ – –
PEG ++ ++ ++ – – ++ – –
intracellular compartments – – + – – ++ – –
Ground promeristem ± ± ± – – ++ – –
Provascular tissue + + ++ – + ++ + –
SAM ± ± ± – – ++ – –

Explant after 1 week of the culture
Totipotent/embryogenic cells
Extracellular matrix – ++ – – – – – ±
Cell wall + ++ + – – – – –
Intracellular compartments – + – – – – – –

Pluripotent/meristematic cells
Extracellular matrix – – – – – – – –
Cell wall ± ± ± – – + – –
Intracellular compartments – – – – – + – –

Differentiated cells
Extracellular matrix – – – – + – – –
Cell wall + + ± + + ± – –
Intracellular compartments – ± ++ ± ± ± – –

Callus cells
Extracellular matrix ++ – – – – ++ – ++
Cell wall ++ ++ ++ – ++ ++ + ++
Intracellular compartments ++ + ++ ++ + ++ ± ++

The intensity of labeling was evaluated as − no labeling,±weak labeling, + moderate labeling and ++ strong labeling (because it is difficult to identify the
separate fluorescence signals in the cell wall and plasma membrane at the light microscopy level, in the case of the AGP epitopes, the two compartments are described
together; signals inside the cells were classified as being localized in the intracellular compartments or in short in the cytoplasm; see Results).

Fig. 1. Morphology of the Arabidopsis thaliana explants during the in vitro culture. (A) Initial explant with bent cotyledons. (B) Between 5 and 7 days of the culture,
the swelling of the cotyledon node (ellipse) occurred. (C) In the 2nd week of the culture, somatic embryos were present in the proximal, adaxial part of the cotyledons
(arrow). (D) After 3 weeks of culture, well-developed somatic embryos cover the whole explant. Scale bars: (A-C)= 200 μm, (D)= 500 μm.
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Fig. 2. Longitudinal sections of the explants at the initial stage (day 0) in the region of the cotyledonary node. (A) PAS and TBO staining, cell wall polysaccharides
and starch (arrowheads) are stained purplish red; inset: a magnified view of the meristematic cells in the SAM. (B) NBB staining, protein-containing bodies (ar-
rowheads) stained blue; inset: a magnified view of the provascular cells (arrow points to the elongated nucleus). (C) Immunodetection of pectins with the JIM5
antibody, strongly labeled junctions between the protodermal cell walls (arrowheads). (D) Immunodetection of pectins with the JIM7 antibody, weak labeling in the
protodermal and subprotodermal cells (asterisks). (E) Immunodetection of pectins with the LM5 antibody, strong labeling in the cell walls of the explants. (F)
Immunodetection of AGPs with the LM2 antibody, strong punctate signals in the cell wall/plasma membrane and in the cytoplasm compartments. (G)
Immunodetection of AGPs with the JIM8 antibody, strong labeling in the provascular cells (arrowheads). SAM, shoot apical meristem; p, protoderm; gpm, ground
promeristem; pv, provascular tissue. Scale bars: (A, B, insets)= 10 μm, (A–G)= 20 μm. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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reappeared in this area in the subsequent days (data not shown). After
the next few days in some areas of protodermis in the embryogenic part
of the explants, elongating cells were detected and these cells were
devoid of a JIM5 fluorescence signal primarily in the anticlinal walls

(Fig. 3E). The same was observed for the JIM7 signal (Fig. 3F). Later,
the elongated cells underwent periclinal divisions, and then the signal
that was generated by the JIM5 and JIM7 antibody occurred again in
walls of these cells (Fig. 3G and H). Differences between the

Fig. 3. Immunofluorescent detection of the pectic epitopes in the Arabidopsis explants. (A–J) Labeling with the JIM5 and JIM7 antibodies. (A, B) Magnified views of
the proximal parts of the cotyledons, day 3 of the culture, the strongest signal in the cell walls in the adaxial part of the cotyledon (arrowheads), weak labeling in the
abaxial protoderm and subprotoderm layers (asterisks). (A′) A consecutive section stained with TBO that shows the cytological features of the cotyledonary cells. (C,
D) Distribution of the HG epitopes in the explants cultured for 5 days, the ellipse in D indicates the unlabeled area of the cotyledon node. (E, F) Elongated protoderm
cells (asterisks) in the proximal parts of the cotyledons, day 7 of the culture, weak JIM5 and JIM7 labeling; insets: phase contrast views of the sections. (G, H) The
presence of HG epitopes in periclinally divided protoderm cells, day 7 of the culture; inset in G: phase contrast view of the section, arrows indicate embryogenic cells,
double arrow indicates the meristematic cell. (H′) A consecutive section stained with TBO, arrow indicates an embryogenic cell. (I, J) Distribution of the HG epitopes
in 2-week-old explant, note the clear difference in the labeling patterns. (K–O) Labeling with the LM5 antibody. (K, L) Magnified views of the proximal parts of the
cotyledons, day 3 of the culture, weak labeling in the protoderm. (M) Localization of the epitope within the embryogenic protrusion, day 14 of the culture; inset:
phase contrast view of the section, cell phenotypes visible. (N, O) The presence of the epitope in the surface cells of the explants cultured for 14 days, asterisks in N
and N′ indicate unlabeled cells. (N′, O′) Phase contrast views of the sections N, O. adp, adaxial protoderm; abp, abaxial protoderm; pv, provascular bundle. Scale bars:
(K, L)= 10 μm, (A-B, E-H′, M-O′ and E-G, M, insets)= 20 μm, (C, D, I, J)= 100 μm.
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distribution of the pectic epitopes that were recognized by JIM5 and
JIM7 antibody were related to the intensity of the signal and its char-
acter (Fig. 3G and H). By the end of the 1st week, some cells in the
embryogenic part of the explants displayed the phenotype of an em-
bryogenic/totipotent character (according to Verdeil et al., 2007). They
were characterized by a densely stained cytoplasm and large nuclei and
prominent nucleoli (Fig. 3G, F, insets and H’). In the same part of the
explants, cells with a pluripotent/meristematic phenotype were also
present (Fig. 3G, inset, double arrow).

Prominent differences between the distribution of JIM5 and JIM7
signal were observed in the explant cells after about 14 days (Fig. 3I and
J). The signal generated by the JIM5 antibody was abundantly present
in all of the explant cells in the cotyledon node and the JIM7 signal
antibody was present only at the periphery of the explants with a rather
cytoplasmic localization. After 3 days of the culture, the LM5 rham-
nogalacturonan-I (RG-I) epitope was detected in all of the explant cells
except for the walls of the protodermis (Fig. 3K and L). After the next
few days of the culture, the LM5 epitope was present within the domain
of the embryogenic cells, but what was interesting was that the epitope
was restricted to only some of the cells that were located within the
protrusion (Fig. 3 M). The signal was also observed in the cells that
were located at the surface of the explants where the cells dediffer-
entiated into the callus (Fig. 3N, N′, O, O’).

3.2.2. Arabinogalactan protein epitopes
Each of the analyzed AGP epitopes exhibited a specific and different

spatio-temporal distribution pattern (Figs. 4 and 5). The AGP epitope
that is recognized by the JIM4 antibody appeared in the explant cells
between 3 and 7 days of the culture (Fig. 4A). This epitope was present
in the ground promeristem and protodermis regardless of the explant
organ (Fig. 4A). Interestingly, the epitope was detected in the cyto-
plasmic compartments, not in the cell walls. During the next few days
(about 11th day) the signal generated by the JIM4 antibody dis-
appeared from the cytoplasm compartments in all of the explant cells
and appeared in the walls of large cells with prominent one or more
vacuoles (Fig. 4B). These cells were located in the vicinity of the cells
lacking this epitope and that had a meristematic/pluripotent character
(Fig. 4B, inset). After 2 weeks of the culture, the JIM4 epitope was
present within the cytoplasmic compartments of the cells that were
located near the tracheary elements (Fig. 4C, C’).

The JIM8 epitope appeared in the explant cells after 5 days of the
culture and was detected in the cells of the provascular bundle, perhaps
in proto-phloem and xylem (Fig. 4D). After the next 3 days, the JIM8
signal occurred in all of the explant cells, mainly in the walls but also in
the cytoplasmic compartments (Fig. 4E). In the 10-day-old culture, the
signal was detected only in some areas of the explants (Fig. 4F). The
cells revealing the JIM8 signal that was localized in the cytoplasmic
compartments and cell walls were characterized by large vacuoles
(Fig. 4F). In the 12-day-old culture, the signal was visible only in callus
and in meristematic/pluripotent cells (Fig. 4G). After about 3 weeks the
JIM8 signal was detected only in the cells that had differentiated into
the tracheary elements (Fig. 4H).

The distribution of the LM2 epitope remained basically unchanged
throughout the 1st week of the culture, and the same more or less
uniformly scattered dotted signal was localized in the walls of the ex-
plant cells, but also in the cytoplasmic compartments with a lower in-
tensity in the embryogenic part of the explants (not shown). In the
explants that were older than 7 days, the LM2 pattern became less
uniform and more cell-type dependent (Fig. 5A, A’, A’’, A’’’). In the
explant protodermal cells that had not changed their phenotype, the
LM2 epitope was abundantly present in the wall/plasma membrane
(this was hard to settle unless plasmolysis occurred) and the cyto-
plasmic compartments (Fig. 5A, A’ and A’’’). In the cells of the totipo-
tent/embryogenic phenotype, a weak signal that was generated by the
LM2 antibody was present only in the cell walls (Fig. 5A, A’’). In the
intensively dividing (pluripotent/meristematic) cells that are involved

in the formation of explant protrusions, the LM2 epitope was abun-
dantly present (Fig. 5B, B').

The JIM13 epitope was detected in the cells of explant provascular
bundle and in the cells that had differentiated into tracheary elements
and in the callus (Fig. 5C). The number of cells displaying the JIM13
signal increased with the duration of the culture (Fig. 5C and inset 1).
DAPI staining interacted with the JIM13 staining (Fig. 5C, inset 2).

During the 1st week of the culture, the AGP epitope that is re-
cognized by the JIM16 antibody appeared only in the cytoplasmic
compartments (Fig. 5D). Afterwards, in the following days, the JIM16
signal disappeared from the cytoplasm and was detected only in the
outer periclinal walls of the protodermal cells (Fig. 5 E) and/or in the
middle lamella and the walls between the protodermis and sub-
protodermis of the explants, but only locally (Fig. 5F). The presence of
this epitope coincided with the border between the cells that are in-
volved in the appearance of the protrusion and in the cell located be-
neath them (Fig. 5F inset).

3.2.3. Pectic and AGP epitopes in the callus cells
All of the analyzed pectic and AGP epitopes were detected in the

callus cells (Fig. 6). The HG epitopes (JIM5, JIM7) and LM5 rhamno-
galacturonan-I (RG-I) epitope were present in the cell walls (Fig. 6A–C).
However, in the case of the JIM5 epitope, the presence in the plasma
membrane cannot be excluded (Fig. 6A), as well as the presence of the
LM5 epitope in the cytoplasmic compartments (Fig. 6C). Among the
AGP epitopes, only JIM4 was not detected in the cell walls but was
abundantly present in the cytoplasmic compartments (Fig. 6D). Other
AGP epitopes were detected in both the cell walls and in the cyto-
plasmic compartments (Fig. 6E–H). The presence of the AGP epitope
that is recognized by the LM2 antibody in the plasma membrane cannot
be excluded (Fig. 6F). The AGP epitope that is recognized by the JIM16
antibody was also detected outside the cell wall (Fig. 6H).

3.2.4. Pectic and AGP epitope distribution in the somatic embryos at the
early stages of development

Immunocytochemical detection of the pectic and AGP epitopes was
also performed in the somatic embryos at the early stages of develop-
ment. We selected mainly the globular and heart stage somatic embryos
because these stages are easy to distinguish from other bulges on ex-
plants in cultures on a solid medium (as was shown by Dobrowolska
et al., 2016, not each section with structures that resemble embryos are
somatic embryos).

Among the pectic epitopes, JIM5 was more abundant in the globular
somatic embryos compared to the JIM7 epitope (Fig. 7A, E). Although
the same epitopes were abundant in the heart stage, the location of
these epitopes varied in relation to the embryo axis; JIM5 was absent in
the outer layers of the basal part and JIM7 was present in this embryo
part (Fig. 7B, F; Table 3). Moreover, both epitopes were hardly present
in the anticlinal walls of the protodermal cells. The pectic epitope that
is recognized by the LM5 antibody in the globular stage of an embryo
was detected in a few cells that were located in the apical part of the
embryo (Fig. 7I) and in the heart stage in the cotyledons (Fig. 7J). The
JIM4 epitope was not detected in the somatic embryos regardless of the
developmental stage (Fig. 7C and D). The JIM8 epitope was occasion-
ally detected in the cell walls of the globular embryos, but in the older
stage, it was abundantly present in the embryo except for the proto-
dermis (Fig. 7G and H). The LM2 epitope was present in the globular
and heart stages, but in a much greater abundance at the younger stage
(Fig. 7K and L). The JIM16 epitope was detected only in the outer
periclinal walls of the protodermis regardless of the embryo stage of
development (Fig. 7M and N). The AGP epitope that is recognized by
the JIM13 antibody was not present in the somatic embryo except for
cells that had developed into the provascular bundle (Fig. 7O).

3.2.5. Explant cells cytology and ultrastructure during the culture period
The initial explant cells were characterized by electron dense
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cytoplasm regardless of the explant organ or tissue (Fig. 8A and B) and
because they were filled with numerous oil and protein bodies with
globoid crystals and starch grains, other organelles were difficult to
detect (Fig. 8C). The lipid bodies were located against the plasma
membrane and around the protein bodies. In the protodermal cells, a
chloroplast with a system of internal membranes that were not well-
developed was present (Fig. 8B, inset 1). At the initial stage in the
embryogenic part of explants (see Kurczyńska et al., 2007), the cell was
characterized by a nucleus with one nucleolus in addition to the shoot
apical meristem where two nucleoli were present in the nucleus, which
indicates that only these cells are meristematic (Fig. 8A, inset). The
outer periclinal cell walls of the protodermal cells were uniformly thin
along the outer surface (Fig. 8B). The outer layer of the walls was

electron dense (cuticle) and the inner layer (cellulosic part of cell wall)
was electron-lucent (Fig. 8B). An electron-dense layer must be com-
posed at least in part by pectins as this layer is connected to the middle
lamella between the anticlinal walls (Fig. 8B and C). Plasmodesmata
(Pd) were present between all of the cells (Fig. 8B, inset 2) but in dif-
ferent quantities between different explant tissues.

In the subsequent days of the culture (about the 7th day), new cell
phenotypes, which were determined on the basis of nucleus ultra-
structure, appeared in some areas of the explants. In a close proximity,
cells with a nucleus with a large prominent nucleolus, cells with two
nucleoli in the nucleus and cells with a nucleus with no ultrastructural
changes compared to the starting point of the culture were detected
(Fig. 8D, cells that were compared are indicated by different digits;

Fig. 4. Immunofluorescent detection of the AGP epi-
topes in the Arabidopsis explants. (A–C) Labeling with
the JIM4 antibody. (A) Cytoplasmic signal in an ex-
plant cultured for 5 days; inset: details of the labeling
pattern in the cotyledon cells. (B and inset) Labeling in
the highly vacuolated cells of the ground promeristem
(arrow), proximal part of the cotyledon of an explant
cultured for 10 days, note the lack of labeling in the
non-vacuolated cells (dotted line); inset: a consecutive
section stained with TBO. (C) Localization of the epi-
tope in a 2-week-old explant; (C′) bright field image of
the section shown in C; labeled cells are indicated by
the letters a-h. (D–H) Labeling with the JIM8 antibody.
(D) The presence of the epitope in the provascular
tissue (arrow), day 5 of the culture. (E) Proximal part
of the cotyledon of an explant cultured for 7 days, la-
beling in the protodermal and ground promeristem
cells. (F and inset) Groups of labeled cells (ellipse,
letters a and b) in an explant cultured for 10 days,
arrow points to the callus cell; inset: phase-contrast
view of the section, phenotypes of the labeled cells are
visible. (G) Signal in the pluripotent/meristematic
(arrowhead) and callus (arrow) cells, 2nd week of the
culture. (H) Localization of the epitope in a three-
week-old explant. adp, adaxial protoderm; gpm,
ground promeristem. Scale bars: (C, C′, E)= 10 μm, (B,
F, G and A, B, F, insets)= 20 μm, (A, D, H)=50 μm.
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Fig. 8E comparison of cells number 1 and 3; Fig. 8F and inset, G). Such
changes and changes in cell ultrastructure indicate a shift in the di-
rection of cell differentiation (Fig. 8E). During this time the dis-
appearance of the protein bodies was observed as the first sign of the
ultrastructural changes within the cytoplasm (Fig. 8E). Cells with a
nucleus with more than one nucleolus are considered to be pluripotent/
meristematic and cells with a prominent nucleolus in the nucleus con-
sidered to be totipotent/embryogenic sensu Verdeil et al. (2007). The
number of lipid bodies decreased and were no longer located close to
the plasma membrane but were distributed within the cell cytoplasm,
which became less electron dense (Fig. 8E). During this period of time,
changes in the cytoplasm ultrastructure occurred, regardless of the
nucleus structure and was related to the appearance of numerous mi-
tochondria, rough endoplasmic reticulum, ribosomes, dictyosomes,

plastids and Pd (Fig. 8I and J). Differences in the cell wall ultrastructure
appeared during these days (Fig. 8H). The outer electron-dense layer in
some cells became thicker and undulated (Fig. 8H and inset 1). In the
other cells, the inner part of the outer periclinal walls significantly in-
creased in thickness (Fig. 8H and inset 1). Changes in the undulation
and thickness of the outer periclinal wall of the protodermal cells were
detected even before the disappearance of the lipid bodies (Fig. 8H,
inset 2). The undulation of the cell walls that was detected in the cells
from the embryogenic part of the explants (Fig. 8K) and the increase in
thickness was characteristic for the cells from the non-embryogenic part
of the explants (Fig. 8L). In the 2nd week of the culture, no further
important changes in the cell ultrastructure were observed within the
explants, but the abundant presence of microtubules was detected
(Fig. 8M). The callus cells that were separated from the explants were

Fig. 5. Immunofluorescent detection of the AGP epitopes in the Arabidopsis explants. (A–B) Labeling with the LM2 antibody. (A) Distribution of the epitope in cells
with diverse phenotype (marked with letters A′, A″, A‴) in the proximal part of the cotyledon of an explant cultured for 10 days. (A′-A‴) Cytological features of the
explant cells, TBO staining. (B) A group of pluripotent/meristematic cells on the surface of the cotyledon (outlined with white ellipse on B and black ellipse on B′),
abundant labeling in the cell wall/plasma membrane and in the cytoplasm, no labeling in the highly vacuolated cells of the ground promeristem. (B′) Phase-contrast
image of the section shown in B. (C) Labeling with the JIM13 antibody, strong signal in the provascular tissue (arrowheads); insets: (1) details of the labeling pattern,
(2) nuclei revealed by DAPI staining. (D–F) Labeling with the JIM16 antibody. (D) Signal in the cytoplasm of an explant cultured for 5 days (arrowheads). (E) Signal
in the outer periclinal walls of the protodermal cells (arrowheads), day 7 of the culture, no labeling in the cytoplasmic compartments. (F) The presence of the epitope
between the protodermal and subprotodermal cell layers (arrowheads), day 7 of the culture, merge fluorescence and bright field images; inset: a consecutive section
stained with TBO, note the typical totipotent/embryogenic features (a dense cytoplasm and a single large nucleolus) of the protodermal cells (arrow). Scale bars: (A′-
A‴)= 10 μm, (A, B, B′, E, F and C, F, insets)= 20 μm, (D)= 50 μm, (C)=100 μm.
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characterized by a prominent vacuole with electron-dense particles
inside, a thin layer of cytoplasm with organelles and a nucleus with a
small nucleolus (Fig. 8N). The abundant presence of fibrillary material
was detected in intercellular spaces during the phase of the separation
of the cells from the explants (Fig. 8N, inset).

4. Discussion

The results of the present study revealed spatio-temporal changes in
the distribution of the pectic and AGP epitopes in Arabidopsis explants
that were committed to SE and indicated a relationship between the cell
wall composition and the developmental state of the explant cells. In
this paper, we describe the diverse cell wall chemical composition in
the cells that are characterized by the different phenotypes that arose
within the explants during the process of SE when the explant cells
changed the direction of their differentiation under in vitro conditions.

To permit an accurate comparison among the signals from the cells that
realize different developmental programs, a immunohistochemical
analysis was accompanied by cytological studies thus allowing the
embryogenic/totipotent, meristematic/pluripotent, differentiated and
callus cells to be distinguished on the basis of their phenotype. It is
accepted that embryogenic and meristematic cells are diverse in the
phenotype (Verdeil et al., 2007), thus these features of the explant cells
were used. The analysis was performed in explants before and at var-
ious time points after the induction of SE, which correlates with the
previously described histological and molecular changes in Arabidopsis
explants (Kurczyńska et al., 2007).

4.1. Pectic and AGP epitopes in the embryogenic/totipotent cells of the
Arabidopsis explants

The distribution of analyzed pectic and AGP epitopes within the

Fig. 6. Distribution of pectic and AGP epitopes within
the callus tissue. (A) Labeling with the JIM5 antibody,
signal in the plasma membrane face of the cell wall
(arrowheads, inset). (B) Labeling with the JIM7 anti-
body, intense signal in the cell walls of the majority of
the cells. (C) Labeling with the LM5 antibody, the
epitope is present in both the cell wall and the cyto-
plasm. (D) JIM4 labeling in the cytoplasm. (E) JIM8
labeling in the cell wall/plasma membrane and in the
cytoplasm (inset). (F) Labeling with the LM2 antibody,
intense signal in the cell wall/plasma membrane and in
the cytoplasm. (G) Labeling with the JIM13 antibody,
strong labeling in the cell wall/plasma membrane,
weak labeling in the cytoplasmic compartments. (H)
Labeling with the JIM16 antibody, the abundant pre-
sence of the epitope in the intercellular spaces (ar-
rows). Scale bars: (A, E, insets)= 10 μm,
(A–H)=20 μm.

I. Potocka et al. Plant Physiology and Biochemistry 127 (2018) 573–589

582



explants was spatially and temporally changed during SE. A modifica-
tion of the degree of pectin methyl-esterification has been reported for
other in vitro systems such as the androgenic embryos of Capsicum an-
nuum (Bárány et al., 2010a) and the somatic embryos of Quercus suber

(Ramírez et al., 2004), Citrus clementina (Ramírez et al., 2003), Olea
europaea (Solís et al., 2008), Brassica napus (Solís et al., 2016) or Daucus
carota (Dobrowolska et al., 2012).

The most important features of embryogenic/totipotent cell

Fig. 7. Immunofluorescent detection of the pectic and AGP epitopes in somatic embryos. (A, B) The JIM5 labeling. (C, D) The JIM4 labeling. (E, F) The JIM7 labeling.
(G, H) The JIM8 labeling. (I, J) The LM5 labeling. (K, L) The LM2 labeling. (M, N) The JIM16 labeling. (O) The JIM13 labeling. (A, C, E, G, I, K, M) – globular embryo/
embryos; (B, D, F, H, J, L, N, O) – heart stage embryos. (B, F, H) – arrowheads indicate protodermis. (B, F, L) arrows point to basal part of embryo. (I, J) – white dotted
line indicates the surface of embryo as seen in bright field. (I, J, M, N) – arrowheads indicate cells exhibiting presence of pectic epitopes. (O) – arrow indicates
provascular bundle. Scale bars: (A-O)= 30 μm.

Table 3
Summarised results of immunolabeling for the globular and the heart stage somatic embryos.

Stages of embryo development Pectins

JIM5 JIM7 LM5

Globular stage abundant in all cells of the embryo signal in the protodermal cells and some inner
cells

signal in a few cells at the apical pole of the embryo
or lack of the signal

Heart stage all cells apart from the basal half of
the embryo

abundant in all cells, especially in the basal half
of the embryo

embryo cotyledons

Stages of embryo
development

Arabinogalactan proteins

JIM4 JIM8 LM2 JIM13 JIM16

Globular stage lack of the
signal

pegs and inner periclinal walls of
protodermal cells; apical half of the
embryo

abundant presence in all cells of the
embryo

lack of
signal

only in the outer periclinal
walls of the protoderm

Heart stage lack of the
signal

abundant presence in the ground meristem abundant presence in the 2–3 external
cell layers of the basal half of the embryo

lack of the
signal

only in the outer periclinal
walls of the protoderm
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phenotypes (according to Verdeil et al., 2007) are a large, centrally
positioned nucleus with a single prominent nucleolus, a dense cyto-
plasm and small vacuoles. Such a phenotype has been reported for the
embryogenic cells of various plant species (for a review see

Namasivayam, 2007). At the beginning of the culture, embryogenic/
totipotent cells sensu Verdeil et al. (2007) were not present within the
explant cells. Starting at day three of the culture, the walls of the cells
that were localized in the proximal parts of the cotyledons, which are

(caption on next page)
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embryogenic regions (for details see Kurczyńska et al., 2012), were
enriched in HG with both low and high levels of esterification (re-
cognized by the JIM5 and JIM7 antibodies, respectively), but the in-
tensity of the JIM7 signal was much stronger, which suggests that the
level of high-esterified pectin increased in the embryogenic cells. Si-
milar results were described for the somatic embryogenesis of Quercus
alba (Corredoira et al., 2017) and, to a lesser extent, in the embryogenic
calli of Brachypodium distachyon (Betekhtin et al., 2016). In a banana
culture, the embryogenic cells were relatively rich in the JIM5 epitope
and the JIM7 epitope was less represented (Xu et al., 2011). In Ci-
chorium, the immunolocalization of an epitope that is recognized by the
JIM5 antibody revealed the unesterified nature of the supraembryonic
network, and the highly methyl-esterified pectins that are recognized
by the JIM7 antibody were only slightly present in the cell walls during
the embryogenesis process (Chapman et al., 2000). In an in vitro culture
of Trifolium nigrescens, low-esterified HG was most abundant during the
early stages of embryo formation and a highly methyl-esterified form of
HG became prevalent during embryoid maturation (Pilarska et al.,
2013). The impression is that our results and those presented in the
literature data are mutually exclusive, but such differences are probably
the result of the analysis of slightly different stages of SE, which might
be diverse in terms of the chemical composition of the cell wall. The
results presented here refer only to the embryogenic/totipotent cells
and the explant part where the formation of bulges has only been in-
itiated. It is reasonable to conclude that high-esterified pectins mark
embryogenic/totipotent cells in the same pattern as has been shown for
other species and culture systems (Corredoira et al., 2017). Such an
interpretation is consistent with our knowledge about the involvement
of the methyl-esterification of HG in the postulated modification of the
mechanical properties of the cell wall (Wolf et al., 2009).

Although literature data concerning the presence of the LM5 epitope
in the cell walls during different developmental processes were already
described (e.g. Sala et al., 2013), its distribution in cells during somatic
embryogenesis has not been widely studied. The results presented here
indicate that the LM5 epitope, which detects (1→4)-β-D-galactan, the
side chains of RG-I, was present in some of the cells within the domain
of the embryogenic cells. The diverse distribution of this epitope in the
cells of the same phenotype (located in the central part of the domain
and in the domain periphery) was not expected. Although the number
of papers describing the contribution of this epitope in somatic em-
bryogenesis is limited, they suggest that the LM5 epitope indicates non-
embryogenic cells (Xu et al., 2011; Pilarska et al., 2013). In the above
mentioned papers, cells with the LM5 epitope were characterized by a
different phenotype than the one described here or they exhibited dif-
ferent developmental stage. Thus, we propose a hypothesis that the
LM5 in the Arabidopsis explants may indicate specific cells within the

embryogenic cell clusters that are destined for embryo formation and
that give rise to the pre-globular somatic embryo. If this hypothesis is
correct, further studies must be performed using molecular methods.

An interesting result from that is described above is the dis-
appearance of the JIM5 and JIM7 epitopes in the elongated cells, which
according to Rocha et al. (2016) may represent one of the first signs of
the acquisition of competence in this regeneration system. The acqui-
sition of competence is the phase during which a given cell or tissue
assumes a new developmental fate (Rocha et al., 2016). Thus, the dis-
appearance of these pectic epitopes may be a marker of a competent
cell within the explant.

Regarding the AGPs, we studied the distribution of the epitopes
within the explants that are recognized by the JIM4, JIM8, LM2, JIM13
and JIM16 antibodies. It has been postulated that AGPs are involved in
plant reproductive development (Pennell et al., 1991), pattern forma-
tion in roots (Knox et al., 1989, 1991) or maize coleoptiles (Schindler
et al., 1995) and somatic embryogenesis (Pennell et al., 1991). More-
over, several other functions have been suggested such as an involve-
ment in cell division (Serpe and Nothnagel, 1994), cell expansion
(Willats and Knox, 1996) and cell death (Schindler et al., 1995).

To date, the involvement of AGPs in Arabidopsis embryogenesis has
only been shown for zygotic embryos; however, in other developmental
processes, including SE in other species, AGPs have been widely de-
scribed (Showalter, 2001). Hu et al. (2006) and later Zhong et al.
(2011) proved that AGPs are implicated in embryo germination, coty-
ledon formation and maintaining an undifferentiated state of the shoot
meristem cells during the zygotic embryogenesis of Arabidopsis. Here,
we describe the spatio-temporal changes in the occurrence of some AGP
epitopes during the SE of Arabidopsis for the first time. The epitope that
is recognized by the JIM4 antibody was absent in the initial explants
and after several days of the culture, it appeared in cytoplasm com-
partments in all of the explant cells except for the provascular tissue.
Literature data indicate that the JIM4 epitope may be a marker for all of
the stages of the acquisition of the major tissue patterns during carrot
somatic embryogenesis as it was present in the surface of proembryo-
genic masses (Stacey et al., 1990). The same results were obtained
during maize SE (Šamaj et al., 1999a). As stated above (see results) the
use of immunodetection on the light microscopy level does not allow
the detection of epitopes at the ultrastructural level. The completion of
such studies is an immunogold scanning electron microscopy (SEM)
method which was demonstrated on the example of maize embryogenic
calli and roots (Šamaj et al., 1999b). The involvement of the AGPs that
are recognized by the JIM4 and JIM8 antibodies in SE was described for
cultures of carrot and maize and these epitopes characterized the cells
of embryogenic callus (for review see Majewska-Sawka and Nothnagel,
2000). During further studies of carrot, it was shown that the AGPs

Fig. 8. Cytological and ultrastructural changes in the explant cells during the culture. General and ultrastructural view of the cytological differences between the
protodermal and ground promeristem cells of the explant. (A) TBO staining; (A inset, D) PAS reaction; (B-C, E-N) TEM. (A–C) Explant in the initial stage of the
culture. Pluripotent/meristematic cells were characterized by two nucleoli in the nucleus (A inset, arrows). The protodermal cells of the explant were filled with
numerous oil bodies (B, C, white arrows) and protein bodies (C, C inset, asterisks) and were characterized by chloroplasts with a system of internal membranes that
were not well-developed (B inset 1, arrows), the electron-dense outer layer of periclinal wall (black arrowhead) was connected with the middle lamella between the
anticlinal walls (C, black arrow), electron-lucent inner layer is indicated by white arrowhead (B). Note the plasmodesmata between the explant cells (B inset 2,
arrow). (D–L) Explants after 7 days of culture. (D) Cells with different phenotypes that were present in the explants, 1 and 1’ – cells with a large prominent nucleolus
in nucleus, 2 – cell with two nucleoli in the nucleus, 3 – cell with a nucleus without any ultrastructural changes compared to the starting point of culture. (E)
Subsequent changes in the cell ultrastructure are indicated by digits (see description in Results chapter), arrows indicates nuclei. (F) A cell with a prominent
nucleolus in the nucleus and abundant dictyosomes (F inset, arrows). (G) A cell with more than one nucleolus in the nucleus. (H, H inset 1 and 2) Differences in the
cell wall ultrastructure appeared during the 1st week of the culture: undulated outer electron-dense layer of the protodermal wall (arrows), the thickness of the outer
periclinal walls increased (indicated with two black arrowheads to mark the thickness), mainly as a result of an increase in the thickness of the inner part of the outer
periclinal wall (indicated with two white arrowheads). (I, J) Changes in the cytoplasm ultrastructure in the 1st week of the culture related to the mitochondria,
dictyosomes, plastids and plasmodesmata (inset, indicated with arrows). (K) Protodermal cell from the totipotent/embryogenic part of the explants with an un-
dulated outer periclinal wall (arrows). (L) Protodermal cells from the non-embryogenic part of an explant with a thicker outer periclinal wall (two arrowheads mark
the thickness). (M, N) Explant in the 2nd week of culture. Note the abundant presence of microtubules (M, arrows) in the explant cells. (N) Callus cells separated from
the explant were characterized by a prominent vacuole and during the separation from explant, fibrillary material in the intercellular spaces was detected (inset,
asterisk). GA – dictyosome, M –mitochondrion, N – nucleus, NU – nucleolus, P – plastid, Pd – plasmodesmata, ST – starch grain, V – vacuole. Scale bars: (A)= 20 μm,
(A inset, D)= 10 μm, (B, B inset 1, B inset 2, C, E, F inset, G, H, H inset 1 & 2, I, K, L, M, N, N inset 2)= 2 μm, (D)=10 μm, (F, I inset, N inset 1)= 1 μm, (J)= 5 μm.
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epitope that is recognized by the JIM8 antibody is not characteristic for
embryogenic cells (Toonen et al., 1997). However, cells decorated with
this epitope are a source of the signal that is necessary for somatic
embryo formation (McCabe et al., 1997). In indirect SE in plant cell
cultures, somatic embryos develop from specialized parts of explants
that are called proembryogenic masses (PEMs). Several reports have
indicated that these explant areas are covered by an ECM that is com-
posed of the JIM4, LM2, JIM16 and JIM13 epitopes (Rumyantseva,
2005). In the studies presented here, embryogenic/totipotent cells were
lacking the signal that is generated by the JIM4 or JIM8 antibodies,
which is comparable to the results mentioned above.

Of the group of AGP epitopes examined in this study, LM2 deserves
a special comment because it gave no or a very weak signal in the cells
that displayed typical embryogenic/totipotent features. However, all of
the neighbouring cells were characterized by an abundant presence of
this epitope in different intracellular compartments, which made the
embryogenic cell clusters clearly recognized within the explant tissues.
This makes LM2 a potential candidate to be a “negative” marker of
embryogenic/totipotent cells in Arabidopsis explants. A similar pattern
of LM2 epitope distribution was reported for the highly embryogenic
cell line of a hybrid fir (Šamaj et al., 2008). In this species, the labeling
was weak in the walls of the embryogenic cells and much stronger in
the cytoplasm compartments of the large vacuolated suspensor cells.

It is worth adding that literature data on pectic and AGP epitopes
are more abundant with respect to dicotyledonous species. Information
about the proportion of individual wall components with respect to
monocots are sparse, but comparison indicates that differences between
monocot and dicot species exists. However, generelization based on
current information requires further intensive research, especially on
monocot plants (Šamaj et al., 1998; Betekhtin et al., 2018).

4.2. AGPs and pectins in the meristematic/pluripotent and differentiated
cells of the Arabidopsis explants

The characteristic features of the meristematic/pluripotent cell
phenotype are a prominent nucleus with two or more nucleoli and
numerous small vacuoles (Verdeil et al., 2007). In our explants, the
proximal part of the cotyledons swelled noticeably during the 1st week
of the culture due to the cell divisions and growth that were associated
with the cell wall expansion and the presence of both the JIM5 and
JIM7 epitopes may be important in this process; however, these cells
had no phenotype that has been described as characteristic for plur-
ipotent/meristematic cells sensu Verdeil et al. (2007). A study of Bárány
et al. (2010b) showed that in various developmental systems, highly
esterified pectins are abundant in the walls of proliferating cells,
whereas de-esterified pectins are specific markers of differentiation.
Our findings agree with the above mentioned results as long as we take
into account that the JIM7 epitope was abundantly present in the ex-
plant cells with a high proliferative activity.

Meristematic/pluripotent cells are similar to embryogenic/totipo-
tent cells in terms of cytology; however, the former have a less dense
cytoplasm and a smaller nucleus with one or two smaller nucleoli
(Verdeil et al., 2007). Our results indicate that the LM2 epitope might
function as a good marker for accurately distinguishing between toti-
potent and pluripotent cells, because this epitope was found abundantly
in the meristematic cells and was only weakly detectable in the em-
bryogenic cells of the explants. A similar distribution of the epitope was
also reported by Konieczny et al. (2007), who observed LM2 labeling in
the walls and cytoplasm of the meristematic cells of the regenerated
shoot buds and leaves in a wheat anther culture. We postulate that in
Arabidopsis SE, the LM2 epitope is a positive marker of meristematic/
pluripotent cells.

Although the differentiated cells of the Arabidopsis explants were
characterized by the presence of the majority of the epitopes that were
analyzed (Table 1), the JIM4 AGP epitope appeared to be the most
specific for this cell type. It was not found in the embryogenic cells or

meristematic cells, but only in some of the vacuolated cells of the
proximal part of the cotyledon. Moreover, the intensity of the signal
was strongly related to the level of cellular vacuolization. Thus, JIM4
labeling may indicate competent differentiated cells (Fehér, 2015) and
may be the first sign of their entry into a new developmental pathway.
The differentiated explant cells were also characterized by the dis-
continuous labeling of the cell walls with the JIM7 antibody. Such a
pattern may indicate a low level of highly esterified pectins, which,
according to Bárány et al. (2010a), is typical for differentiating cells.

The results from immunostaining studies presented above are con-
firmed by ultrastructural analyzes that have shown the diverse ap-
pearance of the outer periclinal walls and cuticle of protodermis de-
pending on the involvement of the explant domains in the
embryogenesis process and perfectly match the results described for
kiwifruit (Popielarska-Konieczna et al., 2011).

4.3. Callus cells

The callus is a mass of unorganized pluripotent cells (Lee et al.,
2017). In studies presented here all of the analyzed epitopes were de-
tected in the callus cells. The differences were related to the cell wall
and/or cytoplasmic localization. Because the callus is not embryogenic
in the Arabidopsis system that was used in the presented studies as the
development of somatic embryos from this tissue was never observed,
thus the results described here characterize the non-embryogenic callus
for Arabidopsis. Studies of the banana callus showed that embryogenic
and non-embryogenic calli are diverse in their cell wall composition
(Xu et al., 2011). The LM5 epitope was more abundant in a non-em-
bryogenic callus compared to an embryogenic callus. The pectic epitope
that is recognized by JIM5 and the AGP epitopes that were analyzed
here were detected in the non-embryogenic callus of other species (Xu
et al., 2011). The results presented here are in good agreement with the
literature data.

4.4. Somatic embryos

The pectin composition within somatic embryos has not been
widely studied, and so far, there is a lack of this information in the case
of Arabidopsis somatic embryos (at least to the best of the authors’
knowledge). Among the pectic epitopes that were analyzed in the
presented paper, a low expression was characterized by the LM5 epi-
tope regardless of the developmental stage of the somatic embryos.
Although the JIM5 and JIM7 epitopes were abundantly present in both
of the analyzed stages of the embryos, the lowest presence was detected
in the protodermal cells of the embryo in later stages of development,
especially for the JIM5 epitope. In the somatic embryos of Trifolium
nigrescence Viv., the JIM7 epitope was present in the embryo body, but
the signal resulting from JIM5 binding was not detected in the proto-
dermis (Pilarska et al., 2013). Conversely, during the pollen embry-
ogenesis of Capsicum (Bárány et al., 2010a) and SE of Daucus carota
(Dobrowolska et al., 2012), the JIM7 epitope was not detected in the
protodermis of the embryos. Studies on banana during SE showed that
the JIM7, JIM5 and LM5 epitopes were detected in the epidermis and
subepidermis and were hardly or not detected at all in the inner cells of
the globular embryos (Xu et al., 2011). In older embryos, the JIM5 and
LM5 epitopes were localized mainly in the cell-cell junctions of the
ground meristem and the JIM7 epitope was found in the epidermal cells
and ground meristem (Xu et al., 2011). Such differences in published
data and the results presented here related to the pectin composition in
somatic embryos probably reflect the diversity of the developmental
processes in different species, but also may rely on the specific culture
conditions and the source of somatic embryos.

Each of the analyzed AGP epitopes was differently located in the
somatic embryos of Arabidopsis. The JIM4 epitope was not detected in
any of the stages. The JIM8 epitope was hardly seen in the globular
embryos but abundant in the older stage mainly in the ground

I. Potocka et al. Plant Physiology and Biochemistry 127 (2018) 573–589

586



promeristem cells. The LM2 epitope was abundantly present in all of the
analyzed stages. The JIM16 epitope was present only in the outer
periclinal wall of the protodermal cells, and the presence of the JIM13
epitope was very low and if it was present, accompanied the provas-
cular bundle. Presence of JIM13 epitopes in provascular tissues is si-
milar to described for postembryonic development (Šamaj et al., 1998),
what could suggests that it is a universal marker for this tissue.

During SE of banana, it was shown that the LM2 and JIM16 epitopes
were present in the globular stage embryo, but the JIM8 epitope was
weakly expressed in such embryos, mainly in the embryo protodermal
cells (Pan et al., 2011). For the late developmental stages of banana
somatic embryos a relatively strong fluorescence was observed after
immunolabeling with the LM2 and JIM16 antibodies (Pan et al., 2011).
The JIM8 and JIM13 epitopes were localized solely to the tracheary
elements in the vascular tissue of the very late embryos of banana, and
in the later stage embryos, the JIM4 epitope was not present except for
a weak signal in the epidermis (Pan et al., 2011). Thus, in the case of
the JIM13 epitope, the results presented here are similar to those de-
scribed above. In chicory, the AGPs that are recognized by the mono-
clonal antibodies LM2, JIM13 and JIM16 were localized at the outer
cell walls of the epidermal cells in the globular embryos (Chapman
et al., 2000). Thus, the distribution of the JIM16 epitope in Arabidopsis
somatic embryos is similar to that described for chicory. In Picea abies,
the JIM13 epitope was not detected in the early somatic embryos, and
the highest expression of this epitope was found in more developed
embryos (Filonova et al., 2000). Studies during microspore embry-
ogenesis in Brassica napus showed that JIM8 and JIM13 binding AGPs
might be involved in embryo differentiation (Tang et al., 2006). From
the data presented above, it appears that some changes in the dis-
tribution of the AGPs and pectic epitopes in somatic embryos exists, and
that it is species specific, but also may be influenced by the culture
conditions. Despite the differences in the expression of AGPs and pectin
between the somatic embryos of Arabidopsis and the somatic embryos
of other species, the obtained results indicate that composition of AGPs
and pectin is developmentally regulated.

5. Conclusions

In conclusion, our data show that the distribution of the selected
AGP and pectic epitopes within the explants change during SE in terms
of their presence in the cells that realize different developmental pro-
grams. The chemical wall composition that is described coincides with
the cell phenotypes within the explants (Fig. 9). From the fate map of

the explant cells, only path 1 leads to the formation of somatic embryos.
The other paths (2–4) lead to the formation of the meristematic/plur-
ipotent cells (path 2), differentiated cells (path 3) and a non-embryo-
genic callus (path 4).

The findings presented here suggest that the analyzed epitopes, both
pectic and AGP, are developmentally regulated. Moreover, the patterns
of the occurrence of these epitopes are cell-type specific. Embryogenic
cells were “positively” marked by the JIM7 and LM5 pectic epitopes
and “negatively” marked by the LM2 AGP epitope. The JIM4 AGP
epitope appeared to be highly specific for differentiated cells with a
distinct morphology. The results presented here provide further clues
into the phenomenon of the cell fate switch toward embryo develop-
ment and extend the knowledge about the role of the cell wall in plant
morphogenesis in vitro.

Because the phenotypic changes of Arabidopsis explants are de-
scribed, it will be much easier and more precise to analyze the changes
in gene expression during the SE using the different mutants and
transgenic lines that are abundant in this species.
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