
 1

Cell wall components and pectin esterification levels as markers of 1 

proliferation and differentiation events during pollen development and 2 

pollen embryogenesis in Capsicum annuum L.  3 

 4 

Ivett Bárány, Begoña Fadón, María C. Risueño and Pilar S Testillano1  5 

 6 

Plant Development and Nuclear Architecture group, Centro de Investigaciones 7 

Biológicas, CIB, CSIC, Madrid, Spain  8 

 9 

Running title: Cell wall markers of proliferation and differentiation in pollen 10 

embryogenesis  11 

Key words: Cell wall, pectins, xyloglucan, pollen embryogenesis, pepper (Capsicum 12 

annuum L.). 13 

 14 

1To whom correspondence should be addressed: 15 

Pilar S. Testillano 16 

Centro de Investigaciones Biológicas, CSIC, Ramiro de Maeztu 9, 28040 Madrid, Spain 17 

Phone: +34 918373112 (Ext: 4366) 18 

Fax: +34 915360432 19 

e-mail: testillano@cib.csic.es 20 



 2

E-mail addresses of all authors: 21 

Ivett Bárány: yvett@cib.csic.es 22 

Begoña Fadón: fadon@cib.csic.es 23 

María del Carmen Risueño: risueno@cib.csic.es 24 

Pilar S. Testillano: testillano@cib.csic.es 25 

 26 

 27 

 28 

 29 

 30 

31 



 3

Abstract  32 

Plant cell walls and their polymers are regulated during plant development, but the 33 

specific roles of their molecular components are still unclear, as well as the functional 34 

meaning of wall changes in different cell types and processes. In this work the in situ 35 

analysis of the distribution of different cell wall components has been performed during 36 

two developmental programmes, the gametophytic pollen development which is a 37 

differentiation process, and the stress-induced pollen embryogenesis, which involves 38 

proliferation followed by differentiation processes. The changes in cell wall polymers 39 

were compared with a system of plant cell proliferation and differentiation, the root 40 

apical meristem. The analysis was also carried out during the first stages of zygotic 41 

embryogenesis. Specific antibodies recognizing the major cell wall polymers, the 42 

xyloglucan (XG) and the rhamnogalacturonan II (RGII) pectin domain, and antibodies 43 

against highly and low-methyl-esterified pectins were used for both dot-blot and 44 

immunolocalization at light and electron microscopy. Results showed differences in the 45 

distribution pattern of these molecular complexes, as well as in the proportion of 46 

esterified and non-esterified pectins in the two pollen developmental pathways. Highly 47 

esterified pectins were characteristics of proliferation, whereas high levels of non-48 

esterified pectins, XG and RGII were abundant in walls of differentiating cells. 49 

Distribution patterns similar to those of pollen embryos were found in zygotic embryos. 50 

The wall changes reported are characteristics of proliferation and differentiation events 51 

as markers of these processes that take place during pollen development and 52 

embryogenesis. 53 

 54 

 55 
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 Introduction  56 

 57 

The plant cell wall is an intricate structure which is involved in the 58 

determination of cell size and shape, growth and development, intercellular 59 

communication, and interaction with the environment. The primary cell wall is largely 60 

composed of polysaccharides (cellulose, hemicellulose and pectins), enzymes and 61 

structural proteins, which change their composition during cell growth and the various 62 

differentiation stages. Furthermore, several cell wall polymers are regulated during this 63 

development (Knox 2008). Despite the extensive knowledge of the chemistry of 64 

isolated cell wall polymers and the increasing identification of gene families involved in 65 

their synthesis and modification (Knox 2008), little is still known about the presence of 66 

polymers in the cell walls and their changes in specific cell types during plant growth 67 

and development.  68 

 69 

 The structural stiffness and resistance of the cell wall depends on the integrity of 70 

the grid formed by the interlinked cellulose and glucans. Xyloglucan (XG), a 71 

hemicellulose, constitutes up to about 30 % by weight of primary cell walls. The 72 

modification of XG catalysed by enzymes is a key process that leads to expansion 73 

during cellular growth (Talbott and Ray, 1992).  74 

 75 

 Pectins are the major matrix components of dicotyledonous cell walls. The term 76 

pectin refers to a complex and heterogeneous family of polysaccharides in which 77 

galacturonic acid (GalA) and rhamnose (Rha) are the common components (Willats et 78 
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al., 2001a). GalA is present in the two major structural features that form the backbone 79 

of three polysaccharide domains, which are thought to be found in all pectin species: 80 

homogalacturonan (HGA), rhamnogalacturonan-I (RG-I) and rhamnogalacturonan-II 81 

(RG-II) (O'Neil et al., 1990; Albertsheim et al., 1996, Mohnen ., 1999). Pectins are 82 

polymerised and methyl-esterified in the Golgi, and secreted into the wall as highly 83 

methyl-esterified forms. Subsequently, they can be modified by pectin methylesterases, 84 

which catalyse the demethylesterification of homogalacturonans releasing acidic pectins 85 

and methanol.  86 

 87 

 The relationship between the esterified and the non-esterified pectins, and their 88 

distribution in the plant cell walls is the result of different processes (Goldberg et al., 89 

1986; Dolan et al., 1997; Hasegawa et al., 2000; Ermel et al., 2000; Guillemin et al., 90 

2005; Domozych et al., 2006). It has been proposed that they also contribute to cell 91 

cohesion and have an important role to play in the mechanical features and texture of 92 

plant cells (Ryden et al., 2003; Baluška et al., 2005). Pectins are involved in the 93 

formation of the pollen grain walls, especially the primexine (Hess and Frosch 1994; 94 

Majewska-Sawka and Rodríguez-García, 2006) and the intine (Heslop-Harrison and 95 

Heslop-Harrison 1980; Cresti et al., 1983; Bedinger 1992; van Aelst and van Went 96 

1992; Geitmann et al., 1995; Li et al., 1995), with massive accumulations appearing in 97 

the aperture zone (Taylor and Hepler 1997). In pollen, changes in the distribution of the 98 

pectins have been reported in previous works on young pro-embryos generated from 99 

microspores of Quercus suber L. (Ramírez et al., 2004) and Citrus clementina (Ramírez 100 

et al., 2003b). 101 

 102 
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After stress treatment, the in vitro cultured pollen changes its normal gametophytic 103 

developmental pathway towards embryogenesis (Vicente et al., 1991), producing 104 

multicellular embryos from which finally, haploid and double haploid plants develop 105 

(for review see Chupeau et al., 1998). The search for molecular and cellular markers 106 

during early stages of microspore embryogenesis constitutes an important goal in the 107 

identification of cells committed to the embryogenesis developmental programme as 108 

opposed to those cells which are non-responsive to the embryogenic pathway. They are 109 

also important tools for monitoring the metabolic processes involved in induction. 110 

Many of the molecular markers of somatic embryogenesis and organogenesis have been 111 

found in cell walls (Fortes et al. 2002). Changes in various cell activities and in the 112 

structural organization of subcellular compartments have been reported as 113 

accompanying the cell reprogramming process in some herbaceous and woody species 114 

(Seguí-Simarro et al., 2005, Bárány et al., 2005, Coronado et al., 2002, Testillano et al., 115 

2000, 2002, 2005; Solís et al., 2008).  116 

In Capsicum annuum, pollen embryogenesis has been analyzed and changes in 117 

the cellular organization were reported  through pollen-derived embryo development, 118 

the sequence of structural events being related to the activation of proliferation at very 119 

early stages, and to differentiation occurring at further stages (Barany et al. 2005). After 120 

the inductive treatment, several rounds of divisions of the microspore produce 121 

multicellular pro-embryos, which are confined by the special pollen wall, the exine, at 122 

early stages. Subsequent breakdown of the exine permits the growth of the multicellular 123 

pro-embryos formed by typical proliferating cells. Later on, differentiation of specific 124 

cell types occur at the embryo periphery, this process gradually progressing until giving 125 

rise to typical globular embryos which develop similar to zygotic embryos (Barany et 126 

al. 2005). 127 
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In the present work, structural changes during the formation, growth and 128 

maturation of cell walls were analysed using four antibodies for recognizing major cell 129 

wall epitopes: JIM5, JIM7 (Knox et al., 1990), anti-RGII (Matoh et al., 1998), and anti-130 

XG (Lynch and Staehelin 1992) antibodies specific for low and highly-esterified 131 

pectins, B-rhamnogalacturonan II complexes and xyloglucans respectively. They were 132 

used to identify the cell wall changes  in two different developmental programmes of 133 

the pollen grain: the gametophytic development, a differentiating cell process, and the 134 

pollen reprogramming to embryogenesis (Vicente et al., 1991), which involves firstly 135 

proliferation followed by differentiation. The analysis was also carried out during the 136 

first stages of the zygotic embryogenesis  and compared with pollen embryogenesis. 137 

Moreover, a comparison with the root apical meristem, a well-characterized system (De 138 

la Torre and González, 1979; De la Torre et al., 1985)  allowed us to associate defined 139 

cell wall changes with  proliferation and differentiation events, and to extend the 140 

findings to different developmental processes. 141 

 142 

 143 

 144 

 145 

146 
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Results 147 

 148 

Immuno-dot-assays to analyse changes in the occurrence of wall components in 149 

proliferating and differentiating root tip cells and during pollen development 150 

 151 

A well-known model of proliferation and differentiation, namely, the root apical 152 

meristems of Allium cepa L. were used as they are readily available; and their cell cycle 153 

has been characterised in detail (De la Torre and González, 1979; De la Torre and col., 154 

1985). An immuno dot-blot assay was carried out with the antibodies JIM5, JIM7, anti-155 

XG and anti-RGII to determine the differences in the presence of these antigens in the 156 

two cell types of root apex (Fig. 1), in the cells in active proliferation of the 157 

meristematic region, and in the differentiating cells in the elongating region. The dot-158 

blot analysis was also performed on the pollen grains, at two stages during 159 

gametophytic development: the immature stage of the vacuolated microspore (which is 160 

a key phase for embryogenesis induction), and the late stage of the mature pollen grain 161 

(Fig. 1). In the root meristematic cells a very weak signal, hardly detectable by this 162 

technique, was observed with the JIM5, anti-XG and anti-RGII antibodies whereas a 163 

very strong signal was detected with the JIM7 antibody. On the other hand, an intense 164 

signal was observed on more differentiated root cells with the JIM5, anti-XG and anti-165 

RGII antibodies, and an almost non-detectable signal with the JIM7 antibody (Fig. 1).  166 

 167 

The results obtained in the two stages of pollen development showed that the 168 

immature vacuolated microspore displayed a similar pattern of dot-blot signals for the 169 
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four antibodies as the one of the meristematic root cells, whereas the mature pollen 170 

showed a similar proportion of wall components to the one of the differentiating root 171 

cells of the elongation zone (Fig. 1). The controls carried out without primary antibodies 172 

showed no signals. These results suggested that  high presence of JIM5, anti-XG and 173 

anti-RG II antigens were related to differentiation, whereas the high JIM7 antibody 174 

signal was associated with proliferation events. 175 

 176 

In situ analysis of cell wall components in a model system of cells in 177 

proliferation and differentiation: the root apical meristem  178 

 179 

The meristematic and elongation regions were identified on Lowicryl semi-thin 180 

sections. Figure 2A shows the two areas of the root observed at cellular level using an 181 

optical microscope. The proliferating cells (square B in Fig. 2A and Fig. 2B') appeared 182 

as small isodiametric cells with thin walls, large nuclei and small vacuoles. The 183 

differentiating cells (square C in Fig. 2A and Fig. 2C') showed elongated and bigger 184 

shapes, thick cell walls, elongated and smaller nuclei, and bigger vacuoles. 185 

 186 

Immunofluorescence assays with the antibodies JIM5, JIM7, anti-XG and anti-187 

RGII were carried out (Figs. 2D, G, J, M)  and  analyzed by confocal microscopy, 188 

providing signals of different intensities in the cell walls; whereas the immunoreaction 189 

with other cellular components was negative. In the meristematic area, a weak 190 

fluorescence signal was observed in cell walls with JIM5 (Fig. 2E'), anti-XG (Fig. 2K') 191 

and anti-RGII (Fig. 2N') antibodies; whereas a higher signal was observed in the same 192 
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proliferating cells with the JIM7 antibody (Fig. 2H'). On the other hand, in the 193 

elongating cells a higher immunofluorescence signal was observed with JIM5 (Fig. 2F'), 194 

anti-XG (Fig. 2L') and anti-RGII (Fig. 2O') antibodies in the walls; while a weak 195 

fluorescence signal was observed with the JIM7 antibody (Fig. 2I'). The controls carried 196 

out without the first antibody did not show any signal. These patterns of distribution 197 

clearly matched with the results of the dot-blot-assays reported above, with small 198 

differences in the intensity of the signals obtained with each antibody using both 199 

techniques, due to the inherent characteristics of each detection method which provided 200 

different sensitivities for antibody performance both on section and membrane. 201 

 202 

Immunogold labelling revealed that in the newly-formed walls of the 203 

meristematic cells (Figs. 3A, B, C, D) the gold particles conjugated to the JIM5 204 

antibody were very scarce and could be found basically in the darker central area of the 205 

cell wall, the middle lamella (Fig. 3A'); whereas JIM7 gold-labelling was more 206 

abundant and localized over a wider area of the cell wall (Fig. 3B'). Gold labelling with 207 

anti-XG and anti-RGII antibodies was scarce and mainly observed in the central area of 208 

the cell wall (Figs. 3C' and D'), similar to the pattern of labelling with JIM5. In the more 209 

developed walls of differentiating root cells (Figs. 3E, F, G, H), the gold particles 210 

localizing JIM5 were more abundant and located in the middle lamella of the cell wall, 211 

which was thicker than in the newly–formed walls (Fig. 3E'), whereas the particles with 212 

JIM7 were observed throughout the entire thickness of the cell wall (figure 3F'), though 213 

JIM7 labelling was lower in these walls. XG immunogold labelling was located in the 214 

darker areas of the wall (Fig. 3G'), while RGII labelling was located in throughout the 215 

whole thickness of the cell wall and appeared more intense (Fig. 3H'). 216 
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In situ analysis of cell wall components and quantification of the labelling pattern 217 

during the gametophytic development of pollen as a differentiation system  218 

 219 

Due to the unspecific auto fluorescence of the pollen external wall, the exine, the 220 

immunolocalization at the optical microscopy level could not be carried out by 221 

fluorescence, so immunogold labelling followed by silver enhancement (IG+SE) was 222 

used instead.  223 

In the vacuolated microspore stage the IG+SE technique provided a positive 224 

signal, a dark silver precipitate, associated with the JIM7 antibody, mainly on the 225 

aperture regions of the microspore wall (Fig. 4B), whereas no signal was detected with 226 

the antibodies JIM5 (Fig. 4A), anti-XG (Fig. 4C) and anti-RGII (Fig. 4D). In the mature 227 

pollen stage positive signals with different intensities were observed in the inner pollen 228 

wall with the JIM5, anti-XG and anti-RGII antibodies (4E, G, H) and almost no signal 229 

was found with the JIM7 antibody (Fig. 4F). The controls carried out without primary 230 

antibodies showed no significant signal. 231 

 232 

Immunogold labelling at the ultrastructural level showed in the vacuolated 233 

microspore a very low amount of gold particles with JIM5 (Fig. 4A'), anti-XG (Fig. 4C') 234 

and anti-RGII (Fig. 4D') antibodies, but in the mature bicellular stage the immunogold 235 

labelling densities provided by these three antibodies (Figs. 4E', G', H'), were higher in 236 

the inner wall, which appeared thicker at this mature pollen stage. With the JIM7 237 

antibody, labelling was higher in the vacuolated microspore stage, gold particles 238 

appearing as a linear array of particles along the inner wall, and in the apertures (Fig. 239 

4B') where labelling was more intense. JIM7 labelling highly decreased in the mature 240 

pollen stage (Fig. 4F'). Regarding the subcellular distribution of the signals, they were 241 
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detected in all cases in the inner wall, the intine, which is located below the exine and 242 

was more developed and thicker in the mature pollen than in the vacuolated microspore.  243 

 244 

The quantitative analysis of the immunogold labelling density (Fig. 8) assessed 245 

the statistic relevance of the differences found using the immunoassays. In the 246 

vacuolated microspore stage, low densities of labelling were found with JIM5 (57.20 247 

particles/µm2), anti-XG (53.23 particles/µm2) and anti-RGII (60.58 particles/µm2) 248 

antibodies; whereas higher and significantly different labelling densities were found 249 

with JIM7 antibody (152.51 particles/µm2). In contrast, at the mature pollen stage, high 250 

labelling densities were quantified with JIM5 (205.13 particles/µm2), anti-XG (129.01 251 

particles/µm2) and anti-RGII (268.07 particles/µm2) antibodies, while low labelling 252 

density with significant differences was observed with JIM7 antibody (65.66 253 

particles/µm2).  254 

 255 

In situ analysis of cell wall components and quantification of the labelling pattern 256 

during pollen embryogenesis as a cell reprogramming system  257 

 258 

After the induction of pollen embryogenesis,  the microspores started to divide 259 

producing multicellular structures or early pro-embryos, initially surrounded by the 260 

microspore wall, the exine, with disappeared later (Figs. 5A-D). The early pro-embryos 261 

displayed 10 to 15 polygonal cells with dense cytoplasms, large nuclei and thin walls 262 

which showed positive immunolabelling with the JIM7 antibody (Fig. 5B'); whereas no 263 

signal was observed with the JIM5 (Fig. 5A'), anti-XG (Fig. 5C') and anti-RGII 264 

antibodies (Fig. 5D'). The cell walls of the differentiated somatic cells of the anther 265 
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exhibited positive signals with all antibodies (Figs. 5A’, B’, C’, D’).  At late 266 

developmental stages, mature multicellular embryos were formed and exhibited two 267 

types of cells (Figs. 5E-H): an interior area of more dense cells with small vacuoles 268 

(Fig. 5H, square B), i.e. typical proliferating cells similar to the early pro-embryo cells, 269 

and an outer area containing large cells with big vacuoles (Fig. 5H, square A). A higher 270 

signal was detected in the walls of the outer differentiating cells of the mature embryos 271 

with JIM5, anti-XG and anti-RGII antibodies (Figs. 5E', G' and H'); contrasting with a 272 

very weak to no signal in the walls of the inner proliferating cells (Figs. 5E', G' and H'). 273 

Labelling with the antibody JIM7 was mainly detected in the walls of the interior area 274 

cells (Fig. 5F'). In the controls carried out without the primary antibodies, no signal was 275 

detected.  276 

 277 

At ultrastructural level, the pattern of immunogold labelling of the four 278 

antibodies was very similar in the newly-formed walls of early pro-embryos (Figs. 6A, 279 

B, C, D) and in the inner cells of the mature embryos (Figs. 7A, B, C, D), both cells 280 

with typìcal organization of proliferating cells; they exhibited a low labelling density 281 

with the JIM5, anti-XG and anti-RGII antibodies (Figs. 6A, 6C, 6D, 7A', 7C' and 7D'), 282 

while a higher signal was detected with the same antibodies in the more developed 283 

walls of the outer cells of the mature embryos (Figs. 7E', G' and H'), cells with structural 284 

features of differentiating cells. The labelling density with the JIM7 antibody was 285 

higher in the newly formed walls of early pro-embryos and inner cells of mature 286 

embryos (Figs. 6B, 7B') compared to that of the more developed walls of the outer area 287 

cells (Fig. 7F'). Gold particles were mainly observed in the middle lamella of the cell 288 

wall, which appeared as just a thin band in the central area of the wall in the newly 289 
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formed cell walls (Figs. 6, 7A', 7B', 7C', 7D'); while being thicker in the differentiating 290 

cells of the mature embryo (Figs. 7 E', F', G', H'). 291 

 292 

 The quantitative analysis of the immunogold labelling density showed 293 

significant differences in labelling densities of the four antigens between the 294 

proliferating cells of early pro-embryos and the differentiating  cells of the mature 295 

embryos (Fig. 8). In the newly formed walls of the proliferating embryo cells high 296 

labelling density with JIM7 (192.03 particles/µm2) was observed; whereas the labelling 297 

densities detected with JIM5 (111.25 particles/µm2), anti-XG (94.93 particles/µm2) and 298 

anti-RGII (137.70 particles/µm2) were significantly lower. In the more developed walls 299 

of the differentiating cells of the mature embryos, higher labelling densities with JIM5 300 

(324.84 particles/µm2), anti-XG (190.56 particles/µm2) and anti-RGII (479.93 301 

particles/µm2) antibodies, and much lower density corresponding to the JIM7 antibody 302 

(156.02 particles/ µm2) were found (Fig.8). 303 

 304 

The comparison among labelling densities of the differentiated wall of the 305 

mature pollen and the newly formed walls of the proliferating cells of pollen embryos 306 

(in fig. 8 compare 2nd and 3rd bars of each antigen) revealed opposite patterns of 307 

distribution of the four antigens in the two pollen developmental programmes: for JIM5, 308 

anti-XG and anti-RGII, the labelling densities were high in mature pollen walls and 309 

lower in proliferating cell walls of embryos, whereas for JIM7, the labelling density was 310 

low in mature pollen and much higher in embryo proliferating cells. On the other hand, 311 

the pattern of distribution of the labelling densities of the four antigens was similar 312 
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between the differentiated wall of the mature pollen and the differentiating cells of the 313 

embryo (in fig. 8 compare 2nd and 4th bars of each antigen).  314 

 315 

In situ analysis of cell wall components at early stages of the zygotic embryogenesis  316 

 317 

Two developmental stages of zygotic embryos, similar to those analysed in the 318 

pollen embryogenesis, were selected and studied. The early zygotic pro-embryos and 319 

the mature zygotic embryos with two different areas were identified by the starch 320 

detected in the cells of the outer area (Bárány et al., 2005). The early zygotic pro-321 

embryos could be identified by their polygonal cells (Fig. 9A) and the absence of starch 322 

(data not shown); whereas the mature multicellular embryos showed two areas (Fig. 323 

9E): the inner area with smaller, polygonal  cells (Fig. 9E, square B); and the outer area 324 

with large cells with big vacuoles (Fig. 9E, square A) containing a high amount of 325 

starch (data not shown).  326 

The presence and relative proportion of immunolabelling of the four wall 327 

antigens found in the two types of zygotic embryo cells followed a pattern of 328 

distribution similar to that found in the two types of pollen embryo cells (compare fig. 5 329 

with Fig. 9). A positive JIM7 antibody signal was detected in the cell walls of early 330 

zygotic embryos (Fig. 9B'), whereas no signal was detected with JIM5 (Fig. 9A'), anti-331 

XG (Fig. 9C') and anti-RGII (Fig. 9D') antibodies. In the mature zygotic embryos with 332 

the two cell types described, signals with JIM5 (Fig. 9E'), anti-XG (Fig. 9G') and anti-333 

RGII (Fig. 9H') antibodies were detected in the walls of the outer area cells, whereas 334 

very low or no signals were observed in the inner area (Figs. 9E', G', H'). In comparison, 335 
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the signal with JIM7 antibody was mostly detected in the inner cells of the mature 336 

zygotic embryos (Fig. 9F').  337 

 338 

339 



 17

Discussion 340 

 341 

The cell wall components change with proliferation and differentiation processes 342 

 343 

Different reports have studied cell walls, establishing schematic models of the 344 

cell wall structure and organization of polysaccharide components, nevertheless these 345 

general models cannot be applied to all primary cell walls or to the diverse plant cell 346 

developmental processes (Knox 2008). For this reason, reports on the development-347 

specific or cell-type-specific wall configurations of polymers are of high interest for 348 

understanding the functional meaning of cell wall changes. To accomplish this task, 349 

immunocytochemical techniques, by using the wide range of antibodies developed 350 

against cell wall epitopes, rank among the best methods for analysing the diversity of in 351 

situ cell wall macromolecular configurations that occur during plant development 352 

(Knox 2008). In the present work, these in situ techniques have been applied to specific 353 

developmental processes in which proliferation and differentiation events take place. 354 

Results showed differences in the distribution pattern of major cell wall molecular 355 

complexes, as well as in the proportion of esterified and non-esterified pectins in the 356 

two pollen developmental pathways (gametophytic  development and pollen 357 

embryogenesis), and in the two regions of the root apex (meristematic and elongation 358 

regions). Highly esterified pectins were characteristics of proliferation, whereas high 359 

levels of non-esterified pectins, XG and RGII were abundant in walls of differentiating 360 

cells. 361 

 362 

There are different studies on antigen distribution detected by the antibodies 363 

JIM5 and JIM7 in several plant tissues and organs, mainly at light microscopy level 364 
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(Dolan et al., 1997, Guglielmino et al., 1997; Goldberg et al., 1986; Hasegawa et al., 365 

2000). Evidence has been provided indicating that the de-esterification of pectins by 366 

methylestherases is involved in specific developmental processes (Goldberg et al., 367 

1986; Dolan et al., 1997; Hasegawa et al., 2000), and specifically in the ratio of 368 

esterified to de-esterified pectins, and their distribution in the cell wall (Guglielmino et 369 

al., 1997; Goldberg et al., 1986; Hasegawa et al., 2000; Willats et al., 2001 a,b). 370 

Differences in the proportion of esterified pectins between microspores and microspore-371 

derived embryos were reported in tree species, such as Quercus suber L., Citrus 372 

clementina, and Olea europaea L., (Ramírez et al.2003a,b, Solís et al., 2008), as well as 373 

some preliminary results on different cell types of the root meristem of Allium cepa L. 374 

(Ramírez et al 2001, 2003a). In very young pollen-derived embryos of herbaceous 375 

species (pepper and tobacco), a high level of esterified pectins was observed in the cell 376 

walls (Bárány et al., 2006). The results reported here in the four systems studied, using 377 

an in situ localization approach at both, light and electron microscopy levels, allowed a 378 

quantitative analysis of the labelling signals, and revealed that in walls of proliferating 379 

cells the levels of esterified pectins were higher than in the differentiating cells, which 380 

showed cell walls rich in de-esterified pectins. 381 

 382 

 Other cell wall domains, such as the RGII and the XG have been studied less, 383 

maybe due to the limited set of tests applicable to them. A few reports demonstrated  384 

xyloglucan presence in developmental processes in Arabidopsis thaliana (Otegui and 385 

Staehelin, 2000, Freshour et al., 2003). Xyloglucan has been detected using anti-XG 386 

antibodies during endosperm development (Otegui and Staehelin, 2000); and also in 387 

other systems such as tamarind and nasturtium seeds (Marcus et al., 2008). In this 388 

report, immunofluorescence experiments with the LM15 monoclonal antibody against a 389 
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specific xyloglucan epitope were performed, and revealed XG to be present extensively 390 

in the walls of tobacco and pea stems after enzymatic removal of pectic HG, whereas in 391 

non-digested sections some cells were not labelled which suggested that XG epitopes 392 

might be masked by other cell wall components (Marcus et al., 2008). In the present 393 

work, with a different anti-XG antibody, XG was immunodetected in all cell types 394 

studied, but with different labelling intensity levels. Even though some masking of XG 395 

epitopes could not be completely excluded, since the same immunoassay procedure was 396 

used in all cell types, the results permitted a comparison to be made of the relative 397 

proportions of XG among cell types and was found to be higher in more differentiated 398 

cell walls than in newly formed walls of proliferating cells. The RGII domain is a 399 

highly conserved structure of pectins that can be cross-linked by borate in cell walls 400 

(Willats et al., 2001a). The boron-cross-linked RGII domains of pectins are critical, not 401 

only for cell wall integrity but also for plant cell growth (O’Neill et al., 2001). The RGII 402 

antibody has been reported to have labelled cell walls of maize root apices by using an 403 

immunofluorescence approach (Baluška et al., 2002). The results obtained in the present 404 

work revealed that both XG and RGII increased with cell differentiation in the plant 405 

developmental processes analyzed.  406 

 407 

The cell wall components are markers of the microspore reprogramming towards 408 

embryogenesis 409 

 410 

The comparative analysis performed here of different cell wall polymers during  411 

in vivo gametophytic development and the early pro-embryos formed after stress-412 

induced microspore embryogenesis has permitted the identification of differential 413 

features, specific to the reprogramming process towards embryogenesis. One of these 414 
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defined features is a high level of esterified pectins in the early embryogenic stages. 415 

Immunocytochemical studies carried out in mature and germinated pollen of other 416 

species, showed a labelling density for de-esterified pectins remarkably higher than that 417 

for esterified pectins, indicating a low degree of esterification of pectins in mature 418 

pollen grains (Stepka et al., 2000; Suárez-Cervera et al., 2002). Furthermore, in the 419 

present work, during the vacuolated microspore stage in C. annuum, a considerable 420 

amount of esterified pectins was detected in the aperture areas; regions where the 421 

synthesis of a new wall takes place (Taylor y Hepler, 1997). This evidence was 422 

consistent with the abundance of esterified pectins in the newly-formed walls of 423 

proliferating cells of both young pollen-derived embryos and root tip meristematic cells, 424 

thus providing experimental support indicating that a high proportion of esterified 425 

pectins in walls is not only a marker for proliferation events, but also an early marker of 426 

the microspore reprogramming to embryogenesis.  427 

 428 

In contrast, the differentiated cells of the systems studied displayed a high 429 

proportion of de-esterified pectins, as well as an increase in the presence of RGII and 430 

XG, due to being the peripheral layers of the late pollen-derived embryos and the 431 

mature pollen. A recent paper reported modifications in the cell walls of young 432 

microspore embryos, in olive (Solís et al., 2008). This change was based on a 433 

differential reactivity of Calcofluor white staining, a cytochemical method preferential 434 

for cellulosic components (Galbraith 1981), thus providing evidence that the structure, 435 

arrangement and/or amount of cellulosic or hemicellulosic components of these cell 436 

walls were modified after embryogenic induction (Solís et al., 2008). Our present results 437 

which showed changes in the anti-XG labelling densities after pollen embryogenic 438 

induction also support the fact that modifications not only in the pectin domains but also 439 
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in the cellulosic and hemicellulosic polymers accompanies the microspore 440 

reprogramming process.  441 

 442 

Taking all these results into account, high levels of de-esterified pectins, XG and 443 

RGII can be considered markers of the pollen gametophytic pathway, as a 444 

differentiation system, whereas the esterified pectins can be used as an early marker of 445 

the pollen embryogenesis pathway, identifying induced cells and young pollen-derived 446 

embryos. Moreover, the results suggest that the antibody JIM7 could be used as a 447 

convenient test to detect the reprogramming state of the microspore, and the antibodies 448 

JIM5, anti-XG and anti-RGII to detect the differentiation process of pollen. Based on 449 

the results presented above, the approach used in this work constitutes a convenient tool 450 

for monitoring the embryogenesis induction process of pollen and to differentiate the 451 

responsive microspores in the very early stages.  452 

 453 

The reported cell wall changes occurring during pollen reprogramming to 454 

embryogenesis also take place during zygotic embryogenesis  455 

  456 

 There are only a few studies comparing the development of embryos from pollen 457 

with those from the zygote (Yeung et al., 1996; Testillano et al. 2002, Bárány et al., 458 

2005). The results obtained in pepper indicated that in the initial stage of microspore 459 

embryogenesis, the formation of multicellular pro-embryos did not follow a constant 460 

and defined division pattern, as happens in zygotic embryogenesis (Raghavan 2000). 461 

However, in later stages, such as the differentiation of the protodermis in the globular 462 
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embryos and the ulterior development of the heart and torpedo embryos, the pattern is 463 

very similar to the sequence of events that take place during the development of a 464 

zygotic embryo (Bárány et al., 2005). A similar structural organization pattern has also 465 

been reported for pollen-derived embryos and zygotic embryos, in the globular stage in 466 

a tree species (Bueno et al., 2003). 467 

 468 

Up to the time of this present study, there have been no reports on the 469 

comparative analysis of cell wall components during the two types of embryogenesis, 470 

derived from both the microspore and the zygote. The results showed the same pattern 471 

of distribution for the cell wall antigens at similar developmental stages in both 472 

embryogenic programmes. A high level of esterified pectins and very low or no 473 

presence of de-esterified pectins, RGII and XG was observed in early zygotic embryos 474 

and pollen-derived embryos. At later stages, positive signals of de-esterified pectins, 475 

RGII and XG were indeed detected in the peripheral differentiating cells of both zygotic 476 

and pollen-derived embryos, whereas cells of the inner area appeared rich in esterified 477 

pectins. These results indicated a common pattern of cell wall structural organization for 478 

the two developmental embryogenesis processes in their initial stages, an observation 479 

not previously documented, giving additional support to the idea that microspore-480 

derived embryo development mimics zygotic embryogenesis. 481 

 482 

Defined distribution patterns of cell wall components are characteristics of 483 

proliferating and differentiating cells in the four plant developmental systems analyzed: 484 

root apical meristem, pollen maturation, pollen embryogenesis and zygotic 485 

embryogenesis 486 
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 The root tip development follows a similar pattern in most species and  the walls 487 

of cells in proliferation from those in differentiation could be clearly distinguished. The 488 

identification of patterns of distribution of wall components for well characterized 489 

proliferating and differentiating cells, patterns that were not previously defined, 490 

supported to define the distribution patterns of wall components in pollen development, 491 

pollen embryogenesis and zygotic embryogenesis.  492 

 The results reported here showed variations in the presence and distribution of the 493 

XG and RGII molecular complexes, as well as changes in the esterification levels of 494 

pectins in defined cell types and at specific developmental stages. A summary of the 495 

results is presented in figure 10, which shows that in all systems studied, the distribution 496 

pattern of the four cell wall antigens analysed is the same for the proliferating cells 497 

(high levels of esterified pectins, low levels of XG and RGII), as well as for the 498 

differentiating cells (high levels of de-esterified pectins, XG and RGII). The same 499 

modifications of pectins occurred in the four systems analyzed, indicating a common 500 

feature of pectin de-esterification dynamics associated with cell differentiation during 501 

plant developmental processes. Moreover, the increase in XG and RGII found in 502 

differentiating cells of all plant systems analyzed indicated that there is a link between 503 

XG and RGII abundance and the progressive development of the wall during 504 

differentiation.  505 

The comparison of the findings on the cell wall components in the two pollen 506 

developmental pathways, gametophytic and embryogenic, and in the zygotic 507 

embryogenesis with the root apical meristems, permitted to identify common 508 

distribution  patterns for proliferation and differentiation.  These patterns for the wall 509 

polymers can therefore be considered as markers of proliferation and differentiation 510 

processes that take place during the four plant developmental systems chosen for this 511 
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study, namely: root apical meristem, pollen development, pollen embryogenesis and 512 

zygotic embryogenesis. 513 

 514 

 515 

516 
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Material and methods 517 

 518 

Plant material 519 

Seeds of Capsicum annuum L., var. Yolo Wonder B (Ramiro Arnedo, S. A., Calahorra, 520 

La Rioja, Spain) were germinated in soil and the plants grown in a growth chamber 521 

(MLR 350H, SANYO) at 25 ºC, 80 % humidity and a photoperiod of 16 hours of light. 522 

Flower buds of different sizes were selected, and anthers were excised and used for 523 

either microscopical analysis of normal gametophytic development or in vitro culture. 524 

Some ovaries were also excised from open flowers for microscopical study of zygotic 525 

embryos. Bulbs of Allium cepa L. were germinated in water under standard conditions, 526 

and after two days root segments corresponding to the meristematic and elongation 527 

zones were selected.  528 

 529 

In vitro anther culture for microspore embryogenesis induction 530 

Capsicum annuum anther culture was performed essentially as described in previous 531 

works (Bárány et al., 2005). Only buds from the first blossoms were used for the 532 

cultures. The pollen development stage was determined by DAPI staining on anther 533 

squashes. Anthers with blue-coloured tips from buds with similar petal and sepal 534 

lengths, corresponding to the late vacuolated microspore as the most responsive stage 535 

(González-Melendi et al., 1995) were selected for the cultures. The buds were surface 536 

sterilized with 5 % Calcium hypochlorite. Fifteen anthers were plated on each 5 cm 537 

diameter Petri dish containing Cp induction medium (Dumas de Vaulx et al., 1981) 538 

supplemented with 0.01 mg/l 2,4–dichlorophenoxyacetic acid (2,4-D) and kinetin. After 539 

8 days at 35 ºC in darkness, the cultures were transferred to 25 ºC with a photoperiod of 540 
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12 hours of light at 500µmol photons m-2 s-1. After 12 days of induction in Cp medium, 541 

anthers were transferred to R1 medium (Dumas de Vaulx et al., 1981) supplemented 542 

with 0. 1 mg/l of kinetin.  543 

 544 

Antibodies 545 

The antibodies used in this study were the JIM7, JIM5 rat monoclonal antibodies and 546 

the anti-XG, anti-RGII rabbit polyclonal antibodies. Primary references for the 547 

generation of these antibodies and epitopes are shown in Table 1. 548 

 549 

Table 1 Monoclonal antibodies used to map the distribution of cell wall epitopes. 550 

 551 

Antibodies                              Antigen/epitope                                            References 552 

 553 

JIM5         Partially methyl-esterified HG epitope: unesterified residues          (Knox et al., 1990) 554 

                 adjacent to or flanked by residues with methyl-esther groups 555 

JIM7          Partially methyl-esterified HG epitope: methyl-esterified              (Knox et al., 1990) 556 

      residues with adjacent or flanking unesterified GalA / alternating  557 

                   methyl-esterified GalA residues 558 

Anti-RG II   Rhamnogalacturonan II pectin domain dimer cross-linked          (Matoh et al., 1998)                           559 

                     with boron  560 

Anti-XG      Xyloglucan                                                                        (Lynch and Staehelin 1992)  561 

 562 
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Immuno-dot-assay  563 

Two different materials were used for the study. Capsicum annuum pollen grains were 564 

collected from flower bud anthers and Allium cepa roots were germinated from bulbs.  565 

In order to obtain the pollen grains, the anthers were squashed with a plastic plunger in 566 

an Eppendorf tube containing Tris-buffered saline (TBS, 0.14M NaCl, 2.7 mM KCI, 567 

24.8 mM Tris base, pH 7,2). The anther debris was filtered with a 40 µm (pore size) 568 

nylon mesh, which retained the anther wall fraction, thereby allowing us to obtain the 569 

pollen fraction. The resulting suspension was centrifuged three times at 1000 rpm for 5 570 

min to wash the pollen pellet.   571 

The germinated roots 30-40 mm in length were obtained after two days at room 572 

temperature in water. For the immuno-dot assay, samples of the meristematic zone were 573 

obtained by dissecting 3-4 mm long segments from the root tip. Segments obtained by 574 

dissecting the root 5 to 8 mm from the tip were collected for the elongation zone.  575 

The onion root segments and the pollen pellet, obtained as described previously, were 576 

homogenised with the plastic plunger on ice in a Eppendorf tube in 100 µl of buffer 577 

containing 50 mM Tris-HCl pH 7.2, 50 mM trans-1,2-diaminocyclohexane-N,N,N'N'-578 

tetraacetic acid (CDTA) and 25 mM dithiothreitol, and centrifuged at 7000 rpm for 10 579 

min at 4ºC. The concentration of the resulting supernatants was determined and all 580 

samples were adjusted to a concentration of 1 mg.ml-1. For immuno-dot-blot-assays, 5 581 

µl aliquots of adjusted supernatants were applied to nitrocellulose membrane (Millipore; 582 

Bedford, MA) and left to dry for 1 h. The membrane was incubated overnight at room 583 

temperature, with the JIM5, JIM7, anti-XG and anti-RGII antibodies diluted 1:100 in 584 

the blocking buffer (2 % powered skimmed milk containing 0.05 % Tween-20 in PBS), 585 

washed, and incubated for 1 h with alkaline phosphatase-conjugated anti-rat (for JIM5 586 
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or JIM7) and anti-rabbit (for anti-XG or anti-RGII) antibodies diluted 1:1000 in the 587 

blocking solution. Finally, the epitopes recognized by the antibodies were revealed by 588 

treatment with a nitroblue tetrazolium, bromo-chloroindolyl-phosphate (NBT-BCIP) 589 

mixture. 590 

 591 

Immunofluorescence and confocal microscopy 592 

The root tips of Allium cepa L. were carefully excised and fixed in 4 % (w/v) 593 

formaldehyde in PBS, pH 7.3 overnight at 4 ºC. Then the samples were washed three 594 

times for 10 minutes in PBS, 30 µm vibratome (Formely Lancer) sections were obtained 595 

and placed onto 3-aminopropyltrietoxysilane–coated slides and stored at -20 ºC until 596 

they were used. Then they were washed in PBS and dehydrated through a methanol 597 

series (30 %, 50%, 70% and 100% methanol in water) for 5 min each solution, and 598 

rehydrated with the inverse methanol series (100%, 70%, 50% and 30 % methanol in 599 

water) for another 5 min. After a wash in PBS for 5 min, the sections were incubated 600 

with 5 % bovine serum albumin (BSA) in PBS for 5 minutes and then with JIM5 or 601 

JIM7 antibodies (applied undiluted) or anti-XG antibody (diluted 1/ 100 in 0,1 % 602 

Tween-20) or anti-RGII antibody (diluted 1/ 50 in 1 % of BSA) for 1 h at room 603 

temperature. After washing in PBS three times, 5 min each wash, the signal was 604 

revealed with either ALEXA 488 (green fluorescence) or 546 (red fluorescence)-605 

conjugated anti-rabbit o anti-rat antibodies (Molecular Probes, Eugene, Oregon, USA), 606 

diluted 1:25 in PBS for 45 min in the dark. After washing in PBS, the sections were 607 

counterstained with DAPI, mounted in Mowiol and observed first under a Zeiss 608 

Axioplan fluorescence microscope equipped with a CCD camera (CH 250/A, 609 
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Photometrics). Confocal optical sections were collected using Leica TCS SP2 confocal 610 

scanning. Controls were performed by replacing the first antibody with PBS.  611 

 612 

Sample cryo-processing and electron microscopy 613 

The samples were processed at low temperature for further immunogold labelling. The 614 

onion roots and anthers at different developmental stages throughout gametogenesis, 615 

and at different time points during the anther culture, along with macroscopic embryos 616 

emerging from the anthers were fixed overnight at 4 ºC in 4 % formaldehyde in PBS, 617 

pH 7.3. Then, they were washed in PBS and dehydrated through a methanol series (30 618 

%, 50 %, 70 % and 100 %), with a progressive lowering of temperature from 4 ºC to 619 

−30 ºC. The specimens were infiltrated with mixtures of methanol/Lowicryl K4M (in a 620 

series 2:1, 1:1 and 1:2) at −30 ºC, embedded in pure resin at the same temperature, and 621 

polymerized under UV light at −30 ºC in a Leica AFS device, as described previously 622 

(Testillano et al., 1995). Semi-thin (1 μm) and ultra-thin (100 nm) sections were 623 

obtained and used for immunogold labelling and light and electron microscopy 624 

observations.  625 

 626 

Immunogold labelling and silver-enhancement for immunolocalization by light 627 

microscopy 628 

Lowicryl semi-thin sections were incubated with 5 % bovine serum albumin (BSA) in 629 

PBS for 5 minutes and then in JIM5 or JIM7 antibodies, (applied undiluted) or in anti-630 

XG antibodies (diluted 1/ 100 in 0,1 % Tween-20) or anti-RGII antibodies (diluted 1/50 631 

in 1 % BSA) for 1 h at room temperature. After washing with PBS, the sections were 632 
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incubated with anti-rat (to detect JIM5 and JIM7 labelling) or anti-rabbit (for anti-XG 633 

and anti-RGII detection) secondary antibodies conjugated with 10 nm gold particles 634 

(BioCell, Cardiff, U.K.), diluted 1/25 in PBS for 45 min. Then the sections were washed 635 

in PBS and distilled water for 5 min and revealed with a silver enhancing kit (British 636 

Biocell, Cardiff UK). Finally, the samples were mounted in Mowiol to be observed by a 637 

Leitz microscope under phase contrast (for structure observation) and bright field (for 638 

silver precipitate observation) and photographed by a digital camera Olympus DC10. 639 

 640 

Immunogold labelling for immunolocalization at  electron microscopy 641 

Immunogold labelling was performed essentially as previously described (Coronado et 642 

al. 2002, 2007). Grids carrying ultra-thin sections from cryo-processed samples were 643 

floated on drops of distilled water, PBS and 5 % BSA in PBS. They were then 644 

incubated with JIM5 or JIM7 antibodies (applied undiluted) or anti-XG antibodies 645 

(diluted in 1/100 in 0,1 % Tween-20) or anti-RGII antibodies (diluted in 1:50 en 1 % 646 

BSA) for 1 hour at room temperature. After washing with PBS, the sections were 647 

incubated with anti-rat (to detect JIM5 and JIM7 labelling) or anti-rabbit (for anti-XG 648 

and anti-RGII detection) secondary antibodies conjugated with 10 nm gold particles 649 

(BioCell, Cardiff, U.K.), diluted 1/25 in PBS for 45 min. Then, the grids were washed 650 

in PBS, rinsed in distilled water and air-dried. Finally the grids were counterstained 651 

with 5 % uranyl acetate and 1 % lead citrate (Reynolds 1963) and observed in a JEOL 652 

1010 microscope at 80 kV. For ultrastructure analysis some sections, without 653 

immunogold, were stained and observed in the EM. 654 

 655 

 656 
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Quantitative analysis of gold labelling 657 

The quantitative analysis of the immunogold labelling was performed essentially as 658 

described previously by us (Coronado et al. 2007). The density of gold labelling, 659 

expressed as the number of gold particles per µm2, was determined in the cell wall by 660 

counting the number of gold particles over the cell wall compartment. The number of 661 

gold particles was counted on randomly chosen electron micrographs obtained from 662 

three different labelling experiments for each sample, and three different samples were 663 

obtained for each plant system. The density of gold labelling was expressed as the 664 

average number of gold particles per µm2 ± standard error. The areas were estimated by 665 

a point-counting procedure, using a 15 x 15 mm square grid. The minimum sample size 666 

(MSS) was determined by the progressive mean technique. All the quantitative analyses 667 

were carried out using a BASIC programme developed by Dr. J. Renau-Piqueras (La Fe 668 

Hospital Research Centre, Valencia, Spain) and the results represented in histograms. 669 

The results were statistically tested with a Student's t-test where α = 0.05. 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

678 



 32

ACKNOWLEDGEMENTS. Work supported by projects granted by the Spanish 679 

Ministry of Science and Innovation, MICINN, BFU2008-00203 and AGL2008-04255. 680 

Thanks are due to Dr. F. Baluška (Univ. Bonn, Germany) and Prof. A. Staehlein (Univ. 681 

Colorado at Boulder, USA) for kindly providing us with the anti-RGII and anti-XG 682 

antibodies respectively. We also wish to thank Prof. Keith Roberts and the John Innes 683 

Centre (UK) for providing us with the JIM5 and JIM7 antibodies.  684 

 685 

686 



 33

REFERENCES  687 

Albertsheim P, Darvill A.G, O'Neill M.A, Schols H.A, Voragen A.G.J. 1996. An 688 

hypothesis; the same six polysaccharides are components of the primary cell 689 

walls of all higher plants. In Pectins and Pectinases (Viser, J. and Voragen, 690 

A.G.J., eds). Amsterdam: Elsevier Science BV, pp: 47-55. 691 

Baluška F, Hlavacka A, Šamaj J, Palme K, Robinson D.G, Matoh T, McCurdy 692 

D.W, Menzel D, Volkmann D. 2002. F-actin-dependent endocytosis of cell 693 

wall pectins in meristematic root cells. Insights from Brefeldin A-induced 694 

compartments. Plant Physiol 130, 422-431. 695 

Baluška F, Volkmann D, Menzel D. 2005. Plant synapses: actin-based adhesion 696 

domains for cell-to-cell communication. Trends in Plant Science 10, 106–111. 697 

Bárány I, González-Melendi P, Coronado M.J, Ramírez C, Testillano P.S, Risueño 698 

M.C. 2006. Plant cell wall components rearrange during cell reprogramming to 699 

embryogenesis. In:"Electron Microscopy 2006". Iijima S. (ed.) Microscopy 700 

Society of Japan. Sapporo, Japan. pp.245. 701 

Bárány I, González-Melendi P, Fadón B, Mitykó J, Risueño M. Testillano P.S. 702 

2005. Microspore-derived embryogenesis in pepper (Capsicum annuum L.): 703 

subcellular rearrangements through development. Biol  Cell  97, 709-722.  704 

Bedinger P.A. 1992. The remarkable biology of pollen. Plant Cell 4, 879-887. 705 

Bueno MA, Gómez A, Sepúlveda F, Seguí JM, Testillano PS, Manzanera JA, 706 

Risueño M.C. 2003. Microspore-derived embryos from Quercus suber anthers 707 

mimic zygotic embryos and mantain haploidy in long-term anther culture. J. Plant 708 

Physiol.160, 953-960  709 

Chupeau Y, Caboche M, Henry Y. 1998. Androgenesis and Haploid Plants. Springer-710 

Verlag. Berlin. Heidelberg.  711 



 34

Cresti M, Ciampolini F, Sarfatti G. 1983. Ultrastructural Features of Malus communis 712 

L. mature pollen. In: Mulcahy D.L. and Ottaviano E. (eds.) Pollen: biology and 713 

implications for plant breeding. Elsevier. New York. 165-172. 714 

Coronado MJ, González-Melendi P, Seguí JM, Ramírez C, Bárány I, Testillano 715 

PS, Risueño MC. 2002. MAPKs entry into the nucleus at specific 716 

interchromatin domains in plant differentiation and proliferation processes. J 717 

Struct Biol. 140, 200-213. 718 

Coronado MJ, Testillano PS, Wilson C, Vicente O, Heberle-Bors E, Risueño MC. 719 

2007. The in situ molecular identification of the Ntf4-MAP kinase expression 720 

sites in maturing and germinating pollen. Biol. Cell. 99, 209-221.  721 

De la Torre C, González-Fernández A. 1979. Cell cycle mapping by irradiating cells 722 

with Bromosubstituted DNA segments. Photochem. Photobiol  29, 977-981. 723 

De la Torre C, Sans J, Aller P, González-Fernández A. 1985. Replication time of the 724 

genome portions involved in a G2 transition points in meristems. Eur J Cell Biol 725 

37, 216-129. 726 

Domozych D.S, Serfis A, Kiemle S.N. Gretz M.R. 2006. The structure and 727 

biochemistry of charophycean cell walls: I. Pectins of Penium margaritaceum. 728 

Protoplasma 183, 615-632. 729 

Dolan L, Linstead P.J, Roberts K. 1997. Developmental regulation of pectic 730 

polysaccharides in the root meristem of Arabidopsis. Journal of Experimental 731 

Botany 48, 713-720. 732 

Dumas de Vaulx R, Chambonnet D, Pochard E. 1981. Culture in vitro d'anthères de 733 

piment (Capsicum annuum L.): amèlioration des taux d'obtenction de plantes 734 

chez différents génotypes par des traitments à +35ºC.  Agronomie 1, 859-864. 735 



 35

Ermel F.F, Follet-Gueye M.L, Cibert C, Vian B, Morvan C, Catesson A.M, 736 

Goldberg R. 2000. Differential localization of arabinan and galactan side chains 737 

of rhamnogalacturonan 1 in cambial derivatives. Planta 210, 732-740. 738 

Fortes A.M, Testillano P.S., Risueño M.C., Pais M.S. 2002. Studies on callose and 739 

cutin during the expression of competence and determination for organogenic 740 

nodule formation from internodes of Humulus lupulus var. Nugget. Physiol. 741 

Plantarum. 116, 113-120.  742 

Freshour G, Bonin CP, Reiter WD, Albersheim P, Darvill AG, Hahn MG. 2003. 743 

Distribution of fucose-containing xyloglucans in cell walls of the mur1 mutant 744 

of Arabidopsis. Plant Physiol. 131, 1602-1612. 745 

Galbraith D.W. 1981. Microfluorimetric quantitation of cellulose biosynthesis by plant 746 

protoplasts using Calcofluor white. Physiol. Plantarum 53 111-116. 747 

Geitmann A, Li Y.Q, Cresti M. 1995. Ultrastructural inmunolocalization of periodic 748 

pectin deposition  in the cell wall of Nicotiana tabacum pollen tubes. 749 

Protoplasma 187, 172-181. 750 

Goldberg R, Morvan C, Roland J.C. 1986. Composition, properties and localisation 751 

of pectins in young and mature cells of the mung bean hypocotyl. Plant Cell 752 

Physiol 27, 419-427. 753 

González-Melendi P, Testillano P.S, Ahmadian P, Fadón B, Vicente O, Risueño 754 

M.C. 1995. In situ characterization of the late vacuolate microspore as a 755 

convenient stage to induce embryogenesis in Capsicum. Protoplasma 187, 60-756 

71. 757 

Guglielmino N, Liberman M, Catesson A.M, Mareck A, Prat R, Mutaftschiev S, 758 

Goldberg R. 1997. Pectin methylesterases from poplar cambium and inner bark: 759 

localization, properties and seasonal changes. Planta 202, 70-75. 760 



 36

Guillemin F, Guillon F, Bonnin E, Devaux M.F, Chevalier T, Knox J.P, Liners F, 761 

Thibault J.F. 2005. Distribution of pectic epitopes in walls of the sugar beet 762 

root. Planta 222, 355-371.  763 

Hasegawa Y, Nakamura S, Uheda E, Nakamura N. 2000. Immunolocalization and 764 

possible roles of pectins during pollen growth and callose plug formation in 765 

angiosperms. Grana 39, 46-55. 766 

Heslop-Harrison J, Heslop-Harrison Y. 1980. Cytochemistry and function of the 767 

Zwischenkörper in grass pollen. Pollen Spores 22, 5-10. 768 

Hess M.W, Frosch A. 1994. Subunits of forming pollen exine and Ubisch bodies as 769 

seen freeze substituted Ledebouria Socialis Roth (Hyacinthaceae). Protoplasma 770 

182, 10-14. 771 

Knox J.P. 2008. Revealing the structural and functional diversity of plant cell walls. 772 

Curr Opin Plant Biol 11, 308-313. 773 

Knox J.P, Linstead P.J, King J, Cooper C, Roberts K. 1990. Pectin esterification is 774 

spatially regulated both within cell walls and between developing tissues of root 775 

apices. Planta 181, 512-521. 776 

Li Y.Q., Faleri C., Geitmann A., Zhang H.Q., Cresti M. 1995. Immunogold 777 

localization of arabinogalactan proteins, unersterified and esterified pectins in 778 

pollen grains and pollen tubes of Nicotiana tabacum L. Protoplasma 189, 26-36. 779 

Lynch M.A, Staehelin L.A. 1992. Domains-specific and cell type-specific localization 780 

of two types of cell wall matrix polysaccharides in the clover root tip. J Cell Biol 781 

118, 467-479. 782 

Majewska-Sawka A, Rodríguez-García M.I. 2006. Immunodetection of pectin and 783 

arabinogalactan protein epitopes during pollen exine formation of Beta vulgaris 784 

L. Protoplasma 228, 41-47. 785 



 37

Marcus SE, Verhertbruggen Y, Hervé C, Ordaz-Ortiz JJ, Farkas V, Pedersen HL, 786 

Willats WG, Knox JP. 2008. Pectic homogalacturonan masks abundant sets of 787 

xyloglucan epitopes in plant cell walls. BMC Plant Biol. 8:60. 788 

Matoh T, Takahashi M, Takabe K, Kobayashi M. 1998. Inmunochemistry of 789 

rhamnogalacturonan II in cell walls of higher plants. Plant Cell Physiol. 39, 483-790 

491. 791 

Mohnen D. 1999. Biosyntesis of pectins and galactomannans. In: Comprehensive 792 

Natural Products Chemistry, Volume 3 (Pinto B.M., ed.). Amsterdam: Elsevier, 793 

pp: 497-527. 794 

O'Neil M. A, Albertsheim P, Darwill A. 1990. The pectic polysaccharides of primary 795 

cell walls. In Methods in Plant Biochemistry, Volume 2 (Dey P.M., ed.). 796 

London: Academic Press, pp: 425-441. 797 

O'Neil M.A, Eberthard S, Albertsheim P, Darvill A.G. (2001). Requirement of 798 

borate cross-linking of cell wall rhamnogalactorunan II for Arabidopsis growth. 799 

Science 294, 846-849. 800 

Otegui M., Staehelin L.A. 2000. Syncytial-type cell plates: a novel kind of cell plate 801 

involved in endosperm cellularization of Arabidopsis. Plant Cell. 12, 933-947. 802 

Raghavan V. 2000. Developmental Biology of Flowering Plants. Springer-Verlag.  803 

Ramírez C, Testillano P.S, Risueño MC. 2001. Newly formed cell walls exhibit a 804 

high expression of esterified pectins in onion root meristems. In: Abe J. (Ed) 805 

Proceeedings of the 6th Symposium of the International Society of Root 806 

Research (ISRR), Roots: The Dynamic Interface Between Plants and the Earth. 807 

Japanese Society for Root Research Publish. Nagoya, Japan. pp. 218-219. 808 

Ramírez C, Testillano P.S, Risueño MC. 2003a. Differential pectin distribution during 809 

cell wall formation in root meristems. In. Mistrik, I., (Ed.), Proceedings of the 810 



 38

6th Int. Symposium on Structure and Function of Roots: Plant Development and  811 

Adaptation to  Stress. Slovak Academy of Sciences. Bratislava. pp.27.  812 

Ramírez C, Chiancone B, Testillano P.S, Garcia-Fojeda B, Germaná M.A and 813 

Risueño MC. 2003b. First embryogenic stages of Citrus microspore-derived 814 

embryos. Acta Biologica Cracoviensia 45, 53-58.  815 

Ramírez C, Testillano P.S, Pintos B, Moreno-Risueño M.A, Bueno M.A, Risueño 816 

M.C. 2004. Changes in pectins and MAPKs related to cell development during 817 

early microspore embryogenesis in Quercus suber L. Eur J Cell Biol 83, 213-818 

225. 819 

Ryden P, MacDougall, Tibbits C.W, Ring S.G. 2000. Hydration of pectic 820 

polysaccharides. Biopolymers 54, 398-405. 821 

Ryden P, Sugimoto-Shirasu K, Smith A.C, Findlay K, Reiter W.D, McCann M.C. 822 

2003. Tensible properties of Arabidopsis cell walls depend on both a xyloglucan 823 

cross-linked microfibrillar network and rhamnogalacturonan II-borate 824 

complexes. Plant Physiol. 132, 1033-1040. 825 

Seguí-Simarro J.M, Testillano P.S, Jouannic S, Henry Y. Risueño M.C. 2005. 826 

Mitogen-activated protein kinases are developmentally regulated during stress-827 

induced microspore embryogenesis in Brassica napus L. Histochem Cell Biol 828 

123, 541-551. 829 

Solís M.T, Pintos B, Prado M.J, Bueno M.A, Raška I, Risueño M.C, Testillano P.S. 830 

2008. Early markers of in vitro microspore reprogramming to embryogenesis in 831 

olive (Olea europaea L). Plant Science 174, 597- 605. 832 

Stepka M, Ciampolini F, Charzynska M, Cresti M. 2000. Localization of pectins in 833 

the pollen tube wall of Ornithogalum virens L. Does the pattern of pectin 834 

distribution depend on the growth rate of the pollen tube? Planta 210, 630-635. 835 



 39

Suárez-Cervera M, Arcalís E, Le Thomas A, Seoane-Camba J. 2002. Pectin 836 

distribution pattern in the apertural intine of Euphorbia peplus L. 837 

(Euphorbiaceae) pollen. Sex Plant Reprod  14, 291-298. 838 

Talbott L.D, Ray P.M. 1992. Changes in molecular size of previously and newly 839 

synthesized pea cell wall matrix polysaccharides. Effect of auxin and turgor. 840 

Plant Physiol 98, 369-379. 841 

Taylor L.P, Hepler P.K. 1997. Pollen gemination and tube growth. Ann. Rev. Plant 842 

Physiol. and Plant Mol. Biol. 48, 461-491. 843 

Testillano P.S., Coronado M.J., Seguí J.M., Domenech J., González-Melendi P., 844 

Raska I., Risueño M.C. 2000. Defined nuclear changes accompany the 845 

reprogramming of the microspore to embryogenesis. J. Struct. Biol. 129, 223-846 

232. 847 

Testillano P.S, González-Melendi P, Ahmadian P, Fadon B, Risueño M.C. 1995. 848 

The immunolocalization of nuclear antigens during the pollen developmental 849 

program and the induction of pollen embryogenesis. Exp. Cell Res. 221, 41-54. 850 

Testillano PS, González-Melendi P, Coronado MJ, Seguí-Simarro JM, Moreno 851 

MA, Risueño MC. 2005. Differentiating plant cells switched to proliferation 852 

remodel the functional organization of nuclear domains. Cytogenet Genome Res. 853 

109,166-174.  854 

Testillano PS, Ramírez C, Domenech J, Coronado MJ, Vergne P, Matthys-Rochon 855 

E, Risueño MC. 2002. Young microspore-derived maize embryos show two 856 

domains with defined features also present in zygotic embryogenesis. Int J Dev 857 

Biol. 46,1035-1047. 858 

Van Aelst A.C, van Went J. 1992. Ultrastructural immunolocalization of pectin and 859 

glycoproteins in Arabidopsis thaliana pollen grains. Protoplasma 168, 14-19. 860 



 40

Vicente O, Moreno RM, Heberle-Bors E. 1991. Pollen cultures as a tool to study 861 

plant development. Cell Biol Rev. 25, 295-306.  862 

Willats W.G.T, Mcartney L, Mackie W, Knox J.P.  2001a. Pectin: cell biology and 863 

prospects for functional analysis. Plant Mol. Biol. 47, 9-27. 864 

Willats W.G.T, Orfila C, Limberg G, Bucholt H.C, van Alebeck G.J, Voragen A, 865 

Marcus S.E, Christensen T.M.I.E, Mikkelsen J.D, Murray B.S, Knox J.P.  866 

2001b. Modulation of the degree and pattern of methyl-esterification of pectic 867 

homogalacturonan in plant cell walls. J Biol Chem 276, 19404-19413. 868 

Yeung E.C, Rahman M.H, Thorpe T.A. 1996. Comparative development of zygotic 869 

and microspore-derived embryos in Brassica napus L. cv. Topas. I. 870 

Histodifferentiation. Int J Plant Sci 157, 27-39. 871 

 872 

 873 

 874 

 875 

876 



 41

FIGURE LEGENDS 877 

 878 

Figure 1: Immuno-dot-blot of cell wall antigens in proliferating and differentiating 879 

cells of the root apical meristems of Allium cepa L. and in pollen at two 880 

developmental stages, vacuolated microspore and mature pollen of Capsicum 881 

annuum L. With the JIM5, anti-XG and anti-RGII antibodies dark positive signals 882 

appeared in the differentiated zone of the root, as well as in the mature pollen stage. 883 

With the antibody JIM7 an intense signal was detected in the proliferating 884 

(meristematic) root cells and in the vacuolated microspore, immature stage. 885 

 886 

Figure 2: Immunofluorescence of cell wall antigens on proliferating and 887 

differentiating cells of the root apical meristems of Allium cepa L. A: General view 888 

of the root tip and location of the proliferating (square B) and differentiating (square C) 889 

regions. B’, C’: Structural organization of proliferating (B’) and differentiating (C’) root 890 

cells, Lowicryl semi-thin sections, toluidine blue staining, observed under bright field 891 

light microscopy. D-O’: Immunofluorescence on vibratome sections, images of 892 

confocal laser scanning microscopy (CLSM) to localize JIM5 (non-esterified pectins), 893 

JIM7 (esterified pectins), anti-XG (xyloglucan) and anti-RG II (ramhnogalacturonan II) 894 

antigens in proliferating (E’, H’, K’, N’) and differentiating (F’, I’, L’, O’) root tip cells. 895 

Bars: A, D, G, J, M: 80 µm; B', C', E', F', H', I', K', L', N', O': 10 µm;  896 

 897 

Figure 3: Immunogold labelling of cell wall antigens on proliferating (A-D, A’-D’) 898 

and differentiating (E-H, E’-H’) cells of the root apical meristems of Allium cepa L. 899 
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Electron micrographs of Lowicryl ultrathin sections. Inserts: Low magnification 900 

micrographs showing the structural organization of the proliferating  and differentiating 901 

cells of the root apex. Location and distribution at the ultrastructural level of JIM5, 902 

JIM7, anti-XG and anti-RGII antigens in the newly-formed walls (squares A, B, C, D) 903 

of the proliferating area (A’, B’, C’, D’) and in the more developed walls (squares E, F, 904 

G, H) of the differentiating cells (E’, F’, G’, H’) of the elongation area. Ct: cytoplasm. 905 

Cw: cell wall. Bars: A', B', C', D', E', F', G', H': 200 nm; in the inserts: 5 µm. 906 

 907 

Figure 4: Immunolocalization by light (LM) and electron microscopy (TEM) of cell 908 

wall antigens on pollen of Capsicum annuum L. in two developmental stages: 909 

vacuolated microspore (A-D, A’-D’) and mature pollen (E-H, E’-H’). Location and 910 

distribution of the antigens of JIM5, JIM7, anti-XG and anti-RGII antibodies, at cellular 911 

(A-H) and ultrastructural (A’-H’) level. A-H: Semi-thin Lowicryl sections after an 912 

immunogold plus silver enhancement technique observed under bright field LM 913 

showing the immunoreaction as dark deposits. A’-H’: Immunogold labelling on ultra-914 

thin Lowicryl sections at TEM. Ct: cytoplasm. Ex: exine. V: vacuole. Bars: A’- H': 200 915 

nm; inserts: 10 µm. 916 

 917 

Figure 5: Immunolocalization of cell wall antigens on pollen-derived embryos of 918 

Capsicum annuum L. during two developmental stages: early pro-embryos (A-D, 919 

A’-D’) and more developed embryos with two cell types (E-H, E’-H’). Immunogold 920 

labelling and amplification with silver enhancement with antibodies JIM5, JIM7, anti-921 

XG and anti-RGII observed under phase contrast (A-H), to visualize the general 922 

structure, and bright field (A’-H’) to visualize the immunoreaction. The two cell types 923 
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of the more developed embryos are indicated by the squares in fig. 5H: differentiating  924 

cells in square A, and proliferating cells in square B. Bars: A, B, C, D: 10 µm; E, F, G, 925 

H: 50 µm.  926 

 927 

Figure 6: Immunogold labelling of cell wall antigens in early pollen-derived 928 

proembryos of Capsicum annuum L. Electron micrographs of Lowicryl ultra-thin 929 

sections. Insert: Low magnification micrograph showing proliferating cells of an early 930 

proembryo still surrounded by the special pollen wall, the exine (Ex). A, B, C, D: High 931 

magnification micrographs showing the immunogold labelling with JIM5 (A), JIM7 932 

(B), anti-XG (C) and anti-RGII (D) in the cell walls (Cw). Ct: cytoplasms. Bars: A, B, 933 

C, D: 200 nm; insert: 1 µm.  934 

 935 

Figure 7: Immunogold labelling of cell wall antigens in the two cell types of late-936 

mature pollen-derived embryos of Capsicum annuum L. Electron micrographs of 937 

Lowicryl ultrathin sections. Inserts: Low magnification micrographs showing the 938 

structural organization of the cells of the inner and outer areas of the mature embryo. 939 

Location and distribution at the ultrastructural level of JIM5, JIM7, anti-XG and anti-940 

RGII antigens in the newly-formed walls (squares A, B, C, D) of the inner proliferating 941 

cells (A’, B’, C’, D’) and in the more developed walls (squares E, F, G, H) of the outer 942 

differentiating cells (E’, F’, G’, H’) of the mature embryo. Ct: cytoplasm. Cw: cell wall. 943 

Bars: A, B, C, D: 200 nm; inserts: 1 µm.  944 

 945 
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Figure 8: Quantification of immunogold labelling of cell wall antigens during 946 

pollen development and in pollen-derived embryos of Capsicum annuum L. The 947 

histogram shows the labelling density as the number of gold particles per area unit 948 

(square micrometer). Striped and black bars correspond to pollen development:  striped 949 

bars correspond to vacuolated microspores, black bars to mature pollen. Grey and dotted 950 

bars correspond to pollen-derived embryos: grey bars correspond to proliferating cells 951 

of early pro-embryos, dotted bars to differentiating cells of mature embryos.  952 

 953 

Figure 9: Immunolocalization of cell wall antigens on zygotic embryos of Capsicum 954 

annuum L. in two developmental stages: early pro-embryos (A-D, A’-D’) and 955 

mature embryos with two cell types (E-H, E’-H’).  Immunogold labelling and 956 

amplification with silver enhancement with antibodies JIM5, JIM7, anti-XG and anti-957 

RGII observed under phase contrast (A-H), to visualize the general structure, and bright 958 

field (A’-H’) to visualize the immunoreaction. The two cell types of the mature embryos 959 

are indicated by the squares in fig. 9E: differentiating  cells in square A, and 960 

proliferating cells in square B. Bars: A, B, C, D: 10 µm; E, F, G, H: 50 µm. 961 

 962 

Figure 10: Overview and summary of the occurrence of cell wall antigens during 963 

different developmental processes and cell types. + indicates the presence of the 964 

antigen, ++ indicates an abundance of antigens. Grey boxes indicate a common 965 

distribution pattern of cell wall antigens in all differentiating cell types of the various 966 

plant systems, whereas white boxes indicate a different distribution pattern which is 967 

common to the proliferating cells in all systems and developmental processes studied.   968 

 969 
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