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Abstract 22 

Common centaury (Centaurium erythraea Rafn) is a medicinal plant of great importance for 23 

both pharmaceutical and food industries. Distribution of arabinogalactan proteins (AGPs) 24 

with specific epitopes recognized by seven monoclonal antibodies (mAbs) was investigated 25 

during indirect somatic embryogenesis (ISE) and shoot organogenesis (ISO) in centaury leaf 26 

culture. Dynamic changes were observed in localization of JIM4, JIM8, JIM13, JIM15, LM2, 27 

LM14 and MAC207 epitopes during somatic embryo (SE) and adventitious bud (AB) 28 

development. AGPs responded to all tested mAbs and expressed in numerous meristematic 29 

centers that were formed on leaf explants. In globular SEs, the distribution pattern of JIM4, 30 

JIM13, JIM15, LM2 and MAC207 epitopes was observed, while during the progression of 31 

somatic embryo development, the number of detected AGPs decreased. During formation of 32 

ABs, the number of detected AGPs also decreased. In fully formed ABs only JIM4 and 33 

MAC207 were detected. The present study suggests JIM13 antibody as a marker for ISE in 34 

centaury leaf culture. These results implicated that AGPs were developmentally regulated 35 

during centaury ISE and ISO. 36 

Keywords: somatic embryo, adventitious bud, common centaury, arabinogalactan proteins, 37 

immunolabeling 38 
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Introduction  47 

Arabinogalactan proteins (AGPs) are a highly diverse group of hydroxyproline-rich 48 

proteoglycans that are implicated in numerous aspects of plant growth and development 49 

including cell differentiation and morphogenesis in vitro (Rumyantseva 2005; Ma et al. 50 

2018). AGPs are located at the plant plasma membrane, cell wall, extracellular space and 51 

intracellular compartments. Structurally, AGPs consist of a relatively small highly variable 52 

protein core which is covalently linked through hydroxyproline to various carbohydrate side 53 

chains (AG sugar chains), consisting mainly of β-1,3-galactan with β-1,6-galactan 54 

substitutions decorated with arabinosyl, glucuronosyl, rhamnosyl, fucosyl, xylosyl and other 55 

sugars (Ellis et al. 2010).  56 

 57 

Modifications of cell wall components, including precise tempo-spatial regulation of AGPs 58 

appearance at the cell surface, are important for many aspects of plant growth and 59 

development (Ma et al. 2018). AGPs are highly glycosylated proteins and more than 90% of 60 

their total molecular mass comes from glycan moieties, which can undergo tissue-specific 61 

degradation during differentiation and morphogenesis. Monoclonal antibodies that recognize 62 

specific carbohydrate epitopes of the AGP molecules are powerful tools widely used to 63 

monitor their dynamic modifications, visualize tempo-spatial patterns of expression and 64 

investigate possible biological roles of AGP glycan epitopes in plant tissues or cells during 65 

various developmental stages (Knox et al. 1991; Moller et al. 2008). Most studies of AGP 66 

functions regarding in vitro morphogenesis were focused on somatic embryogenesis (Saare-67 

Surminski et al. 2000; Ellis et al. 2010; Namasivayam et al. 2010; Pan et al. 2011; 68 

Steinmacher et al. 2012; Pilarska et al. 2013; Potocka et al. 2018; Betekhtin et al. 2016, 2019; 69 

Pérez-Pérez et al. 2019). One of the first reports on AGPs role during somatic embryogenesis 70 
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appeared three decades ago and was based on localization of the JIM4 monoclonal antibody 71 

on the surface of proembryogenic carrot cell cultures (Stacey et al. 1990). Extensive studies 72 

have revealed that AGPs are developmentally regulated during somatic embryogenesis, and 73 

act either as positional markers (Stacey et al. 1990), messengers during cell fate selection 74 

(McCabe et al. 1997) or early molecular markers for embryogenic competence (Šamaj et al. 75 

1999). However there were a few studies on AGPs functions in shoot organogenesis 76 

(Konieczny et al. 2007; Wiśniewska and Majewska-Sawka 2007; Johnson et al. 2011; 77 

Orbović et al. 2013; Trifunović et al. 2015; Simonović et al. 2015). 78 

 79 

Common centaury (Centaurium erythraea Rafn), a member of the Gentianaceae family, is an 80 

important medicinal plant which aerial organs contain numerous pharmacologically valuable 81 

metabolites with therapeutic properties, such as secoiridoid glucosides and xanthones 82 

(Subotić et al. 2006; Šiler and Mišić 2016). This plant is also used as a natural flavor additive 83 

in both food and beverage industries (Newall et al. 1996). Due to its commercial value and 84 

over-harvesting from natural populations, this species is considered to be endangered (Subotić 85 

et al. 2009). Therefore, centaury is the subject of biotechnological interest in order to protect 86 

this species in nature and provide new resources to obtain desired secondary metabolites 87 

(Subotić et al. 2006; Trifunović-Momčilov et al. 2016a; Matekalo et al. 2018). Many reports 88 

describing in vitro regeneration studies in centaury revealed that this plant is characterized 89 

with enormous regeneration potential and can be successfully propagated via two different 90 

developmental pathways, somatic embryogenesis and shoot organogenesis (Filipović et al. 91 

2015).  92 

 93 
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Although the involvement of AGPs in centaury morphogenesis in vitro has been already 94 

shown in our previous studies, information on the distribution of AGP epitopes during 95 

indirect regeneration in leaf culture is still unknown. Trifunović et al. (2014, 2015), using 96 

antibody-based approach and histochemical localization with β-D-glucosyl Yariv (βGlcY) 97 

reagent, which can also visualized the distribution of AGPs, demonstrated that AGPs played a 98 

significant role during the induction of direct somatic embryogenesis and shoot organogenesis 99 

in centaury root culture. Simonović et al. (2015) investigated centaury morphogenesis in leaf 100 

culture at the molecular level and showed that among four identified centaury AGPs genes, 101 

only CeAGP1 and CeAGP3, an membrane-anchored AG peptide (Simonović et al. 2016), are 102 

involved in indirect morphogenesis. Therefore, the objective of this research was to 103 

investigate changes in localization of selected AGP epitopes during indirect somatic embryo 104 

(SE) and adventitious bud (AB) development in leaf culture of centaury using 105 

immunolabeling.   106 

Materials and Methods 107 

Plant material and culture conditions 108 

Indirect somatic embryogenesis (ISE) and shoot organogenesis (ISO) were induced from leaf 109 

culture of C. erythraea, as previously described (Filipović et al. 2015). For induction of ISE, 110 

leaf explants were kept both in the light, under 16 h photoperiod, and in darkness on culture 111 

medium composed of Murashige and Skoog (MS; Murashige and Skoog 1962) full-strength 112 

macro and micro mineral salts (Lachner, Brno, Czech Republic), MS vitamins (Sigma-113 

Aldrich, Saint Louis, MO), 0.2 mg L
-1

 2,4–dichlorophenoxyacetic acid (2,4-D; (Sigma-114 

Aldrich, Saint Louis, MO), 0.5 mg L
-1

 N-(2-chloro-4-pyridyl)-N’-phenylurea (CPPU; (Sigma-115 

Aldrich, Saint Louis, MO), 30 g L
-1

 sucrose (Sigma-Aldrich, Saint Louis, MO), 100 mg L
-1

 116 

myo-inositol (Sigma-Aldrich, Saint Louis, MO) and 7 g L
-1

 agar (Torlak, Belgrade, Serbia). 117 
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In accordance with our previous findings, for induction of ISO, leaf explants were kept in the 118 

light on the same medium, since light was required for induction of adventitious buds in our 119 

model system (Filipović et al. 2015). 120 

Sample preparation, monoclonal antibodies and immuno-fluorescence labeling 121 

For immuno-fluorescence labeling of AGPs, leaf explants were collected during induction of 122 

ISE and ISO every wk for four wk. Tissue pieces were processed as described by Trifunović 123 

et al. (2015). Briefly, excised leaf explants were fixed in FAA (5.4% v/v formalin, 65.5% 124 

ethanol and 5% glacial acetic acid, Zorka Pharma, Šabac, Serbia), dehydrated in an ascending 125 

ethanol series (30, 50, 70, 96 and 100%) and embedded in Histowax (Histolab, Gotëborg, 126 

Sweden). Embedded tissues were sectioned (5μm thick) with microtome blades (Leica, 127 

Wetzlar, Germany, Type 819) in a rotary microtome (Reichert, Vienna, Austria) and collected 128 

on SuperFrost®Plus slides (VWR International, Strasbourg, France).  129 

 130 

A method described in Knox et al. (1989) was used for indirect immunohistochemical 131 

localization. In brief, the sections were de-waxed and rehydrated in an ethanol series (100, 96 132 

and 70%). After rinsing in phosphate-buffered saline (PBS, pH 7.2; 136.9 mM NaCl, 2.7 mM 133 

KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, Centrohem, Stara Pazova, Serbia), the sections 134 

were treated with a blocking reagent (PBS (pH 7.2) supplemented with 3% milk protein 135 

(Nestle, Vevey, Switzerland) and 0.05% Tween 20 (Serva, Heidelberg, Germany) for 30 min 136 

at room temperature (22 ± 1 ºC) and then incubated in a five-fold dilution of primary anti-137 

AGP mAbs in a blocking reagent at 4 ºC for 24 h in order to detect presence and distribution 138 

of different arabinogalactan epitopes. Immunofluorescence labeling of leaf sections during the 139 

first four wk of culture was performed with a set of mAbs (JIM4, JIM8, JIM13, JIM15, LM2, 140 

LM14 and MAC207), listed in Table 1. All of the primary mAbs used in this study were 141 
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purchased from Plant Probes (Leeds, UK). Negative controls were performed by incubation in 142 

PBS instead of the primary antibodies. 143 

 144 

After several rinses with PBS (each for five min), secondary Alexa Fluor 488 conjugated goat 145 

anti-rat IgG antibody (Thermo Fisher Scientific, Rockford, IL), diluted 1:1000 in a blocking 146 

reagent, was applied at room temperature (22 ± 1 ºC) for 30 min in darkness. After labeling, 147 

the slides were rinsed in PBS (three times, each for five min). Finally, the sections were 148 

rinsed with PBS again and mounted in a 1:1 mixture of PBS and glycerol (Zorka Pharma, 149 

Šabac, Serbia). All images were obtained using a camera associated with Zeiss Axiovert 150 

fluorescent microscope (Zeiss, Jena, Germany).  151 

Results  152 

Indirect somatic embryogenesis and shoot organogenesis in C. erythraea leaf culture 153 

The leaf explants cultured in darkness developed embryogenic callus cultures during the 154 

second wk of incubation and, after 28 d, SEs of different developmental stage on the surface 155 

of the calluses were observed (Figs 1a-d). Centaury ABs (Figs 1e, g-i) and SEs (Fig 1f) 156 

developed simultaneously on leaf explants cultured under light conditions. This provided the 157 

material to investigate the localization of diverse AGP epitopes (JIM4, JIM8, JIM13, JIM15, 158 

LM2, LM14 and MAC207) during formation of SEs and ABs in centaury leaf culture. AGPs 159 

were recognized by all tested mAbs and also expressed in numerous meristematic centers that 160 

were formed on leaf explants after 7 and 14 d in culture (Fig 2). Immunolocalization using 161 

JIM4 showed strong immunofluorescence in numerous meristematic cells formed after 14 d in 162 

culture under light conditions (Fig 2a). This epitope was detected with high abundance in cell 163 

walls and cytoplasm of small isodiametric cells with high cytoplasmic content. After seven-d 164 
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in darkness, JIM4 epitope showed strong expression in cell walls of dividing epidermal and 165 

subepidermal cells which formed meristematic centers as well as in embryogenic cells in 166 

meristematic calluses (Fig 2a inset). JIM8 epitope showed moderate signal in meristematic 167 

callus cells formed after seven-d under light conditions (Fig 2b). The strong fluorescence of 168 

JIM8 was visible in extracellular matrix covering dividing epidermal cells (Fig 2b).  169 

 170 

After 14 d in darkness, JIM13 epitope was distributed moderately in the cell walls and 171 

intracellularly in meristematic cells and was also localized in the cell walls of some 172 

parenchyma cells of regenerating leaf explants (Figs 2c, d). In the vascular bundle cells of the 173 

explant, JIM13 epitope was abundantly present (Fig 2c). The strong fluorescence due to 174 

JIM15 binding was identified in meristematic cells of leaf explant formed after seven-d under 175 

light conditions (Fig 2e). Stronger activity of LM2 and LM14 epitopes was observed in 176 

meristematic cells formed in epidermal and subepidermal layers of regenerating leaf explants 177 

after seven-d in the light (Figs 2f, g). The LM2 epitope was detected in meristematic centers 178 

formed in epidermis, subepidermis and mesophyll of regenerating leaf explants after seven-d 179 

in the light (Fig 2f).  180 

 181 

As shown in Fig 2g, the LM14 epitope was present in meristematic cells with stronger signal 182 

on the surface of regenerating leaf explants while no signal was detected in vascular elements. 183 

Moderate MAC207 signal was observed in the cytoplasm and cell walls of dividing cells in 184 

meristematic tissue and also in parenchyma cells after seven-d in darkness (Fig 2h). The 185 

negative control for JIM4 (performed by omitting the primary antibodies) did not show any 186 

antibody signal (Fig 2i).  187 
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Immunolocalization of AGPs epitopes during somatic embryos development 188 

Epitopes recognized by JIM4 were found during formation of early four-cell proembryo at the 189 

periphery of the callus after 14-d in darkness (Fig 3a). Strong signal of JIM4 was observed in 190 

thick outer cell walls of the proembryos (Fig 3b). During further proembryo development, 191 

strong expression was detected only in extracellular matrix surrounding proembryogenic 192 

nodule (Figs 3c, c inset). At the globular stage of development AGP epitopes recognized by 193 

JIM4 were detected in cell walls of protodermal cells (Fig 3d). Somatic embryos at globular 194 

stages showed a very weak (or none) signal of the JIM8 epitope (Fig 3e). Similarly, very 195 

weak (or none) signal was detected in globular somatic embryo in the case of the LM14 196 

binding AGP (data not shown). In contrast, high intensity labeling pattern in the whole 197 

centaury globular somatic embryo was observed for JIM13 and JIM 15 epitopes (Figs 3f, g). 198 

Strong expression of LM2 epitope was detected in cell walls during somatic embryos 199 

formation in embryogenic callus and in the whole globular embryo (Figs 3h, i, j). During 200 

formation of somatic embryos in embryogenic callus, specific distribution pattern of MAC207 201 

epitope was also observed, since strong signal of this epitope was present in the extracellular 202 

matrix (Figs 3k, k inset). The labeling pattern of MAC207 in globular somatic embryos was 203 

similar to that of JIM4 epitope (Fig 3l). During further SE development, a moderate 204 

fluorescence of JIM4 epitope was observed in early cotyledonary stage (Fig 4a). Expression 205 

of JIM13 epitope decreased in cotyledonary embryos compared with globular embryos (Figs 206 

4b, c). No obvious signal could be detected in later developmental stage of SEs for all the rest 207 

of mAbs (JIM8, JIM15 and LM2). The result obtained with JIM15 was selected as the 208 

representative one (Fig 4d). Strong fluorescence of LM14 epitope was evenly distributed 209 

throughout the longitudinal sections of heart embryo (Fig 4e). The MAC207 epitope was the 210 

most strongly expressed AGP epitope mainly localized in developing cotyledons (Fig 4f).  211 
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Immunolocalization of AGPs epitopes during adventitious bud development 212 

JIM8 epitope was moderately expressed in meristematic bud primordium with stronger signal 213 

on the outer cell wall of surface cells of meristem (Fig 5a). At this stage of AB development, 214 

LM2 epitope showed strong and even distribution (Fig 5b). The presence of MAC207 epitope 215 

was more abundant in the initials of ABs than in the surrounding callus tissue (Figs 5c, c 216 

inset). Strong immunofluorescence of the AGPs epitopes recognized with JIM15 (Fig 5d) and 217 

LM14 (data not shown) mAbs were detected in meristematic bud primordium, while JIM4 218 

showed weak signal (data not shown). LM2 and JIM4 were observed in the cells of de novo 219 

formed adventitious buds (Figs 5e, f). During in vitro culture the signal of JIM8 and JIM15 220 

epitopes was poor (Figs 5g, h). MAC207 epitope showed strong expression in regenerated 221 

adventitious bud with a well-developed first leaf and second leaf which was developed later 222 

(Figs 5i, i inset). In fully formed ABs with well-defined shoot apex and leaf primordia, only 223 

JIM4 and MAC207 were detected with stronger signal compared to callus cells (Figs 5j, k, l). 224 

During AB development, the presence of JIM13 epitope was not detected (data not shown).  225 

Discussion 226 

Indirect morphogenesis via two developmental pathways, ISE and ISO, was achieved from 227 

centaury leaf explants incubated on medium containing 2,4-D and CPPU, in light and in 228 

darkness, which is in accordance with our previous report (Filipović et al. 2015). SEs and 229 

ABs at different stages of development were observed on the same leaf explant cultured under 230 

light conditions, while in darkness only SEs were formed. Histological characterization of 231 

events that lead to the indirect formation of somatic embryos and adventitious buds in leaf 232 

culture of C. erythraea has been described previously (Filipović et al. 2015). This analysis 233 

showed that SEs originated indirectly from subepidermal cells of cultured leaf segments, 234 

which involved dedifferentiation of these cells and formation of meristematic centers and then 235 
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differentiation into proembryogenic structures. During this period of culture, dedifferentiation 236 

within mesophyll cells of the leaf segments led to formation of meristematic centers from 237 

which ABs were produced, by differentiation of meristematic callus cells (Filipović et al. 238 

2015).  239 

 240 

In the present study, we found broad presence of all tested AGP epitopes in meristematic 241 

centers that formed on culture leaf explants. Our results are consistent with the literature 242 

where monoclonal antibody JIM4 could serve as an early marker of embryogenic competence 243 

in maize callus culture (Šamaj et al. 1999). The authors showed the presence of AGP epitope 244 

recognized with this antibody in the extracellular matrix on the surface of embryogenic maize 245 

cells, while non-embryogenic callus cells are devoid of this epitope. McCabe et al. (1997) 246 

showed that JIM8 epitope was necessary for formation of SEs, since this epitope labels the 247 

surface of embryogenic cells which give rise to SEs of carrot. The JIM8 and JIM13 epitope 248 

were localized both in embryogenic callus cells and in non-embryogenic callus cells of 249 

Fagopyrum tataricum (Betekhtin et al. 2019) and Brassica napus (Namasivayam et al. 2010). 250 

JIM13 epitope is often found in provascular cells, xylem or phloem of different species 251 

(Rumyantseva 2005) and in cell walls of parenchyma cells (Betekhtin et al. 2016), which is in 252 

accordance with our results. JIM15 epitopes were also present in the embryogenic cells of 253 

carrot (McCabe et al. 1997). In the developing ovary of a facultative apomict Fragaria x 254 

ananassa, epitopes recognized by the JIM15 epitope were located in the cell walls of 255 

reproductive cells (Leszczuk and Szczuka 2018). Strong detection of LM2 epitope was 256 

observed in the cell walls of meristematic cells from which SEs develop and in cells of 257 

embryogenic swellings in Trifolium nigrescens (Pilarska et al. 2013). In F. tataricum the LM2 258 
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antibody can be used as a marker of the embryogenic determined cells in morphogenic callus 259 

(Betekhtin et al. 2019).  260 

 261 

In contrast to above mentioned reports, LM2 is a negative marker of embryogenic cells in 262 

Arabidopsis explants (Potocka et al. 2018). MAC207 antibody seems to be a marker of the 263 

morphogenic callus of F. tataricum which consists of proembryogenic cell complexes, since 264 

lack of its signal in the non-embryogenic callus (Betekhtin et al. 2019). In embryogenic callus 265 

of Brachypodium distachyon, LM2 and MAC207 were detected intracellularly as well as in 266 

the cell walls (Betekhtin et al. 2016). In banana (Musa spp. AAA cv. ’Yueyoukang 1’), 267 

among 16 mAbs used, LM14 and JIM16 epitopes were strongly expressed in embryogenic 268 

cells, MAC204, MAC207, CCRCM7 and JIM13 epitopes were moderately present, while 269 

very weak or no signal was detected in the case of JIM4, JIM8, JIM14, JIM15, JIM101, LM2, 270 

MAC265, MAC266, PN16.4B4 and JIM17 epitopes (Pan et al. 2011). 271 

 272 

Studies concerning the somatic embryogenesis of different species have revealed that the 273 

spatiotemporal occurrences of AGPs are developmentally regulated, for example in Daucus 274 

carota (Stacey et al. 1990), Zea mays (Šamaj et al. 1999), Cichorium intibys (Chapman et al. 275 

2000) and T. nigrescens (Pilarska et al. 2013). Our results showed that the same 276 

developmental stage of somatic embryogenesis, globular somatic embryo, was characterized 277 

with different spatial distribution pattern of analyzed AGP epitopes. In the present study, 278 

expression pattern of JIM4 and MAC207 epitopes was restricted to protodermal cells of 279 

globular SEs. Our results are in agreement with distribution of MAC207 epitope and its 280 

strong expression in protodermal cells of the globular SEs during induction of direct somatic 281 

embryogenesis in centaury root culture (Trifunović et al. 2015). During somatic 282 
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embryogenesis of D. carota, the JIM4 epitope was enriched at the surface of peripheral cells 283 

of proembryogenic masses and in the protoderm of globular embryos (Stacey et al. 1990). 284 

Similar labeling pattern in protodermal tissue of globular somatic embryo was shown with 285 

other monoclonal antibodies in many other species, for example with LM2 in Euphorbia 286 

pulcherrima (Saare-Surminski et al. 2000) and JIM13 in peach palm (Steinmacher et al. 287 

2013). In chicory, AGPs recognized by monoclonal antibodies LM2, JIM13 and JIM16 were 288 

localized at the surface of proembryo and at the outer cell walls of epidermal cells in globular 289 

embryos (Chapman et al. 2000).  290 

 291 

Very weak or no labeling was detected for JIM8 epitope in centaury globular somatic embryo 292 

which is in agreement with very low abundance of JIM8 epitope, mainly in epidermal cells of 293 

the banana embryo (Pan et al. 2011). Potocka et al. (2018) detected occasionally JIM8 294 

epitope in the cell walls of the globular embryos, but in older stage it was abundantly present 295 

in the embryo except the protodermis. In contrast, high intensity labeling pattern in the whole 296 

centaury globular somatic embryo was observed for JIM13, JIM15 and LM2 epitopes. Similar 297 

results were reported for LM2 and LM14 epitopes showing strong signal, while JIM16 298 

epitope showed moderate signal in whole globular SEs of banana (Pan et al. 2011). JIM15 299 

epitope was reactive with AGPs in developed SEs in centaury root culture (Trifunović et al. 300 

2015). In banana globular somatic embryos lacked JIM15 epitope and only weak signal was 301 

detected in cotyledonary embryos (Pan et al. 2011). Interestingly, the AGP epitope that is 302 

recognized by the LM14 antibody showed specific labeling pattern since it was not present in 303 

globular stage of centaury embryo but strong fluorescence of this epitope was detected in 304 

heart stage of embryo. AGPs bearing this epitope seem to be important for the differentiation 305 

and further development of polar embryogenic stages, from heart to cotyledonary stage. This 306 
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specific strong labeling pattern could be related with the fact this mAb binds to an epitope of 307 

type II arabinogalactan that may occur on both pectins and AGPs (Moller et al. 2008). As the 308 

embryo further developed, only JIM4, JIM13 and MAC207 epitopes were detected at the 309 

cotyledonary stage of somatic embryo.  310 

 311 

The present study showed that all analyzed AGP epitopes were expressed during early 312 

embryogenic developmental stages, while during further differentiation of the embryos, the 313 

number of detected AGP epitopes and labeling intensity decreased. Our results are consistent 314 

with those that have been reported during somatic embryogenesis in banana (Pan et al. 2011), 315 

where a diversity of immunolabeled AGPs also decreased with SE maturation. No AGP 316 

epitopes were detected in cotyledonary-staged SEs of T. nigrescens (Pilarska et al. 2013). On 317 

the contrary, AGP levels increased with the progression of cork oak somatic embryogenesis, 318 

since LM2 and LM6 showed an increment in signal intensity at cotyledonary embryo stage 319 

(Pérez-Pérez et al. 2018). In our study, each of analyzed AGP epitopes showed different 320 

spatio-temporal distribution pattern, which appeared to be associated with differentiation 321 

during SE development. The expression of JIM4, JIM13 and MAC207 provides an evidence 322 

that these epitopes are markers for all stages of the major tissue patterning during centaury 323 

ISE. Expression of specific epitopes of AGPs recognized with JIM4, JIM8, JIM13, JIM15, 324 

LM2, LM14 and MAC207 was developmentally regulated during ISE. Monoclonal antibodies 325 

JIM4, JIM13, JIM15, LM2 and MAC207 were detected in globular SEs, while only JIM4, 326 

JIM13 and MAC207 were detected in cotyledonary SEs. 327 

 328 

To the best of our knowledge, the functions and evident involvement of AGPs in shoot 329 

organogenesis were described only in a few plant species including Arabidopsis thaliana 330 
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(Johnson et. al 2011), two citrus cultivars Citrus sinensis and C. paradisi (Orbović et al. 331 

2013), Beta vulgaris (Wiśniewska and Majewska-Sawka 2007), Triticum aestivum 332 

(Konieczny et al. 2007) and C. erythraea (Simonović et al. 2015; Trifunović et al. 2015). 333 

Study of expression of FLA1 gene in callus and shoot developmental processes using a fla1 334 

mutant support the role for this AGP gene in the early events of shoot development and lateral 335 

root development in tissue culture, prior to cell-type specification (Johnson et al. 2011). The 336 

use of mAbs and Yariv reagent demonstrated the role of carbohydrate moiety of AGPs in 337 

shoot organogenesis. The role of AGPs in indirect organogenesis was hindered by βGlcY 338 

treatment, which blocks AGPs (Orbović et al. 2013; Simonović et al. 2015). Previous 339 

immunolocalization studies of AGPs during shoot organogenesis demonstrated the role of 340 

glycan moietes of AGPs in shoot development. Immunohistological analysis of androgenic 341 

wheat callus suggested the involvement of AGPs with LM2 epitope in shoot organogenesis 342 

since LM2 antibody labeled the walls and some cytoplasmic regions of actively dividing 343 

meristematic cells of regenerated shoot buds and leaves (Konieczny et al. 2007). AGP-rich 344 

extracts characterized by the widespread occurrence of JIM13, MAC207 and LM2 epitopes 345 

stimulate organogenesis in sugar beet callus (Wiśniewska and Majewska-Sawka 2007). In 346 

centaury, JIM16 could be a reliable marker for direct shoot organogenesis in root culture 347 

since strong expression of JIM16 antibody was detected in de novo formed meristematic 348 

centers in the root cortex (Trifunović et al. 2015).  349 

 350 

In our study, the AGPs recognized by JIM8, JIM15, LM2, LM14 and MAC207 (and JIM4 351 

weakly) antibodies were found in meristematic bud primordium, suggesting that these AGPs 352 

may participate in their formation. During further development of adventitious buds, the 353 

number of detected AGPs decreased. JIM8 and JIM15 epitopes were detected with low 354 
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abundance, while JIM4, LM2 and MAC207 were abundantly present in ABs. In fully formed 355 

adventitious buds with well-defined shoot apex and leaf primordia, only JIM4 and MAC207 356 

were detected. Strong expression of MAC207 epitope was detected in regenerated 357 

adventitious bud with a well-developed first leaf and second leaf which was developed later. 358 

Spontaneous development of this adventitious bud was previously described in centaury root 359 

culture (Trifunović-Momčilov et al. 2016b). Almost all AGP epitopes (JIM4, JIM8, JIM15, 360 

LM2, LM14 and MAC207) were involved in centaury adventitious buds formation and their 361 

appearance was developmentally regulated. 362 

Conclusion 363 

Our results revealed dynamic changes in distribution of specific AGP epitopes during SE and 364 

AB development in centaury leaf culture. All of the AGP epitopes analyzed in this study were 365 

expressed in meristematic centers that were formed on leaf explants, while during 366 

development of SEs and ABs the number of detected AGPs decreased. All analyzed AGP 367 

epitopes showed different spatio-temporal distribution pattern during ISE, which appeared to 368 

be associated with differentiation during SE development. All the antibodies except JIM13 369 

were involved in centaury adventitious bud formation. These results implicated that AGPs 370 

were developmentally regulated during centaury ISE and ISO. The present study also 371 

suggests JIM13 antibody as a marker for ISE in centaury leaf culture. The distribution of 372 

AGPs during SE and AB development could suggest that these proteoglycans have 373 

fundamental roles in cell division. This immunolocalization study provides new information 374 

on the structural changes of cell walls in morphogenesis in leaf culture of this important 375 

medicinal plant. Broad presence of all analyzed AGP epitopes in meristematic cells, 376 

predetermined to different developmental pathways, indicated great microheterogeneity of 377 

glycan part of centaury AGPs and their involvement in two different developmental 378 
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pathways. Future investigations of cell wall chemical composition are necessary to connect 379 

specific AGPs or at least their glycans with cells determined to enter particular developmental 380 

pathways.  381 

Acknowledgments: This work was supported by the Ministry of Education, Science and 382 

Technological Development of the Republic of Serbia (451-03-68/2020-14/200007). 383 

Author contribution statement BKF conducted all experimental work, image analysis and 384 

manuscript preparation. MMTM contributed in image analyses and manuscript preparation. 385 

ADS revised the manuscript. SBJ contributed to image analysis and obtained results 386 

interpretation. SMM contributed to experimental work considering immunohistochemical 387 

analyses. ARS supervised the whole study and also contributed in immunohistochemical 388 

analyses, fluorescent microscope analyses and preparing the final manuscript. All authors 389 

have participated in this research and approved the final manuscript. 390 

Compliance with ethical standards 391 

Conflict of interest The authors declare that they have no conflict of interest. 392 

References 393 

Betekhtin A, Pinski A, Milewska-Hendel A, Kurczynska E, Hasterok R (2019) Stability and 394 

instability process in the calli of Fagopyrum tataricum that have different morphogenic 395 

potentials. Plant Cell Tiss Org Cult 137:343-357 396 

 397 

Betekhtin A, Rojek M, Milewska-Hendel A, Gawecki R, Karcz J, Kurczynska E, Hasterok R 398 

(2016) Spatial distribution of selected chemical cell wall components in the embryogenic 399 

callus of Brachypodium distachyon. PLoS ONE 11(11):e0167426 400 

 401 



18 

 

Bradley DJ, Wood EA, Larkins AP, Galfre G, Butcher GW, Brewin NJ (1988) Isolation of 402 

monoclonal antibodies reacting with peribacteroid membranes and other components of pea 403 

root nodules containing Rhizobium leguminosum. Planta 173:149-160  404 

 405 

Chapman A, Blervacq AS, Vasseur J, Hilbert JL (2000) Arabinogalactan-proteins in 406 

Cichorium somatic embryogenesis: effect of beta-glucosyl Yariv reagent and epitope 407 

localisation during embryo development. Planta 211:305-314  408 

 409 

Ellis M, Egelund J, Schultz CJ, Bacic A (2010) Arabinogalactan-proteins: key regulators at 410 

the cell surface. Plant Physiol 153:403-419 411 

 412 

Filipović BK, Simonović AD, Trifunović MM, Dmitrović SS, Savić JM, Jevremović SB, 413 

Subotić AR (2015) Plant regeneration in leaf culture of Centaurium erythraea Rafn. Part 1: 414 

the role of antioxidant enzymes. Plant Cell Tiss Org Cult 121:703-719 415 

 416 

Johnson KL, Kibbie NAJ, Bacic A, Shultz CJ (2011) A fasciclin-like arabinogalactan protein 417 

(FLA) mutant of Arabidopsis thaliana, fla1, shows defects in shoot regeneration. PLoS ONE 418 

6(9):e25154 419 

 420 

Knox JP, Day S, Roberts K (1989) A set of cell surface glycoproteins forms an early marker 421 

of cell position, but not cell type, in the root apical meristem of Daucus carota L. 422 

Development 106:47-56  423 

 424 



19 

 

Knox JP, Linstead PJ, Peart J, Cooper C, Roberts K (1991) Developmentally regulated 425 

epitopes of cell surface arabinogalactan proteins and their relation to root tissue pattern 426 

formation. Plant J 1:317-326  427 

 428 

Konieczny R, Swierczynska J, Czaplicki AZ, Bohdanowicz J (2007) Distribution of pectin 429 

and arabinogalactan protein epitopes during organogenesis from androgenic callus of wheat. 430 

Plant Cell Rep 26:355-363  431 

 432 

Leszczuk A, Szczuka E (2018) Arabinogalactan proteins: Immunolocalization in the 433 

developing ovary of a facultative apomict Fragaria x ananassa (Duch.). Plant Physiol 434 

Biochem 123:24-33  435 

 436 

Ma Y, Zeng W, Bacic A, Johnson K (2018) AGPs through time and space. In: Roberts Jeremy 437 

(ed) Annual Plant Reviews Online, vol 1. John Wiley &Sons, 1-38 438 

 439 

Matekalo D, Skorić M, Nikolić T, Novaković L, Lukić M, Božunović J, Aničič N, Filipović 440 

B, Mišić D. (2018) Organ-specific and genotype-dependent constitutive biosynthesis of 441 

secoiridoid glucosides in Centaurium erythraea Rafn, and its elicitation with methyl 442 

jasmonate. Phytochemistry 155:69-82  443 

 444 

McCabe PF, Valentine TA, Forsberg SL, Pennel RI (1997) Soluble signals from cells 445 

identified at the cell wall establish a developmental pathway in carrot. Plant Cell 9:2225-2241 446 

 447 

Moller I, Marcus SE, Haeger A, Verhertbruggen Y, Verhoef R, Schols H, Ulvskov P, 448 

Mikkelsen DJ, Knox JP, Willats W (2008) High-throughput screening of monoclonal 449 



20 

 

antibodies against plant cell wall glycans by hierarchical clustering of their carbohydrate 450 

microarray binding profiles. Glycoconj J 25:37-48  451 

 452 

Murashige T, Skoog F (1962) A revised medium for rapid growth and bioassays with tobacco 453 

tissue cultures. Physiol Plant 15:473-479  454 

 455 

Namasivayam P, Skepper JM, Hanke D (2010) Distribution of arabinogalactan protein (AGP) 456 

epitopes on the anther-derived embryoid culture of Brassica napus. Pertanika J Trop Agric 457 

Sci 33:303-313 458 

 459 

Newall CA, Anderson LA, Phillipson JD (1996) Herbal medicines. A guide for health-care 460 

professionals. The Pharmaceutical Press, London 461 

 462 

Orbović V, Göllner EM, Soria P (2013) The effect of arabinogalactan proteins on 463 

regeneration potential of juvenile citrus explants used for genetic transformation by 464 

Agrobacterium tumefaciens. Acta Physiol Plant 35:1409-1419 465 

 466 

Pan X, Yang X, Lin G, Zou R, Chen H, Šamaj J, Xu C (2011) Ultrastructural changes and the 467 

distribution of arabinogalactan proteins during somatic embryogenesis of banana (Musa spp. 468 

AAA cv. “Yueyoukang 1”). Physiol Plant 142:372-389 469 

 470 

Pennel RI, Janniche L, Kjellbom P, Scofield GN, Peart JM, Roberts K (1991) 471 

Developmental regulation of a plasma membrane arabinogalactan protein epitope in oilseed 472 

rape flowers. Plant Cell 3:1317-1326 473 

 474 



21 

 

Pennel RI, Knox JP, Scofield GN, Selvendran RR, Roberts K (1989): A family of abundant 475 

plasma membrane-associated glycoproteins related to the arabinogalactan proteins is unique 476 

to flowering plants. J Cell Biol 108:1967-1977 477 

 478 

Pérez-Pérez Y, Carneros E, Berenguer E, Solis M-T, Bárány I, Pintos B, Gómez-Garay A, 479 

Risueňo MC, Testillano PS (2019) Pectin de-methylesterification and AGP increase promote 480 

cell wall remodeling and are required during somatic embryogenesis of Quercus suber. Front 481 

Plant Sci 9:1915  482 

 483 

Pilarska MJ, Knox PJ, Konieczny R (2013) Arabinogalactan-protein and pectin epitopes in 484 

relation to an extracellular matrix surface network and somatic embryogenesis and 485 

callogenesis in Trifolium nigrescens Viv. Plant Cell Tiss Org Cult 115:35-44 486 

 487 

Potocka I, Godel K, Dobrowolska I, Kurczynska UE (2018) Spatio-temporal localization of 488 

selected pectic and arabinogalactan protein epitopes and the ultrastructural characteristics of 489 

explant cells that accompany the changes in the cell fate during somatic embryogenesis in 490 

Arabidopsis thaliana. Plant Physiol Biochem 127:573-589 491 

 492 

Rumyantseva NI (2005) Arabinogalactan proteins: involvement in plant growth and 493 

morphogenesis. Biochemistry (Mosc) 70:1073-85 494 

 495 

Ruprecht C, Bartetzko MP, Senf D, Dallabernadina P, Boos I, Andersen MCF, Kotake T, 496 

Knox JP, Hahn MG, Clausen MH, Pfrengle F (2017) A synthetic glycan microarray enables 497 

epitope mapping of plant cell wall glycan-directed antibodies. Plant Physiol 175:1094-1104 498 

 499 



22 

 

Saare-Surminski K, Preil W, Knox JP, Liberei R (2000): Arabinogalactan proteins in 500 

embryogenic and non-embryogenic callus cultures of Euphorbia pulcherrima. Physiol Plant 501 

108:180-187 502 

 503 

Simonović AD, Dragićević MB, Bogdanović MD, Trifunović-Momčilov MM, Subotić AR 504 

and Todorović SI (2016) DUF1070 as a signature domain of a subclass of arabinogalactan 505 

peptides. Arch Biol Sci 68:737-746 506 

 507 

Simonović AD, Filipović BK, Trifunović MM, Malkov SN, Milinković VP, Jevremović SB, 508 

Subotić AR (2015) Plant regeneration in leaf culture of Centaurium erythraea Rafn. Part 2: 509 

the role of arabinogalactan proteins. Plant Cell Tiss Org Cult 121:721-739 510 

 511 

Smallwood M, Yates EA, Willats WGT, Martin H, Knox JP (1996) Immunochemical 512 

comparison of membrane-associated and secreted arabinogalactan-proteins in rice and carrot. 513 

Planta 198:452-459  514 

 515 

Stacey NJ, Roberts K, Knox JP (1990) Patterns of expression of the JIM4 arabinogalactan-516 

protein epitope in cell cultures and during somatic embryogenesis in Daucus carota L. Planta 517 

180:285-292  518 

 519 

Steinmacher DA, Saare-Surminski K, Liberei R (2012) Arabinogalactan proteins and the 520 

extracellular matrix surface network during peach palm somatic embryogenesis. Physiol Plant 521 

146:336-349  522 

 523 



23 

 

Subotić A, Janković T, Jevremović S, Grubišić D (2006) Plant tissue culture and secondary 524 

metabolites productions of Centaurium erythraea Rafn., a medicinal plant. In: Teixeira da 525 

Silva JA (ed) Floriculture ornamental and plant biotechnology: advances and topical issues, 526 

1st edn, vol 2. Global Science Books, London, pp. 564-570 527 

 528 

Subotić A, Jevremović S, Grubišić D (2009) Influence of cytokinins on in vitro 529 

morphogenesis in root cultures of Centaurium erythraea - Valuable medicinal plant. Sci Horti 530 

120:386-390  531 

 532 

Šamaj J, Baluška F, Bobák M, Volkmann D (1999) Extracellular matrix surface network of 533 

embryogenic units of friable maize callus contains arabinogalactan-proteins recognized by 534 

monoclonal antibody JIM4. Plant Cell Rep 18: 369–374 535 

 536 

Šiler B, Mišić D (2016) Biologically active compounds from the genus Centaurium s.l. 537 

(Gentianaceae): current knowledge and future prospects in medicine. In: Atta-ur-Rahman (ed) 538 

Studies in natural products chemistry, 1st edn, vol. 49. Elsevier Science Publishers, 539 

Amsterdam, pp 363-397 540 

 541 

Trifunović-Momčilov M, Krstić-Milošević D, Trifunović S, Podolski-Renić A, Pešić M, 542 

Subotić A (2016a) Secondary metabolite profile of transgenic centaury (Centaurium 543 

erythraea Rafn.) plants, potential producers of anticancer compounds. In: Jha S. (ed.) 544 

Transgenesis and secondary metabolism. Reference series in phytochemistry, Springer, pp 1-545 

26  546 

 547 



24 

 

Trifunović-Momčilov M, Motyka V, Dragićević I, Petrić M, Jevremović S, Malbeck J, Holik 548 

J, Dobrev P, Subotić A (2016b) Endogenous phytohormones in spontaneously regenerated 549 

Centaurium erythraea Rafn. plants grown in vitro. J Plant Growth Regul 35:543-552 550 

 551 

Trifunović M, Subotić A, Petrić M, Jevremović S (2015) The role of arabinogalactan proteins 552 

in morphogenesis of Centaurium erythraea Rafn in vitro. In: Rybczynski JJ, Davey MR, 553 

Mikula A (eds) The Gentianaceae-Volume 2: Biotechnology and Applications. Springer-554 

Verlag, Berlin Heidelberg, pp 113-138 555 

 556 

Trifunović M, Tadić V, Petrić M, Jontulović D, Jevremović S, Subotić A (2014) 557 

Quantification of arabinogalactan proteins during in vitro morphogenesis induced by β-D 558 

glucosyl Yariv reagent in Centaurium erythraea root culture. Acta Physiol Plant 36:1187-559 

1195 560 

 561 

Wiśniewska E, Majewska-Sawka A (2007) Arabinogalactan-proteins stimulate the 562 

organogenesis of guard cell protoplasts-derived callus in sugar beet. Plant Cell Rep 26:1457-563 

1467 564 

 565 

Yates EA, Valdor JF, Haslam SM, Morris HR, Dell A, Mackie W, Knox JP (1996) 566 

Characterization of carbohydrate structural features recognized by anti arabinogalactan-567 

protein monoclonal antibodies. Glycobiology 6:131-139 568 

 569 

 570 

 571 

 572 



25 

 

Figure legends: 573 

Fig. 1 Indirect somatic embryogenesis (ISE) and indirect shoot organogenesis (ISO) in leaf 574 

culture of Centaurium erythraea Rafn after 28 d. a-d ISE in darkness; e-i ISE and ISO on 575 

light; ec embryogenic callus, se somatic embryo, gse globular somatic embryo, cse 576 

cotyledonary somatic embryo, oc organogenic callus, og organogenic globule, ab adventitious 577 

buds.  578 

 579 

 580 

 581 

 582 

 583 
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Fig. 2 Immunolocalization of AGP epitopes in meristematic cells of Centaurium erythraea 584 

Rafn leaf explants. a meristematic cells and dividing epidermal cells (a inset) with JIM4; b 585 

meristematic centers and extracellular matrix covering dividing epidermal cells (arrow) with 586 

JIM8; c and d cells of explant vascular bundle (c), meristematic cells (arrow) and parenchyma 587 

cells (c, d) with JIM13; e-h meristematic cells with JIM15 (e), LM2 (f), LM14 (g) and 588 

MAC207 (h); Arrows point to strong signal in meristematic centers on the surface of explants 589 

with LM2 (f) and LM14 (g); i negative control. mc meristematic cells, ve vascular elements, 590 

pc parenchyma callus cells, vb vascular bundle. Scale bars = 20 µm (c, f), 10 µm (a, d, g, h), 591 

7,5 µm (a inset), 5 µm (b, e). 592 

 593 

 594 
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Fig. 3 Immunolocalization of AGP epitopes in proembryos and globular SEs of Centaurium 595 

erythraea Rafn. a-d early proembryo (a, b), proembryogenic nodule (c) and globular somatic 596 

embryo (d) with JIM4; e-g globular somatic embryo with JIM8 (e), JIM13 (f) and JIM15 (g); 597 

h-j formation of SEs in embryogenic callus (h, i) and globular embryo (j) with LM2; k and l 598 

formation of SEs in embryogenic callus (k, k inset) and globular embryo (l) with MAC207. 599 

Scale bars = 15 µm (k inset), 10 µm (c, d, e, h, k), 7,5 µm (c inset), 5µm (a, f, g, j, l), 2,5µm 600 

(b, i). 601 

 602 
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Fig. 4 Immunolocalization of AGP epitopes in late developmental stages of Centaurium 603 

erythraea Rafn SEs a early cotyledonary somatic embryo with JIM4; b-d cotyledonary 604 

somatic embryo with JIM13 (b, c) and JIM15 (d); e heart-shaped somatic embryo with 605 

LM14; f cotyledonary somatic embryo with MAC207; cot cotyledon, vb vascular bundle, rt 606 

root meristem. Scale bars = 10 µm (c, d, f), 5 µm (a, b), 2,5 µm (e). 607 

 608 

 609 

 610 

 611 

 612 

 613 

 614 

 615 
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Fig. 5 Immunolocalization of AGP epitopes in developmental stages of Centaurium erythraea 617 

Rafn ISO. a-d initials of AB with JIM8 (a), LM2 (b), MAC207 (c, c inset) and JIM 15 (d); e-618 

h AB with LM2 (e), JIM4 (f), JIM8 (g) and JIM15 (h); i and i inset regenerated AB with a 619 

well-developed first leaf and second leaf which developed later with MAC207; j-l fully 620 

formed AB with well-defined shoot apex and leaf primordia with JIM4 (j, k) and MAC207 621 

(l). am apical meristem, lp leaf primordia. Scale bars = 20µm (j, i inset), 10µm (b-l, c inset), 622 

5 µm (a, c inset). 623 

 624 
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Table 1. Primary antibodies used in this study, the epitopes they recognize and relevant references 625 

 626 

Antibodies Epitopes References 

JIM4 -D-GlcpA-(13)--D-GalpA-(12)-L-Rha Knox et al. (1989) and Yates et al. (1996) 

JIM8 AG Pennel et al.(1991) and McCabe et al.(1997) 

JIM13 -D-GlcpA-(13)--D-GalpA-(12)-L-Rha Knox et al. (1991) and Yates et al. (1996) 

JIM15 β-D-GlcpA, epitope structure unknown Knox et al. (1991) and Yates et al. (1996) 

LM2 -D-GlcpA, AGP 
Smallwood et al. (1996), Yates et al. (1996) 

and Ruprecht et al. (2017) 

LM14 AGP Moller et al. (2008) 

MAC 207 
β-D-GlcpA-(1 → 3)-α-D-GalpA-(1 → 2)-L-Rha, 

AGP 

Bradley et al. (1988), Pennel et al. (1989) and 

Yates et al. (1996) 
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