
CELL BIOLOGY AND MORPHOGENESIS

Arabinogalactan-proteins stimulate the organogenesis of guard
cell protoplasts-derived callus in sugar beet
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Abstract Arabinogalactan proteins (AGPs) represent a

class of proteoglycans implicated in the development and

differentiation of cells and tissues both in planta and

in vitro. Here we report that AGP-rich extracts isolated

from media of embryogenic and non-embryogenic sus-

pension cultures of sugar beet (Beta vulgaris L.) are able to

enhance the organogenesis of guard protoplast-derived

callus and to increase the number of shoots formed, in

comparison to control cultures. Immunocytochemical

detection of carbohydrate antigens in the extracts revealed

the presence of epitopes that typify both AGP and pectin,

the latter being frequently bound to AGPs or, in some

cases, even contributing to the polysaccharide structure of

proteoglycan molecules. The most abundant epitopes

proved to be those recognized by the JIM13, LM2, and

MAC207 antibodies, whereas some others could be found

only in relatively small or trace amounts—these included

epitopes recognized by JIM16, JIM5, and LM6. Surpris-

ingly, the JIM4- and JIM8-binding epitopes that are ex-

pressed in the course of in vitro morphogenetic processes

of many species could not be detected at all in sugar beet

AGPs. This is the first report of the improvement of sugar

beet protoplast-derived callus organogenesis by exogenous

AGP-rich extracts, an achievement that will have great

impact on the biotechnological applications of protoplast

technology in this species.
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Introduction

Arabinogalactan proteins represent a class of proteoglycans

that is widespread throughout the plant kingdom, having

been found in every species, plant organ, and tissue

examined so far (Nothnagel 1997; Showalter 2001). These

molecules are involved in the regulation of several

important events related to plant growth and development,

including cell expansion (Willats and Knox 1996; van

Hengel and Roberts 2002; Park et al. 2003; Lee et al.

2005), cell proliferation (Serpe and Nothnagel 1994), dif-

ferentiation of specific tissue or cell types (Majewska-

Sawka and Nothnagel 2000), formation and differentiation

of vegetative and floral organs (Lu et al. 2001; Acosta-

Garcia and Vielle-Calzada 2004; Wiśniewska and

Majewska-Sawka 2006), and sexual reproduction (Sun

et al. 2004a). AGPs have also been proven to play an

important role in the course of in vitro development of

plant cells and tissues, as perturbation of endogenous

molecules by phenylglycoside dye ([b-D-Glc]3; Yariv et al.

1967) frequently results in severe disturbances of cell

physiology. The observed effects depend on the length of

treatment with (b-D-Glc)3, the applied concentration of the

reagent, and the developmental phase. The cessation of the

growth and mitotic divisions of suspension cells is the

earliest disturbance observed (Serpe and Nothnagel 1994;

Langan and Nothnagel 1997), whereas more stringent

treatment may even lead to the induction of programmed

cell death, as reported for Arabidopsis and tobacco

cells (Gao and Showalter 1999; Chaves et al. 2002).

In embryogenic carrot cultures, (b-D-Glc)3 perturbed

Communicated by R.J. Rose.
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morphogenesis so that either shoot primordia were mal-

formed, while root formation was not affected, or overall

growth was inhibited, depending on the developmental

phase at which phenylglycoside was added (Thompson and

Knox 1998). In Cichorium, somatic embryogenesis was

completely blocked by treatment with 250 lM Yariv, the

effect being reversible upon transfer of the cells to the

control medium (Chapman et al. 2000a).

A slight perturbation of the AGP level in Arabidopsis

suspension cell culture affected the expression of a number

of genes, mostly related to the wounding response, as well

as genes encoding cell wall proteins and signal transduc-

tion components (Guan and Nothnagel 2004).

The developmental pathway of cells or tissues in vitro

might also be changed by supplementation of the culture

medium with exogenous AGPs. Arabinogalactan proteins

isolated from carrot seeds proved to be effective in

increasing the number of embryos formed (Kreuger et al.

2000) and in re-induced embryogenic processes in cell

cultures that had lost their embryogenic potential (Kreuger

and van Holst 1993). A similar effect was observed when

AGPs isolated from embryogenic cultures were added to

non-embryogenic cells (van Hengel et al. 2001).

Aside from model plants such as carrot, tobacco, and

Arabidopsis, only a very few species of agronomic

importance have been studied in terms of a possible role for

AGPs in the regulation of development in vitro. In Picea

alba, the molecules isolated from embryogenic cells were

able to improve the embryo maturation process (Egertsd-

otter and von Arnold 1995). In cotton, the number of em-

bryos formed in cultures of two elite cultivars increased

significantly when exogenous AGPs were added to the

medium (Poon et al. 2004).

Here we report a beneficial effect of AGPs isolated from

suspension culture media on the development and differ-

entiation of sugar beet guard cell protoplasts, and in con-

sequence on in vitro shoot regeneration in this important

agronomic species.

Materials and methods

Shoot cultures

The diploid, male-fertile line of sugar beet (no. 0170) was

obtained from the Sugar Beet Breeding Company (KHBC),

Breeding Station in Straszków, Poland. Shoot tips of

flowering plants were excised, sterilized with 5% calcium

hypochlorite for 20 min, rinsed several times with sterile

distilled water, and placed on Murashige and Skoog med-

ium (MS; Murashige and Skoog 1962) supplemented with

4.4 lM benzyloaminopurine (BAP). After numerous

shoots had been initiated from axillary buds, they were

separated and placed on MS medium with 0.44 lM BAP

and 0.11 lM naphthalene acetic acid (NAA) for shoot

growth. Shoots were transferred to the same medium every

2 weeks, and the 2-week-old leaves were used for proto-

plast isolation.

Non-embryogenic suspension cultures

Non-embryogenic suspension cultures were initiated from

white, friable callus that developed at the base of some

shoot tip explants, placed on MS with 4.4 lM BAP. Callus

was subcultured on the same medium every 4 weeks, and

after the cultures were established, the portions of tissue

were put into liquid MS medium containing 4.4 lM BAP,

agitated on a rotary shaker (140 rpm), and transferred to

fresh media once a week. Three-month-old suspensions,

7 days after the last subculture, were used as a source of

conditioned medium and media-derived AGP-rich extracts.

Embryogenic suspension cultures

The cultures were initiated from unpollinated sugar beet

ovules cultured in liquid MS supplemented with 4.4 lM

BAP, and agitated on a rotary shaker (140 rpm). After

numerous embryos and embryo-like structures had devel-

oped, they were transferred to fresh medium.

Protoplast isolation and culture

Excised leaves were preplasmolized overnight in 0.45 M

sorbitol dissolved in salt solution (CPW), prepared as de-

scribed by Frearson et al. (1973). The epidermis from the

abaxial leaf surface was peeled off with fine forceps and

placed in an enzyme solution composed of 1.9% cellulase

RS, 0.1% macerozyme R-10 (both from Yakult Honsha Co.

Ltd, Japan), and 0.003% pectolyase Y-23 (Seishin Phar-

maceutical Co. Ltd, Japan) dissolved in CPW with 0.45 M

sorbitol. The digestion took place for 8–12 h, with gentle

agitation (20 rpm), at 26�C in the dark.

The protoplasts were separated from undigested tissue

debris by filtration through 20 lm nylon mesh, and cen-

trifuged at 1,400–1,500 rpm for 12 min. The protoplast

pellet was gently resuspended and washed in CPW salts

with 0.45 M sorbitol and then centrifuged. The washing

step was repeated twice. Finally, the protoplasts were

immobilized in 2.4% calcium alginate and cultured in li-

quid MS medium supplemented with 2 lM BAP, 5 lM

NAA, 100 lM n-propyl gallate, and 0.35 M sucrose (the

control). Several variations of the culture medium were

tested with the aim of improving protoplast development

and the differentiation of protoplast-derived calli into

shoots:
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1. Four millilitres MS (as in the control) supplemented

with 400 ll of conditioned medium collected from

non-embryogenic suspensions of the same genotype,

7 days after the last subculture.

2. Four millilitres MS (as in the control) supplemented

with AGPs isolated from culture medium of non-

embryogenic suspensions, at 0.5; 1.0; 2.5; 5.0; 10.0,

and 20.0 lg/ml.

3. Four millilitres MS (as in the control) supplemented

with AGPs isolated from culture medium of embryo-

genic suspensions, at 0.5; 1.0; 2.5; 5.0; 10.0, and

20.0 lg/ml.

Shoot regeneration

After the callus microcolonies had formed and reached the

size of several cells, the alginate beads were transferred to

the regeneration media solidified with 1.1% agarose. They

were initially kept in the dark for 2–3 weeks, and devel-

oping callus was then transferred onto fresh media and

maintained under light.

The results of our previous studies suggested that both

reduced sucrose content (1.5%) and the presence of TIBA

in the medium significantly promoted sugar beet organo-

genesis, so we explored the possibility of further improving

the process by comparing the effects of two different TIBA

concentrations. Subsequently, the results were compared

with those obtained for standard medium containing NAA

(Table 1). Callus subcultures were performed every 3

weeks, and up to five subcultures were carried out for each

experiment. Emerging shoots were transferred to MS

medium without growth regulators.

Isolation of AGPs from conditioned media

AGPs were isolated from conditioned media derived from

four identically treated non-embryogenic, efficiently pro-

liferating suspension cell cultures and from two identically

treated embryogenic cultures, all of the same sugar beet

genotype (no. 0170). Each batch of conditioned medium

was obtained from a 3-month-old suspension culture, but as

these cultures were initiated on different dates, the media

were collected at different times. Culture media were fil-

tered through 40 lm nylon mesh, and centrifuged at

4,000 rpm for 20 min to remove cells and cell debris. The

AGPs present in the media were precipitated with 60 lM

(b-D-Glc)3 Yariv reagent [1,3,5-tri-(p-glycosyloxypheny-

Table 1 Efficiency of shoot

formation from callus obtained

in the presence of AGPs and

conditioned medium versus

callus derived from control

cultures

AGPNE–proteoglycans from

non-embryogenic cultures

AGPE–proteoglycans from

embryogenic cultures

‘‘–’’ Means that no calli were

put on the medium

Letters indicate significant

differences among three

regeneration media tested

*Indicate significant differences

in regeneration efficiency of

callus derived from different

variants of liquid media

(conditioned, 1.0 and 2.5 lg

AGP) versus control medium;

* in S position indicate the

significant differences in

variants of culture versus

control that are independent on

the regeneration medium

Variant of the liquid

medium

Regeneration medium (lM) No. of calli No. of shoots Regeneration

efficiency (%)

Control 4.4 BAP + 2.2 NAA 288 1 0.35c

4.4 BAP + 2.0 TIBA 144 1 0.69b

4.4 BAP + 4.0 TIBA 132 9 6.82a

S 564 11 1.95

Conditioned medium 4.4 BAP + 2.2 NAA 372 0 0.00c

4.4 BAP + 2.0 TIBA 216 4 1.85b

4.4 BAP + 4.0 TIBA 108 10 9.26a

S 696 14 2.01

AGPNE 1.0 lg 4.4 BAP + 2.2 NAA 24 0 0.00a

4.4 BAP + 2.0 TIBA 192 2 1.04a

4.4 BAP + 4.0 TIBA 60 0 0.00*a

S 276 2 0.72

AGPNE 2.5 lg 4.4 BAP + 2.2 NAA – – –

4.4 BAP + 2.0 TIBA 96 14 14.58*a

4.4 BAP + 4.0 TIBA 96 17 17.71*a

S 192 31 16.15*

AGPE 1.0 lg 4.4 BAP + 2.2 NAA 24 0 0.00a

4.4 BAP + 2.0 TIBA 36 0 0.00a

4.4 BAP + 4.0 TIBA – – –

S 60 0 0.00

AGPE 2.5 lg 4.4 BAP + 2.2 NAA – – –

4.4 BAP + 2.0 TIBA 36 9 25.00*b

4.4 BAP + 4.0 TIBA 36 17 47.22*a

S 72 26 36.11*
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lazo)-2,4,6-trihydroxybenzene] by incubation for 48 h at

4�C, in the presence of 1% NaCl and 0.02% NaN3. The

AGP-Yariv complexes were centrifuged at 2,500 rpm for

20 min, the supernatant was discarded, and the pellet was

resuspended in distilled water. The resulting mixture was

centrifuged, the supernatant was saved, and the pellet was

resuspended in aliquots of distilled water until the red color

was washed out of the pellet. All the supernatants were

pooled, supplemented with 1% NaCl and 0.02% NaN3, and

incubated for 48 h at 4�C. Following centrifugation, the

Yariv reagent was separated from the AGP by washing in

acetone: DMSO (3:1) followed by AGP precipitation at –

20�C in the presence of 1% NaCl for at least 2 h. The

washing and precipitation with NaCl were repeated several

times, until the Yariv-derived red color was completely

washed out of the AGPs. Finally, the AGP pellet was

dissolved in distilled water, dialyzed for 4 days at 4�C

(molecular mass cut-off: 12.000 Da, Sigma Aldrich, St

Louis, USA), and stored in aliquots at –20�C until used.

Rocket and crossed electrophoreses of AGPs

Isolated AGPs were quantified by rocket electrophoresis,

using a known concentration of gum arabic as the standard

(Sigma Aldrich, St Louis, USA), according to the method

described by Komalavilas et al. (1991). The 1% agarose gel

contained 15 lM Yariv reagent for AGP precipitation.

Electrophoresis was performed in Tris-glycine buffer

(25 mM Tris, 200 mM glycine, pH 8.4) for several hours,

until the rockets were well developed. The concentration of

AGP in the samples was estimated in relation to the peak

area of gum arabic.

The molecules were further characterized by two-

dimensional crossed electrophoresis (van Holst and Clarke

1986). AGPs (17 lg) were initially separated in 1% aga-

rose gels with Tris-boric acid-EDTA buffer (90 mM Tris,

90 mM boric acid, 2 mM EDTA, pH 8.3), and then run in

the second dimension in a 1% agarose gel in Tris-glycine

buffer, pH 8.4, supplemented with 15 lM Yariv reagent,

which precipitated the AGPs as they moved towards the

anode. For both rocket and crossed electrophoresis, de-

staining of gels to remove unbound Yariv reagent was

performed by overnight washing in 1% NaCl. As a result,

characteristic precipitation profiles were obtained for each

sample and Rf values were determined for visible peaks.

Dot-blots

AGPs were also characterized in terms of the binding

capacity of several antibodies. Since AGPs frequently co-

precipitate with some pectic domains and may share

common epitopes with pectic polysaccharides, we used

both anti-AGP (MAC207, LM2, JIM4, JIM8, JIM13,

JIM14, JIM15, JIM16) and anti-pectic antibodies (JIM5,

JIM7, LM5, LM6) characterized in Table 2. The antibodies

JIM4, JIM14, JIM15, JIM16, and LM2 were obtained from

Dr. P. Knox, University of Leeds, UK; JIM5, JIM7, JIM8,

and JIM13 antibodies from Dr. K. Roberts, John Innes

Center, UK; and LM5, LM6, and MAC207 are commercial

antibodies (PlantProbes, UK). Antibody binding tests were

performed by the dot-blot method. Briefly, 2 ll of AGP

Table 2 Antibodies used to detect carbohydrate epitopes

Antibody Dilution for in

situ reactions

Epitope References

JIM4 1:5 b-D-GlcpA-(1 fi 3)-a-D-GalpA-(1 fi 2)-L-Rha and possibly others unknown Yates et al. (1996)

JIM8 1:5 Unknown Pennell et al. (1991)

JIM13 1:5 b-D-GlcpA-(1 fi 3)-a-D-GalpA-(1 fi 2)-L-Rha and possibly other unknown Yates et al. (1996)

JIM14 1:5 L-Ara and possibly other unknown Knox et al. (1991)

JIM15 1:5 b-D-GlcpA(1-O-Me), D-GlcA and possibly other unknown Yates et al. (1996)

JIM16 1:5 Unknown Knox et al. (1991)

LM2 1:5 b-D-GlcpA, b-D-GlcpA(1-O-Me) and possibly other unknown Smallwood et al. (1996)

MAC207 1:5 b-D-GlcpA-(1 fi 3)-a-D-GalpA-(1 fi 2)-L-Rha, b-D-GlcpA(1-O-Me), L-Ara,

D-GlcA and possibly other unknown

Yates et al. (1996)

JIM7 1:20 Unknown, optimal binding to pectins (HGA) showing 15–80% esterification,

containing epitopes composed of methyl-esterified residues with adjacent

or flanking unesterified residues

Willats et al. (2000) and

Clausen et al. (2003)

JIM5 1:5 Unknown, optimal binding to pectins (HGA) showing 31–40% esterification,

containing epitopes composed of four or more contiguous unesterified residues

adjacent to or flanked by residues with methyl-ester groups

Willats et al. (2000) and

Clausen et al. (2003)

LM5 1:5 Four (1 fi 4)-b-D-galactose residues (RG-I) Jones et al. (1997)

LM6 1:5 Five (1 fi 5)-a-L-arabinose residues (RG-I) Willats et al. (1999)
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sample in four dilutions (1.0, 0.5, 0.25, and 0.125 lg/ll)

were dotted onto nitrocellulose paper (Hybond Trans-Blot

Transfer Medium, Bio-Rad) and air-dried. The nitrocellu-

lose sheets were then blocked in TBST buffer (10 mM

Tris, 150 mM NaCl, 0.05% Tween-20, pH 8.0) supple-

mented with 1% BSA and 1% dry, non-fat milk for 2 h at

room temperature. The incubation with primary antibodies

(all diluted 1:250 in TBST with 1% BSA and 1% milk) was

carried out for 12 h at room temperature and followed by

four washings in TBST. The blots were subsequently

incubated for 2.5 h with secondary anti-rat antibody cou-

pled to alkaline phosphatase (Sigma Aldrich, St Louis,

USA) that was diluted 1:2500 (vol/vol) in TBST with 1%

milk. After several washings in TBST buffer and AP buffer

(100 mM Tris, 100 mM NaCl, 5 mM MgCl2, pH 8.5), the

blots were incubated with BCIP/NBT (5-bromo-4-chloro-

3-indolyl phosphate/nitro blue tetrazolium) in AP buffer

for 18 min. The reaction was stopped by dipping the blots

in distilled water. Controls were performed by omitting the

incubation with primary antibodies.

Statistical analysis

Student’s t-test was used to establish the significance of two

factors: (1) the effect of exogenous AGPs on the efficiency

of shoot formation, and (2) the influence of regeneration

medium composition on the efficiency of shoot formation.

P values £ 0.05 were considered significant.

Results

Protoplast culture and shoot regeneration

The digestion of epidermal strips in enzyme solution re-

sulted in the release of numerous guard cell-derived pro-

toplasts and relatively few protoplasts derived from

epidermal pavement cells; mesophyll protoplasts appeared

only sporadically. Within 1 week of culture, protoplasts

changed their round shape into more elongated or irregular

shapes and soon started to divide (Fig. 1a, b). After the

next week, callus microcolonies composed of several cells

had already formed (Fig. 1c). Whole alginate beads were

then transferred to regeneration media solidified with

agarose. Callus tissues were initially cultured in the dark

(Fig. 1d), and later under light conditions. Shoot formation

occurred either in the first subculture in the light or during

the following three subcultures (Fig. 1e, f).

Media containing 4.4 lM BAP and 2.2 lM NAA in-

duced organogenesis only sporadically, whereas removing

auxin and simultaneously supplementing the media with

the anti-auxin TIBA greatly improved the process

(Table 1). The beneficial effect of TIBA was evident at

2.0 lM but was much more pronounced at 4.0 lM TIBA.

In control cultures, 2.0 lM TIBA enhanced shoot forma-

tion about twofold compared with standard medium with

NAA, whereas 4.0 lM TIBA improved organogenesis

about 20-fold. The effects at both concentrations were

statistically significant (Table 1).

Further improvement was achieved by adding AGP-rich

extracts to protoplast media during the initial 2 weeks of

culture. The effects of proteoglycans on protoplast devel-

opment and callus-derived shoot differentiation were

examined for two different AGPs, namely, those isolated

from media conditioned by embryogenic and non-embryo-

genic cultures, and for six different AGP concentrations.

Fig. 1 Successive stages of protoplast regeneration: first division (a),

four-cell stage (b), multicellular callus (c, d), shoot organogenesis

(e, f). Bars represent 20 lm
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Regardless of the origin of the AGPs, their beneficial bio-

logical effects included faster protoplast development, more

efficient cell division, and a higher ratio of callus growth, but

these effects were obvious only when 2.5 lg ml–1 AGP was

added (Fig. 2a–d). Comparing the efficiency of shoot for-

mation on medium with 4.0 lM TIBA, the proteoglycans

from non-embryogenic cultures stimulated the process al-

most threefold in relation to the control variant (17.71% vs.

6.82%), whereas AGPs from embryogenic cultures proved

to be even more efficient, leading to an approximately sev-

enfold increase in shoot number (47.22% vs. 6.82%).

AGPs at a concentration of 1.0 lg ml–1 did not cause

visible changes in protoplast development (Table 1), and

the same was true of 0.5 and 5.0 lg ml–1 AGP, as well as

for the addition of various conditioned media (Table 1).

Relatively high AGP concentrations of 10.0 and 20.0 lg

ml–1 had either no effect or caused a slight decrease in the

protoplast development ratio (data not shown).

Characterization of extracts from the conditioned media

Extracts were obtained from conditioned media derived

from 3-month-old embryogenic (EC) and non-embryogenic

suspensions (NEC) collected 1 week after the last sub-

culture. The aqueous solutions of AGPs were examined in

terms of (1) pattern of electrophoretic profiles and (2) the

presence of structural carbohydrate epitopes that typify

proteoglycans and pectins. The position and number of

peaks visible in the electrophoretic profiles seem to be

somewhat related to the morphogenetic properties of tis-

sues cultured in vitro, and the expression of definite AGP

epitopes in early stages of organ or embryo differentiation

is considered to be an indicator of the cells’ developmental

pathway, at least for some species.

The concentration of sugar beet AGP in the six extracts

(from four non-embryogenic and two embryogenic cul-

tures) was estimated by rocket electrophoresis.

The crossed-electrophoresis profiles obtained for all

AGP extracts were similar both in terms of peak number

and peak position in the gel; only one peak was observed in

all cases, with an Rf value ranging between 0.55 and 0.65

(Fig. 3a, b). Gum arabic AGPs showed two peaks, with

Rf = 0.50 and 0.70 (Fig. 3c).

Extracts from non-embryogenic and embryogenic sus-

pension cells of sugar beet showed both similarities and

differences in terms of the presence and relative abundance

of particular carbohydrate epitopes that typify arabinoga-

lactan-proteins and pectins. Both extracts were character-

ized by the widespread occurrence of epitopes that bind

JIM13, MAC207 and LM2 antibodies (Fig. 4a, b, h),

whereas epitopes that bind JIM16, JIM5, and LM6 were

obviously less abundant (Fig. 4g, k, l).

Media from embryogenic cultures proved to be ex-

tremely rich in epitopes that bind two anti-pectin anti-

Fig. 2 Development of

protoplasts and callus in control

medium (a, b) and in medium

supplemented with 2.5 lg/ll

AGPs from embryogenic

suspensions (c, d). Bars
represent 20 lm
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bodies, JIM7 and LM5 (Fig. 4i, j), and they also displayed

the presence of JIM14 and JIM15 epitopes (Fig. 4e, f);

these four events differentiated them from non-embryo-

genic cultures. The epitopes recognized by the JIM8

(Fig. 4c) and JIM4 antibodies could not be detected in any

of the AGPs tested. Control blot does not show any sign of

staining (Fig. 4d).

Discussion

We have tested the biological activity of two different AGP

extracts, including one derived from conditioned media of

embryogenic cultures and a second from non-embryogenic

medium, and found that both displayed a strong beneficial

effect on sugar beet organogenesis from protoplast-derived

callus. The concentration of the added AGPs was an

important factor, as a significant enhancement of shoot

regeneration was proven only for cultures growing in the

presence of 2.5 lg ml–1AGP. Other concentrations exam-

ined by us, i.e. 0.5; 1.0; 5.0; 10.0 and 20.0 lg ml–1 had

either no effect or even decreased the ratio of protoplast

differentiation. The results of our experiments agree with

those obtained with carrot, in which the biological effect is

dependent on both the concentration and type of exogenous

proteoglycans (Kreuger and van Holst 1993, 1995).

Some arabinogalactan proteins either induce or stimu-

late the processes of embryo formation and maturation, and

the most effective in this respect are proteoglycans isolated

from seeds or conditioned media (Kreuger and van Holst

1993, 1995; Egersdotter and von Arnold 1995).

The addition of 10 lg ml–1 AGPs isolated from carrot

seeds or from media of non-embryogenic cultures to poorly

embryogenic cultures of this species greatly increased the

number of embryos formed, in comparison to the control

(Kreuger and van Holst 1993). Moreover, carrot seed AGPs

were also shown to act positively on cyclamen embryo-

genesis (Kreuger et al. 1995). AGPs from Norway spruce

seed extracts, added to non-maturing embryo cultures in

concentrations of 5, 10, or 20 lg ml–1, caused the

enlargement of embryogenic regions and improved further

embryo development (Egersdotter and von Arnold 1995).

The embryogenesis-enhancing and embryogenesis-

inhibiting AGPs epitopes, characterized by their ability to

bind ZUM 18 and ZUM 15 antibodies, were identified for

carrot (Toonen et al. 1997). Whereas ZUM 18 AGPs

showed the most pronounced effect at a concentration of

0.2 lg ml–1, the unfractionated AGPs had to be applied at

10 lg ml–1 to cause a similar response (Kreuger and van

Holst 1995).

The electrophoretic properties of AGP molecules are

postulated to be important indicators of their biological

properties, and two features are considered especially sig-

nificant: (1) the molecules’ Rf values and (2) the number of

peaks present in the profile. AGPs from embryogenic cul-

tures of several species show one or two peaks of relatively

high Rf values compared with non-embryogenic cells.

Highly embryogenic carrot cells synthesize AGP composed

of two subclasses characterized by Rf values of 0.4 and 0.6,

whereas the loss of embryogenic capacity is accompanied

by the accumulation of a different AGP, with an Rf of 0.3

(Kreuger and van Holst 1993). Similarly, the embryogenic

callus of Euphorbia pulcherrima contains AGPs charac-

terized by an Rf of 0.2, and a much more abundant class of

molecules with an Rf of 0.4. Tissues lacking embryogenic

properties produce molecules characterized by an Rf of 0.3

(Saare-Surminski et al. 2000). We found no such differ-

ences, however, between AGPs from sugar beet embryo-

genic and non-embryogenic cultures, as both showed only

one peak of almost identical Rf. Nevertheless, the relatively

fast electrophoretic migration of sugar beet AGPs (Rf be-

tween 0.55 and 0.65) seems to be important.

Fig. 3 Crossed electrophoresis of AGPs from media of non-

embryogenic (a) and embryogenic cultures (b) revealed the presence

of one peak of Rf = 0.55, whereas AGPs from gum arabic (c) show

two peaks of Rf = 0.50 and 0.70
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Expression of particular AGP epitopes has been shown

to occur in either specific cells or tissues of the embryo or

in conditioned media in which embryogenic suspensions

have been growing (Kreuger and van Holst 1993, 1995;

Egersdotter and von Arnold 1995; Toonen et al. 1996;

Borderies et al. 2004). Some data indicate that the globular

stage of several plant species is characterized by a specific

pattern of AGP localization. For example, JIM13-, JIM16-,

and LM2-responding epitopes occur in the surface cell

layer designated as the future protoderm of Cichorium

embryos (Chapman et al. 2000a; b); JIM13 epitopes appear

in proembryogenic mass cells in Picea abies and disappear

later on (Filonova et al. 2000); and LM2 typifies protoderm

of Euphorbia pulcherrima (Saare-Surminski et al. 2000),

whereas JIM4 binding epitopes were found in young carrot

and maize embryos (Stacey et al. 1990; Samaj et al. 1999).

JIM8 has been postulated to label carrot cells that are

predestined to enter somatic embryogenesis (Toonen et al.

1997), and molecules produced by these cells are thought

to provide a signal required for the progression of embryo

formation (McCabe et al. 1997). The absence of the JIM8

epitope from media collected from sugar beet cultures is an

unexpected result, as the antibody recognizing this epitope

was produced by immunization with sugar beet protoplast

membrane (Pennell et al. 1991).

Some of the epitopes mentioned above have also been

detected in non-embryogenic cells and media (Knox et al.

1991; Smallwood et al. 1996). Similarly, in sugar beet the

expression of JIM8 and JIM13 has been described in non-

embryogenic suspension cells (Butowt et al. 1999), as well

as in leaf tissue and in poorly regenerating mesophyll

protoplasts (Majewska-Sawka and Münster 2003). This

apparent discrepancy in terms of AGP epitopes expression

pattern may be explained by the fact that the biological

activity of particular AGP molecules probably depends not

only on the presence of the structural domains that are

detected by the specific antibody, but also on other con-

formational and compositional features that change

dynamically in the course of AGP biogenesis as a result of

the cleavage, transfer, assembly, and reassembly of

Fig. 4 Immunodetection of

carbohydrate epitopes in AGP

extracts by dot-blotting and

antibody binding: JIM13 (a),

MAC207 (b), JIM8 (c), control

(d), JIM14 (e), JIM15 (f),
JIM16 (g), LM2 (h), JIM7 (i),
LM5 (j), JIM5 (k), LM6 (l).
Lines 1–4 correspond to AGPs

from non-embryogenic media,

lines 5–6 to AGPs from

embryogenic media, and line 7
to gum arabic. Numbers 0.125,
0.25, 0.5 and 1.0 indicate the

concentrations of AGP (lg/ll)
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carbohydrate monomers, dimmers, or oligomers. More-

over, the involvement of AGPs in a specific developmental

process should also be considered not only in the context of

developmental time-point, but also in the context of defi-

nite plant species and type of tissue studied.

More recently, new species have been added to the list

of those, for which improvement of somatic embryogenesis

has been achieved by the addition of exogenous AGPs or

b-arabinogalactans (b-AG). In cotton, the increased effi-

ciency of embryo formation by the elite cultivars Coker

315 and Siokra 1–4 was reported as a consequence of

incorporation of 1–2 lg ml–1 of AGPs derived from a

highly embryogenic genotype (Poon et al. 2004). Interest-

ingly, the addition of pure b-AG added to the media at the

concentration of 10 or 20 lg ml–1 increased the efficiency

of embryo formation from cotyledonary callus of Vigna

radiata from 36.65 to 50.0% and 76.5%, respectively (Das

and Pal 2004). The differentiation of microspore-derived

embryos has also been improved in maize and wheat cul-

tures by the addition of exogenous AGP or b-AG (Bor-

deries et al. 2004; Letarte et al. 2006).

To our knowledge, the effects of exogenous AGPs on

protoplasts have been studied only in carrot. Addition of 1–

3 lg ml–1 of seed proteoglycans resulted in a 30-fold in-

crease in the number of somatic embryos formed from

protoplast-derived callus (van Hengel et al. 2001). Similar

enhancement was also observed when AGPs from an

embryogenic suspension were added to the carrot proto-

plast media.

It is now well established that AGPs contribute to intra-

and intercellular signaling, so several postulated mecha-

nisms of activity have been put forward. The most com-

monly considered relates to the presence of the

glycosylphosphatidylinositol anchor (GPI) that is involved

in binding numerous AGPs to the cell surface (Youl et al.

1998; Schultz et al. 1998; Svetek et al. 1999). After

cleavage by phospholipase and eventual breakdown to

phosphatidylinositol and inositol phosphoglycan, the GPI

anchor itself or its components could act as signaling

molecules (Gaspar et al. 2001; Schultz et al. 2004; Sun

et al. 2004b). On the other hand, signaling via interaction

with other transmembrane proteins has also been proposed

(Schultz et al. 1998).

The AGP extracts used in this study have been shown to

possess some pectic domains that are able to bind the JIM7

and LM5 antibodies. Two possible reasons for this would

confirm the prior observations of other authors. The first is

that co-purification of AGPs and pectins during AGP iso-

lation could occur, either via Ca+2-mediated interaction

between negatively charged uronic acids of the two com-

pounds or through the interaction of positively charged

amino acids forming the protein core of the AGPs with the

uronic acid of pectins (Showalter 2001). The second relates

to the recent studies confirming the presence of specific

pectic epitopes in the AGP molecules, which seems to be

satisfactorily proven (Showalter 2001; Immerzeel et al.

2004, 2006). This suggests that oligogalacturonides re-

leased from pectin domains could also affect embryogen-

esis. However, given that two AGP-rich extracts of sugar

beet differed significantly in their pectic epitope contents

while having identical biological effects at the same con-

centrations, we postulate that the observed effects are

mainly AGP-dependent.

Another result of our studies indicated that the

enhancement of sugar beet organogenesis might be

achieved by modifying the regeneration media. We have

proven by statistical methods that supplementing the media

with the anti-auxin TIBA at a concentration of 2–4 lM has

a strong beneficial effect on organogenesis from guard cell

protoplast-derived callus. The positive influence of TIBA

on regeneration of sugar beet shoots from different ex-

plants has been previously reported (Tétu et al. 1987; Jacq

et al. 1992; Kulshreshtha and Coutts 1997), so our data

contribute to the number of explant types and genotypes

that are highly responsive to anti-auxin treatment.

To sum up, the data presented in this paper are the first

to show that exogenous AGPs may have a strong effect on

the development of sugar beet guard cell protoplasts and

organogenesis of protoplast-derived callus. This could have

a strong impact on possible biotechnological applications

of protoplast technology for the genetic improvement of

this important crop.
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