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Abstract Analysis of cell wall polysaccharide composi-
tion of embryogenic and non-embryogenic calli obtained
from hypocotyl and petiole explants from Medicago
arborea L. revealed significant differences. For calli
induced from both hypocotyls and petioles, levels of total
sugars, pectins, and hemicelluloses were higher in
embryogenic than in non-embryogenic calli. Whereas in
the residual cellulose fraction, the highest levels of sugar
were detected in non-embryogenic calli. When comparing
the two donor sources of callus explants, the highest total
sugar levels were detected in embryogenic calli induced
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from petioles, mainly in the pectin fraction and to a lesser
extent in the hemicellulose fraction. Moreover, analysis of
uronic acids revealed higher levels in embryogenic calli,
primarily in the pectin fraction. Analysis of those sugars
associated with cell walls of calli suggested that these
polysaccharides consisted of pectic polysaccharides and
glucans, and that their levels were higher in embryogenic
than non-embryogenic calli.
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Abbreviations

C Cellulose fraction

E Embryogenic calli

NE Non-embryogenic calli
N1 1 M NaOH fraction
N4 4 M NaOH fraction

Introduction

Medicago arborea L., a member of the legume family,. is
an important agricultural crop due to its drought resistance
and lack of dormancy requirement during summer and
winter seasons (Gonzalez-Andrés and Ceresuela 1998;
Gallego et al. 2001). Thus, it is deemed a good forage crop
for grazing in dry areas (Corleto et al. 1980; Gonzalez-
Andrés and Ceresuela 1998), and particularly in Mediter-
ranean countries.

In vitro culture techniques offer opportunities for rapid
propagation of M. arborea (Gallego et al. 2001). When
introduced in tissue culture, plant cells undergo cell division.
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Often, cultured cells proliferate indefinitely in a dis-orga-
nized manner, producing a mass of relatively undifferenti-
ated callus (Sakhanokho et al. 2001; Martin 2003). From
these, additional calli may be produced or cells may undergo
morphogenesis leading to formation of organized tissues,
such as shoots and/or roots (Schween and Schwenkel 2002;
Singh et al. 2003) and/or embryos; i.e., somatic embryo-
genesis (Gallego et al. 2001; Pueschel et al. 2003; Linhares
etal. 20006). Itis suggested that calli have different capacities
for somatic embryogenesis as cells are of different forms
with different morphologies and capabilities (Moghaddam
and Taha 2005). The observed different responses between
embryogenic (E) and non-embryogenic (NE) calli are
attributed to cellular differences. These cellular differences
may be observed at both structural and ultrastructural lev-
els and may be accompanied by metabolic differences in
callus tissues (Behrouz et al. 2005; Villalobos et al. 2007).
By varying the concentrations and type of growth regula-
tor added to the culture medium, it is possible to induce
somatic embryogenesis from explants of cotyledons, peti-
oles, hypocotyls, and leaves of M. arborea (Martin et al.
2000; Gallego et al. 2001).

Cell walls do not have uniform structures, and they vary
both in morphology and composition among various plant
tissues. In recent years, studies addressing changes occur-
ring in cell wall architecture during differentiation of dif-
ferent cell types have revealed the importance of th cell wall
structure in these events (Serpe et al. 2002; Morvan et al.
2003), and in transitions from primary to secondary cell
types (Aspeborg et al. 2005; Gorshkova and Morvan 2006).

Changes in tissue and organ morphology that occur
during plant development are largely attributed to modifi-
cation and re-organization of cell wall components and to
synthesis and deposition of new material in pre-existing
cell walls (Meijer and Murria 2001). As cell walls play
important roles during cell differentiation and regeneration,
the present study was undertaken to investigate differences
in composition and structure of those M. arborea L. cells
that undergo embryogenesis versus those that remain
recalcitrant (Villalobos et al. 2007). In particular, cell wall
polysaccharide components of embryogenic and non-
embryogenic calli of M. arborea, as well as analysis of
neutral sugars and uronic acids of cell wall polysaccharides
were determined.

Materials and methods
Plant material
Seeds of M. arborea L. subsp. arborea (2n = 6x = 48),

obtained from the Germplasm Bank (Department of Plant
Biology, Higher Technical Institute of Agricultural
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Engineering, Madrid; stock no. 9504), were germinated
aseptically. Three weeks old seedlings were used as sour-
ces of explants as described by Gallego et al. (2001).

Explants, consisting of 5-mm sections of both petioles
and hypocotyls, were used to establish callus cultures.,
Explants were incubated in Murashige and Skoog (MS)
medium (Murashigue and Skoog 1962) supplemented with
10 uM 2.,4-dichlorophenoxyacetic acid (2,4-D) and 9.3 pM
kinetin, on sterile Petri dishes sealed with Parafilm under a
16 h photoperiod at a light intensity of 20 pmol m > s~
provided by Osram 36 W white-fluorescent lamps, at
23 &£ 2°C. After 2 months, developing calli were trans-
ferred to MS medium supplemented with 2.5 uM of 2,4-D,
but lacking kinetin. Cultures were transferred to fresh
medium on a monthly basis. By the end of the third month,
calli of embryogenic (E) and non-embryogenic (NE) calli
from each of hypocotyls and petioles were collected, and
used for determining cell wall components. Calli were
lyophilised, weighed before and after lyophilization, and
finally frozen at —10°C until used for analysis. A total of
three replications were used for each explant source, and
the experiment was repeated three times over time.

Preparation of cells walls and cell wall fractionation

Cell wall preparations were conducted following the pro-
tocol of Rupérez et al. (1985), but with some modifications.
Lyophilised calli (0.5 g) were incubated in 80% methanol
for 10 min and centrifuged at 10,000x g for 20 min, after
which the supernatant was discarded. The cell wall fraction
was extracted from the precipitate with hot water (100°C)
for 15 min, and then centrifuged at 10,000x g. The super-
natant was subjected to dialysis against water, and used as
the “hot-water-soluble pectin fraction”. The residue was
sequentially extracted with 1 and 4 M NaOH using cen-
trifugation at 10,000x g for 10 min. The pH of the super-
natant was neutralized with glacial acetic acid in an ice
bath, and then subjected to dialysis (Rupérez et al. 1985).

Finally, the sediment was washed with 0.03 M acetic
acid, and the precipitate was resuspended in deionized
water. Following dialysis of this fraction, corresponding to
the cellulose fraction, it was hydrolyzed with sulphuric acid
72% at room temperature for 1 h, followed by dilution with
water, and hydrolyzed with sulphuric acid 1 M at 105°C
for 1-1/2 h.

Sugar analysis

For each of the fractions collected, the amount of total
sugars was determined using the phenol-sulphuric acid
method (Dubois et al. 1956), with glucose (25-150 pg/ml)
used as a standard. Whereas, the amount of uronic acids
was determined following the protocol of Scott (1979),
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using galacturonic acid (20-140 pg/ml) as a standard.
Different cell wall fractions obtained were lyophilised, and
used for the analysis of sugars by gas liquid chromatog-
raphy. Derivatization and analysis by gas liquid chroma-
tography of neutral sugars present in different cell wall
fractions were done as reported by Rupérez and Leal
(1986). Acetylated monosaccharides were dissolved in
dichloromethane and analyzed with an HP 6890 plus
6890A (Germany) gas chromatograph equipped with an
SP-2340 capillary column (SUPELCO; 30 m; 0.25 mm id;
0.2 um film thickness) at 215°C up to 9 min and subjected
to a ramp of 215-240°C at 10°C/min. The carrier gas was
nitrogen, and detection was performed using flame
ionization.

Statistical analysis

All data were subjected to analysis of variance using the
SPSS program (Pérez 2005). For significant treatment
effects (P < 0.01 and P < 0.05), the least significant dif-
ference test, Fisher LSD, was used for mean comparisons
at 0.01 and 0.05 levels of significance.

Results and discussion

Although embryogenic (E) and non-embryogenic (NE)
calli have been obtained previously from different explants
of M. arborea L. (Martin et al. 2000; Gallego et al. 2001), a
detailed morphological characterization of these calli
is herein provided in this study. A high frequency of
embryogenic calli (E) was obtained from hypocotyls (28%)
and petioles (28%), and similar to those reported by Martin
et al. (2000). Embryogenic calli were soft, yellowish, and
slow-growing; whereas, NE calli were green, hard, and
fast-growing (Gallego et al. 2001). Morphological differ-
ences between E and NE calli have also been observed in
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carrot cell cultures in liquid medium, the former type of
calli forming cell clusters, is in this case greater in size than
those that had lost embryogenic competence (Kikuchi et al.
1995). The smaller size of the NE calli seems to be asso-
ciated with a reduction in intercellular union (Kikuchi et al.
1996). In our case, the size of nonembryogenic calli was
always bigger (further than 34 mm) than those with
embryogenic competence (between 9—10 mm).

In the present study, significant differences (P < 0.05)
in polysaccharide composition of cell walls were observed
between E and NE calli obtained from explants of M.ar-
borea L. hypocotyls and petioles. Moreover, significant
differences in total sugars (Fig. 1) and uronic acids
(Fig. 2), except for the 4 M NaOH fraction, were observed
between E and NE calli in the different fractions obtained
following chemical fractionation of cell walls. The recov-
ery was higher than 80% (Table 1), thus indicating that
only part of the cell wall samples was lost during extrac-
tion. Similar recovery values were reported by Thomas and
Thibault (2002) using Chaenomeles japonica fruit. The
amount of material released may vary as a function of the
extraction process employed (Shiga and Lajolo 2006).

For calli obtained from hypocotyls (Fig. 1), total sugars
extracted in the hot-water fraction were significantly higher
in E than in NE calli, and this finding was detected in both
1 and 4 M NaOH fractions. In contrast, sugar levels in the
residual fraction were higher in NE than in E calli.

For calli induced from both petioles and hypocotyls
(Fig. 1), total sugars were higher in E than in NE calli in
those fractions corresponding to pectins and hemicellu-
loses. However, total sugars, primarily in the pectin frac-
tion, and to a lesser extent in the hemicellulose fraction,
were higher in calli induced from petioles than those
induced from hypocyotyls. Whereas in the cellulose frac-
tion, the lowest amounts of total sugars were detected in E
calli derived from petioles. Overall fractions, higher levels
of total sugars of both types of calli (E and NE) from
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Fig. 2 Uronic acid content of
the different cell wall fractions
in embryogenic (E) and
embryogenic (NE) calli
obtained from petiole and
hypocotyl explants of M.
arborea L. Comparisons of E
versus NE: blank indicates non-
significance, “b” corresponds to
significance at P < 0.05), and
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hypocotyls and petioles were detected in the hot water
fraction, 1 M NaOH, and cellulose fraction (Fig. 1);
whereas, these sugar levels in the 4 M NaOH fraction
reached an optimum of 11 mg/g callus dry weight.

Analysis of uronic acids content in polysaccharides from
each of the cell wall fractions of E and NE calli revealed
higher levels in E calli (derived from both petiole and
hypocotyl explants), mainly in the hot-water fraction, but
also in 1 M and 4 M Na fractions, latter fractions were
between 11- and 17-fold lower than those detected in the
pectin fraction (Fig. 2). Uronic acids levels in the hot-water
and NaOH fractions of NE calli were 12 to 22-fold lower
than those of E calli. Overall, calli induced from petioles
had the highest levels of uronic acids. These high amounts
of uronic acids indicated presence of pectic polysaccha-
rides in this fraction (Femenia et al. 1999). Most of the
uronic acids were extracted in the hot-water fraction.
Polysaccharides obtained in the hot-water fraction were
likely to be derived from the middle lamella of cell walls,
as reported previously in other plant species (Ryden and
Selvendran 1990). These pectic polysaccharides were
readily degraded, thus affording fragments rich in neutral
sugars and derived from pectin side chains (Femenia et al.
1998).

In the 1 and 4 M NaOH fractions, uronic acid contents
were low, with highest levels reaching only 1 mg/g dry
weight. In the cellulose fraction, containing similar uronic
acid levels for both E and NE calli; however, the highest
uronic acid levels were detected in calli induced from
petioles. These high observed values of pectin components
detected in this fraction suggested a possible inter-or
intramolecular interaction among pectic polysaccharides
resistant to chemical reagents during the sequential
extraction process, resulting in physical adhesion of pectic
polysaccharides to cellulose microfibrils (Femenia et al.
1998). Briefly, those carbohydrate polymers forming cell
walls of these calli were mainly pectic polysaccharides and
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glucans. These were notable observations as strong inter-
cellular adhesion was likely to be critical for both mor-
phogenesis and embryogenesis. Strength of intercellular
contacts must depend on the structure of the cell wall and,
in particular, on pectins of the middle lamella of plant cells
(Kikuchi et al. 1995). Neutral sugars of the side chains of
pectins could play an important role in this process (Iwai
et al. 2001). To date, there are few supportive data pri-
marily from cultures grown in liquid media.

Gas chromatography analysis of neutral sugars solubi-
lized in the hot-water fraction (Table 2) revealed that
galactose was the major sugar, at levels ranging between
58 and 49 mg/g dry weight, followed by arabinose, ranging
between 11.66 and 18.83 mg/g dry weight, and glucose,
ranging between 9 and 16 mg/g dry weight. The presence
of high levels of galactose and arabinose indicated that
pectins were the main polysaccharides present in these
extracts. These findings were consistent with those reported
in calli of Linum usitatissimum L. (David et al. 1994). In
our study, sugar levels were significantly higher in E calli.
Among the sugars, low amounts of xylose and mannose

Table 1 Recovery of the different cell wall fractions in embryogenic
(E) and non-embryogenic (NE) calli induced from petiole and
hypocotyl explants of M. arborea L.

Calli % Recovery

H,O NI N4 C Total
Hyp E 16.0 17.6 8.0 42 83.6
Hyp NE 154 16.8 7.8 46 86.0
Pet E 16.0 16.2 8.0 40 80.2
Pet NE 16.4 18.0 8.4 42 84.8

Mean value of triplicate determinations SD < 0.05
E embryogenic, NE non-embryogenic, Hyp Hypocotyls, Pet petioles

Cell wall fractions: H,O, hot water; N1, 1 M NaOH; N4, 4 M NaOH;
C, cellulose
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were found; however, the lowest sugars were fuctose and
rhamnose. For xylose, the highest levels of this sugar
detected in E calli may be derived from pectins, probably
xylogalacturonans, the main component of cell walls in
legumes as reported by Shiga and Lajolo (2006).

In this study, polysaccharides released by saponification
with 1 M NaOH solution (N1) (Table 2) were mainly
formed by xylose, at levels ranging between 7 and 11 mg/g
dry weight. Among the polysaccharides, high amounts of
galactose and arabinose were also detected, followed by
glucose, ranging between 5 and 10 mg/g dry weight, with
levels of the remaining sugars as low as 2 mg/g dry weight
in any explant or callus type.

Xylose and glucose are known as the main components
of hemicelluloses (Thomas and Thibault 2002; Femenia
et al. 1999). In this study, the highest levels of xylose,
glucose, and arabinose have been detected in NE calli.
Previously, it has been reported that xylose levels in carrot
cells grown in liquid medium increased directly with size
of cell clusters and with increased embryogenic capacity
(Kikuchi et al. 1996). This is contrast to observations in
this study whereby the smallest cell clusters of M. arborea
were found to be the most amenable to embryogenisis and
contained the lowest levels of xylose.

In general, an increase in NaOH concentration in the
extraction medium (N4) (Table 2) elicited a dramatic
decrease in levels of neutral sugars released, primarily in
calli derived from petioles, with low mannose, fructose, or
rhamnose contents detected in this fraction. Significant
differences were observed between E and NE calli induced
from hypocotyls for all other sugars analyzed, with higher
levels detected in NE calli. The major sugar in the cellulose
residue (C) was glucose, and mainly detected in NE calli
(55.55 mg/g dry weight) (Table 2). Significant differences
were observed for all other sugars in this cellulose fraction
between E and NE calli. The highest levels of galactose
and arabinose were also detected in NE calli; whereas,
levels of xylose and rhamnose did not surpass 3 mg/g dry
weight, and mannose was not detected in this fraction
(Table 2).

The detection of pectic polysaccharides in all fractions
analyzed in this study may be due to the presence of uronic
acids (Femenia et al. 1998). Moreover, detection of high
amounts of xylose indicate presence of non-cellulosic
polysaccharides such as xyloglucans and xylans in most
aloe fractions as reported by Femenia et al. (1998). The
presence of high amounts of glucose and xylose in NE calli
in both hemicellulosic and cellulosic fractions also sug-
gested a likely relationship between compactness of NE
callus and abundance of xyloglucan and cellulose, as they
are linked through hydrogen bridges (Femenia et al. 1999).

Overall in this study, there is a likely relationship
between total sugars and uronic acids contents in pectin
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and hemicellulose fractions and embryogenic capacity of
M. arborea calli. This may contribute to greater develop-
ment of the middle lamella in cell walls. In coconut the
acquisition of embryogenic competence was linked to the
appearance of an outer layer of fibrillar material containing
pectin epitope, fully coating the embryogenic cells (Verdeil
et al. 2001). Branched arabinan was actively synthesized in
asparagus embryogenic calli (Up-Dong et al. 1998). The
soft texture of embryogenic calli could be attributed to
increased cell division, resulting in incomplete cell wall
formation with lower cellulose and hemicellulose contents.
In contrast, the compact feature of NE calli could be due to
the higher cellulose content in these cell walls, contrary to
what is described at Kikuchi et al. 1996 in carrots. Among
the major polysaccharides in the pectin fraction analyzed in
this study are galactose and arabinose, while levels of
xylose are low, thus indicating presence of xylogalactu-
ronans. Whereas, the observed high xylose content in the
hemicellulose fraction may be attributed to presence of
xylans or xyloglucans. As for the cellulose fraction, the
major form of sugar detected is glucose, although other
polysaccharides, such as galactose, arabinose, xylose, and
rhamnose have also been detected, thus indicating a close
relationship between cellulose and other cell wall
polysaccharides.
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